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Structure-Behavior Coalescence Abstract State
Machine for Metamodel-Based Language in
Model-Driven Engineering

Wei-Ming Ma

Abstract—In model-driven engineering (MDE), the unified mod-
eling language (UML) 2.0 metamodel solution includes a meta-
model that defines the language concepts and a user model that
defines how the language concepts are represented. In UML 2.0,
an important usage of metamodel is to ensure model consistency
between different diagrams in the user model. However, most ex-
isting UML metamodels lack an integrated semantic framework to
project each diagram in the user model as a view of the metamodel.
To overcome the shortcomings of the current UML 2.0 metamodel
approaches, we developed structure-behavior coalescence abstract
state machine (SBC-ASM) for metamodel-based language (MBL),
which provides an integrated semantic framework that is able to
integrate structural constructs with behavioral constructs. Using
SBC-ASM MBL as the metamodel solution of UML 2.0, each dia-
gram in the user model can be projected as a view of the SBC-ASM.

Index Terms—Abstract state machine (ASM), metamodel,
metamodel-based language (MBL), model-driven engineering
(MDE), structure-behavior coalescence (SBC), unified modeling
language (UML), user model.

1. INTRODUCTION

S A software modeling language for model-driven en-

gineering (MDE) applications [1], the unified modeling
language (UML) 2.0 profile approach [2], [3] defines a set of
language concepts that are used to model the structure and
behavior of a software system. The UML 2.0 concepts include
1) an abstract syntax that defines the language concepts and is
described by a metamodel, and 2) a concrete syntax, or notation,
that defines how the language concepts are represented and is
described by a user model [4], [5].

UML 2.0 uses two types of diagrams to represent the user
model: 1) Structure types include object diagrams, class di-
agrams, deployment diagrams, package diagrams, compos-
ite structure diagrams, component diagrams, etc. 2) Behavior
types include use case diagrams, activity diagrams, state dia-
grams, sequence diagrams, communication diagrams, interac-
tion overview diagrams, timing diagrams, etc. Since UML 2.0 is
amultidiagram approach, there are always some inconsistencies

Manuscript received March 26, 2020; revised July 26, 2020 and September
19, 2020; accepted September 21, 2020. Date of publication October 13, 2020;
date of current version August 26, 2021. (Corresponding author: Wei-ming Ma.)

Wei-Ming Ma is with the Information Management Department, Cheng Shiu
University, Kaohsiung 83347, Taiwan (e-mail: k3666 @ gcloud.csu.edu.tw).

William S. Chao is with SBC Architecture International, Kaohsiung 80424,
Taiwan (e-mail: architectchao @ gmail.com).

Digital Object Identifier 10.1109/JSYST.2020.3027195

, Member, IEEE, and William S. Chao

‘ Metamodel

Conform to
A

‘ User Model

Projection

Fig. 1. UML 2.0 metamodel solution.

between different diagrams in the user model [6]-[8]. Two
obvious inconsistencies occur most often. The first inconsistency
is between the structure type diagram and the behavior type dia-
gram. For example, if the object described in sequence diagrams
does not correspond to an instance of a normal class in class
diagrams, there is an inconsistency. The second inconsistency
is between two different behavior type diagrams. For example,
if the ordered collection of stimuli received by an object in a
sequence diagram does not exist as a sequence of events in the
state diagram of that class, there is an inconsistency.

The metamodel with a single diagram is used to ensure model
consistency between multiple diagrams in the user model. There
is a model inconsistency if the user model does not conform to
the metaclass properties, constraints, and relationship is defined
by the metamodel. This can be done by defining a set of transfor-
mation (projection) rules as shown in Fig. 1. The conformation
will be verified if all structural and behavioral diagrams in the
user model can be transformed (projected) as a view of the
metamodel.

Unfortunately, most current UML 2.0 metamodels are not able
to project each diagram in the user model as a view of the meta-
model. In this article, we develop structure-behavior coalescence
abstract state machine (SBC-ASM) metamodel-based language
(MBL) [9] as a metamodel solution of UML 2.0. In SBC-ASM
MBL, each diagram in the user model will be projected as a
view of the SBC-ASM metamodel. Therefore, we claim that
SBC-ASM MBL genuinely provides a metamodel solution to
ensure model consistency for UML 2.0.

The remainder of this article is arranged as follows. Section II
deals with the current UML 2.0 metamodel study. SBC-ASM,
MBL as a metamodel solution for UML 2.0 is detailed in
Sections IIT and I'V. Section V demonstrates a case study. After
that, we will in Section VI verify the SBC metamodel solution
through effort analysis. The conclusion of this article is in
Section VII.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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II. LITERATURE REVIEW

In UML 2.0, a metamodel is used to describe the concepts in
the language, their characteristics, and interrelationships. This
is sometimes called the abstract syntax of the language, and is
distinct from the concrete syntax that specifies the user model for
the language. A significant usage of the metamodel is to ensure
model consistency between different diagrams in the user model.

The object management group defines a language for repre-
senting metamodels, called metaobject facility (MOF) as shown
in Fig. 4 that is used for UML, Systems Modeling Language
(SysML), and other metamodels. Several metamodeling mech-
anisms are used in MOF, such as object constraint language
(OCL) [10], Foundational UML (fUML) [11], The Action Lan-
guage for Foundational UML (Alf) [12], process specification
language (PSL) [13], to name a few.

OCL is a precise text language that specifies structural seman-
tics through invariants and behavioral semantics through the pre-
and post- conditions on operations, but does not allow to alter the
state of a model. Therefore, OCL is not sufficient for expressing
rich behavioral semantics [10].

The fUML is a subset of the standard UML for which a
standard execution constraint language, PSL, is used to define
the semantics of the behavior model [11]. UML 2.0 has a
common behavioral concept that supports the foundation for
its three diagrams: activities, state machines, and interactions.
Although fUML provides behavioral constraints to make the
model executable, it cannot provide the behavioral semantics
of invoking an activity or calling a state machine or invoking
an interaction simultaneously. In other words, fUML can only
specify one or two, but all three behavioral diagrams at a time.

The Alf is a complementary specification to f{UML [12]. The
key use of Alf is to act as the notation for specifying executable
behaviors in UML, for example, methods for object operations,
the behavior of an object, or transition effects on state machines.
Like fUML, Alf also fails to provide the behavioral semantic
constraint of invoking an activity or calling a state machine or
invoking an interaction at a time.

In order to overcome the shortcomings of the current UML
2.0 metamodel solutions, we need to develop an integrated
semantics framework that is able to unify structural constructs
with behavioral semantic constraints of invoking an activity or
calling a state machine or invoking an interaction. SBC-ASM
MBL is such a candidate. In SBC-ASM MBL, the structural
constructs and behavioral semantic constraints of invoking an
activity or calling a state machine or invoking an interaction are
unified.

As shown in Fig. 2, the MDE process using the SBC meta-
model solution consists of two subprocesses: 1) requirements
analysis and 2) transformation from SBC-ASM to UML user
model. The input and output of the “requirements analysis”
subprocess are “stakeholder interviews” and “SBC-ASM,” re-
spectively. The “transformation from SBC-ASM to UML user
model” subprocess takes SBC-ASM as input and generates
UML user model diagrams as output.

In model-driven software engineering, software verification
and validation (V&V) is the process of checking whether a
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Fig.2. MDE process using the SBC metamodel solution.

software system fulfills its requirements and whether it meets
its intended purpose [14], [15]. Software V&V is also called
software quality control. If it takes a lot of effort to check the
user model consistency, it will be difficult to implement soft-
ware verification and validation. The SBC metamodel solution
greatly reduces the work of checking user model inconsistencies.
Therefore, using the SBC metamodel solution is preferable to
the current UML 2.0 metamodel solution regarding software
validation and verification.

1. SBC-ASM MBL

A. Operation-Based Value-Passing Interactions

The object is the fundamental modular unit for describing
software structure in UML 2.0 [1]-[3]. An operation represents
a procedure, method, or function that an object performs when
a caller calls it. Each operation defines a set of parameters that
describes the arguments passed in with the request, or passed
back out once a request has been handled. An operation (can
be extended to operation call or operation return) signature is a
combination of its name along with parameters as follows:

<operation name> (<parameter list>)

The parameters in the parameter list represent the inputs or
outputs of the operation. Each parameter in the list is displayed
with the following format:

<direction> <parameter name> : <parameter type>

Parameter direction may be in, out, or in—out. We formally
describe the “operation call or operation return signature” as a
relation L0 X P where O is a set of “operation names” and P
is a set of “parameter lists.”

An interaction [9] represents the indivisible and instantaneous
message exchange between the caller agent (either external
environment’s actor or object) and the callee agent (object). In
the operation-based value-passing approach as shown in Fig. 3,
the caller agent sends (or receives) the message to (or from)
the callee object through the operation call or operation return
interaction. The solid line indicates an operation call from the
caller agent to the callee object, and the dashed line indicates
an operation return from the callee object to the caller agent. In
the figure, getPastDueBalance(in studentld: String) is an opera-
tion call signature and getPastDueBalance(out PastDueBalance:
Real) is an operation return signature. The operation call sig-
nature and its corresponding operation return signature can be
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Fig. 4. Diagram of the SBC-ASM ASMo .

merged into an operation signature (e.g., getPastDueBalance(in
studentId: String; out PastDueBalance: Real). Fig. 3 also depicts
that the “getPastDueBalance” operation is required by the caller
and is provided by the callee object.

We formally describe the “operation-based value-passing in-
teraction” as a relation ASN x A x O x P x B, where N is
a set of “operation call or operation return tags” and A is a set
of “external environment’s actors or objects” and O is a set of
“operation names” and P is a set of “parameter lists” and B is a
set of “objects.”

B. SBC Abstract State Machine

In SBC-ASM MBL, we use the SBC-ASM as a single diagram
to specify the semantics of a system. The SBC-ASM is a labeled
transition system [16]. Overall, the SBCASM provides the in-
tegrated semantics framework for the integration of structural
constructs with behavioral constructs. The notion of a SBCASM
is defined as follows.

Definition 1: (ASM) A SBC-ASM ASM = (S, N, A, O, P, B,
ASMR) consists of

1) afinite set S of states,

2) afinite set N of operation call or operation return tags,

3) afinite set A of external environment’s actors or objects,

4) afinite set O of operation names,

5) afinite set P of parameter lists,

6) a finite set B of objects,

7) a transition relation ASMRS §; X N X A x O X P X

B x S3, where (s}, n, a, o, p, b, s;,)€ASMR is written as
Sj n,a,0,p,b Sk

We draw a diagram to represent the SBC-ASM. Fig. 4 shows
the diagram of the SBC-ASM ASMy;. In this diagram SBC-
ASM, the state is represented by a circle; the edge is used to rep-
resent the labeled “transition” between the two states; the initial

state is usually represented by an arrow with no origin pointing
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TABLE I
RELATION ASMR(; OF THE ASM ASM(;

S N A (/] P B 5>
S1 n a; 01 P b §2
82 ny a; 0) P2 b2 S
S1 ns3 as 03 P3 by 83
83 ny ay 04 P4 by Sq

to the state. In SBC-ASM, each transition is labeled with an
“operation-based value-passing interaction”” message exchange,
represented as “(n, a, o, p, b),” that causes the transition. In a
state, if there are multiple transitions, it can nondeterministically
choose any one to continue.

We can also list the relationships that represent the SBC-ASM.
Table I shows the transition relation ASMRy; of the SBC-ASM
ASMy;.

In order to reduce the complexity of the ASM, we shall
introduce an orthogonal composite state. An orthogonal com-
posite state in the ASM may have many regions, which may
each contain substates. These regions are orthogonal to each
other. When an orthogonal composite state is active, each region
has its own active state that is independent of the others and
any incoming interaction is independently analyzed within each
region. We use ASM |[ASM>[|[ASMs]| ...[ASM,, to represent an
orthogonal composite state, which means the composition of
ASM1, ASMo, ASMs, ..., and ASM ,,.

In SBC-ASM MBL, the SBC ASM of a system ASMystem,
standing for the system as a whole, is defined as [|; = 1 ., ASM;
or ASM1[|[ASMs] ...[ASM ,,. Each SBC ASM ASM;, standing
for the ith behavior of the system, represented by a transition
relation ASMR;= §1 X A X O X P X B x S5, where (s;;, n, a,

n,a,o,p,

0, p, b, 54)EASMR; is denoted by s;; 222P% . The SBC-
ASM of a system ASMyiem 18 Tepresented by the transition
relation ASMRgystem Which is defined as li = 1,m ASMR; or
ASMR,[[ASMR;]| ...[ASMR,,,.

We can draw a diagram to represent the SBC-ASM of a
software system. Fig. 5 shows the diagram of the SBC-ASM
ASMsystern‘

We can also list the relationships that represent the ASM
of a software system. Table II shows the transition relation
ASMRystem Of the ASM ASMystem.

IV. SBC METAMODEL SOLUTON
A. Model-Driven Engineering Process

The complete UML user model process starts from the design
of functional models, which includes the use case descriptions
and activity diagrams for each use case, follows by the design
of structure models (class diagrams) and behavior models (se-
quence diagrams), and finally the ER models (data models).

The MDE process using the SBC metamodel solution
consists of two subprocesses: 1) requirements analysis and
2) transformation from SBC-ASM to UML user model.
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TABLE II
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S |N Al o|\P B|S S| N Al o|P| | B|lS:
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The output of the “requirements analysis” subprocess is
SBC-ASM. The “transformation from SBC-ASM to UML user
model” subprocess takes SBC-ASM as input and generates
UML user model, such as object diagrams, class diagrams,
composite structure diagrams, component diagrams, use case
diagrams, activity diagrams, state diagrams, sequence diagrams,
communication diagram, etc., as output.

It is assumed that all UML user model diagrams can be
projected from SBC-ASM. However, in this article, we only
demonstrate three projections. The SBC-ASM transition relation
ASMRgysiem created through the “requirements analysis™ pro-
cess will first be stored into the database, and then transformed
to the class diagram, state diagram, and sequence diagram,
respectively.

B. Projecting the Class Diagram From the SBC-ASM

In UML 2.0, the class diagram is a static structure diagram
that describes the structure of a software system by showing the
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TABLE III
Relation CLSDRgygrpy

c|o | P
Cy 01 )2
Ci 02 P2
Cy 04 | P4
0 0 °
C“ Oﬂ pl’l

ALGORITHM 1: From

ASMRsystem)~

(Projecting  CIsDRgystem

For i = 1, m Loop

SELECT DISTINCT B, O, P INTO CIsDR; (C, O, P)
FROM ASMR; WHERE N = ‘OPERATION_CALL’;

SELECT DISTINCT B, O, P INTO CisDR_RETURN;
(C, O, P) FROM ASMR; WHERE N = ‘OPERATION_
RETURN’;

UPDATE CIsDR; SET O, P = MERGE (Operation Call
Signature, Operation Return Signature) WHERE there
exists corresponding Operation Return Signature in
CIsDR_RETURN;

INSERT INTO CIsDR;...., (C, O, P) SELECT * FROM
CIsDR ;;

End Loop;

SELECT DISTINCT * INTO CIsDRgystemn FROM
ClSDRiNm

END ALGORITHM

classes of the software system, their attributes, operations (or
methods), and relationships between objects. The notion of a
UML 2.0 class diagram is defined as follows.

Definition 2: (CLASS DIAGRAM) A class diagram ClsD =
(C, O, P, CIsDR) consists of

1) a finite set C of classes,

2) afinite set O of operation names,

3) afinite set P of parameter lists,

4) arelation CISDRSC x O x P, where (c, o, p)€CIsDR.

The UML 2.0 class diagram of a software system ClsDgygtem
is represented by a relation CIsDRystern EC X O x P, where (c,
0, p) € ClIsDRgystem, shown in Table III.

The algorithm used to project the ClsD relation CIsDRgystem S
C x O x P from the ASM relation ASMRgystem © S1 X N X A X
O X P X B x S5 is as follows. In the algorithm, for the loop part,
it selects into CIsDR; from ASMR; with operation call or return
tag. After that, it will update ClsDR,; by merging the information
from ASMR; and then insert into CIsDR;...,, from CIsDR;.

Once we have the CIsD relation CIsDRgystem, it is easy to get
a UML 2.0 class diagram of the software system.

C. Projecting the State Diagram From the SBC-ASM

In UML 2.0, the state diagram represents behavior of a soft-
ware system in terms of its transition between states triggered
by actions. The notion of a UML 2.0 state diagram is defined as
follows.
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TABLE IV
Relation STDRsysreym
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Definition 3: (STATE DIAGRAM) A state diagram StD =
(S, N, O, StDR) consists of

1) afinite set S of states,

2) afinite set N of operation call or operation return tags,

3) a finite set O of operation names,

4) a relation StDRE § x N x O x S, where (s, n, o,

s1)ESIDR is denoted by s; SRALIN Sk-

The UML 2.0 state diagram of a software system StDgystem
is defined as [J; = 1., StD; or StD1[|StD3 | ...[StD,,,. Each state
diagram StD;, is represented by a relation StDR; € S; x N x O
x 8o, where (s;5, n, 0, six) EStDR; is denoted by s;; LN Sik-
The state diagram of a software system StDsystem 1s represented
by the relation StDRgysiem, Which is defined as li = 1,m StDR;
or StDR; |StDR5]| ...[|StDR,,,, as shown in Table IV.

The algorithm used to project the StD relation StDRgystem S
S1 X N x O x S5 from the ASM relation ASMRgystem S S1 X N
XA X O X P xB xS is as follows. In the algorithm, for the
loop part, it selects into StDR; from ASMR,;.

Once we have the StD relation StDRgystem, it is easy to get a
UML 2.0 state diagram of the software system.

4109

ALGORITHM 2: From

ASMRsystcm)~

(Projecting  StDRgystem

Fori= 1, m Loop
SELECT Sy, N, O, S3 INTO StDR; FROM ASMR;;
End Loop;
ORTHOGONALLY COMPOSE ALL StDR; (i.e.,
li = 1,m StDR;) TO GET StDRystem
END ALGORITHM

ALGORITHM 3: From

ASMRsystcm)~

(Projecting  SgDRgystem

Fori= 1, m Loop
CREATE RELATION S¢gDR; (E int IDENTITY(1,1),
N, A, O, P, B);
INSERT INTO S¢DR; (N, A, O, P, B) SELECT N, A, O,
P, BFROM ASMR;
End Loop;
ORTHOGONALLY COMPOSE ALL S¢gDR; (i.e.,
li = 1,m S¢DR;) TO GET SqDRsystem
END ALGORITHM

D. Projecting the Sequence Diagram From the SBC-ASM

In UML 2.0, the state diagram represents behavior of a soft-
ware system in terms of its transition between states triggered
by actions. The notion of a UML 2.0 state diagram is defined as
follows.

Definition 4: (SEQUENCE DIAGRAM) A sequence dia-
gram SqD = (E, N, A, O, P, B, SqDR) consists of

1) a finite set E of execution orders,

2) afinite set N of operation call or operation return tags,

3) afinite set A of external environment’s actors or objects,

4) a finite set O of operation names,

5) afinite set P of parameter lists,

6) a finite set B of objects,

7) arelation SQDRSE X N X A X O x P x B, where (e, n,

a, o, p, b) € SqDR.

The UML 2.0 sequence diagram of a software sys-
tem S¢Dsystem is defined as [J; =1, SgD; or SqD1]SqDo
[...18¢D.,. Each sequence diagram S¢D, is represented by a
relation SgDR; S E X N X A x O x P x B, where (e, n, a,
0, p, b)ESqDR;. The sequence diagram of a software system
SqDgystem 18 Tepresented by the relation SgDRgystem, Which is
defined as [|; = 1,m S¢DR; or SqDR1[|SqDRs] ...[SgDR,,,, as
shown in Table V.

The algorithm used to project the SqD relation SgDRsystem S
E XN xA X O x P x Bfromthe ASM relation ASMRgystem S
ST X NXA X O X P X B xSsis as follows. In the algorithm,
for the loop part, a new SgDR; will be created first. After that, it
will select information from ASMR; and then insert the selected
information into SqgDR;.

Once we have the SqD relation SgDRgystem, it is easy to get
a UML 2.0 sequence diagram of the software system.
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V. CASE: ONLINE SHOPPING SYSTEM (OSS) TABLE VI
RELATION ASMR(ss
A. Online Shopping System
. . . s | N A o P B S;
The scenario of the OSS contains three behaviors. In the be- : PYS PR .
havior of Make_Order_Request, a customer can request to order s | car | customer g:j:t gfg:jst gl“s“’met s1o
one or more items from the supplier. The customer provides Customer  |Info
personal details such as address and credit card information. g | Cusomer_ [REuSst [ inRequest gy
.. . . . R . S12 - rder_ rder_ | s
This information is stored in the customer’s account. If the credit ul from UL |Info Coordinator
card is valid, a delivery order is created and sent to the supplier. . |inCredit_
. . K Auth.onzei ‘Cardild, Credit
In the behavior of Confirm_Shipment_and_Bill_Customer, the su | cap |Customer_ | Credit_ in Amount; | T ,
. . " Coordinator | Card_ out Servie S
supplier prepares the shipment manually and confirms that the Charge | Authorization_| 51
. . . . R
order is ready for shipment. When the order is shipped, the S T
. . ] : . :Customer_ | Store_ in Order; SDelvery_
customer is notified and the customer’s credit card account is s [CAL | o ator | Order outOrder 1| 21T sis
charged. In the behavior of View_Order, the customer will view p—
the details of the delivery order. o e |Customer | Order | O ;CCustgmeL .
" Ul from_ - “oordinator | °'
Ul
Request_
B' ASM Ofthe OSS si6 |RET | Customer g;d;r* out Order_Info :SlustomeL s
Once the requirements of the OSS are established, the modeler Customer
can use these requirements to create an SBC-ASM for the OSS. I
The SBC-ASM of the OSS is described by a SBC abstract T y > - =T
state machine ASMogs (defined as “ASM;[JASMy [ASM3”) : p— :
. I . 0 | C upplier hippin; in Order_Id . - 2
with the transition relation ASMRossSS; X N X A x O su | AL | Soep Shipping oertdur i
X P x B x S (defined as “ASMR,[ASMRy [ASMRs3”) as T O e e PR P e
shown in Table VI. In the SBC-ASM ASMogs, ASM; rep- Ut Shippment Coordinator
resents the Make_Order_Request behavior, ASMs represents car | Suplier | Request_ | Onder_1a; | Deliven
: 23 “ | Coordinator | Invoice out Invoice rder_ S24
the Confirm_Shipment_and_Bill_Customerbehavior, and ASM Coordinator |1 “ Service
represents the View_Order behavior. Commii_ | mCredi |
:Supplier_ Credil77 ard_d; X Credit_
o4 | CAL ; Amount; | Card_ 525
Sl R (e o e et
C. Projecting the Class Diagram of the OSS Response
in Credit_
We apply the algorithm of projecting the ClsD relation (i.e., e | Swptier [confim_ | Oder i - :Delivery_
. . 525 | C. L - in Amount; rder 8526
ClsDRoss) from the ASM relation (i.e., ASMRss) of the OSS. Coordinator | Payment | o order | Service
. . . Status
After the projection, we get the relation CIsDRpogsS C X O X -
. X . Ready X .
P as shown in Table VII. s | RET |ISUPPHE | for ’ ouiOrder | Supptier. |
| . Shippment tatus Coordinator
From the projected CIsD relation CIsDRpss, we draw the
. . . . . Order, :Supplier
corresponding UML 2.0 class diagram of the OSS, as shown in e |RET |Suplier [Shipping | g W07 | IR
Fig. 6. H
S | N p: § o P B S,
D. Projecting the State Diagram of the OSS Request_
Order
. . ustor u; . :Customer_ .
We apply the algorithm of projecting the StD relation (i.e., s G4 | Cosomer Bt Ordeld gy
StDRoss) from the ASM relation (i.e., ASMRss) of the OSS. Customer
1 1 M Request
After the prOJectlgn, we get the relation SfDRpgsE S1 X N X I P r— Oigef_“— oy | |
O x S5 as shown in Table VIII. ul ?tawsm ~" | Coordinator |
rom_|
From the projected StD relation StDRpss, we draw the cor-
responding UML 2.0 state diagram of the OSS, as shown in _ Delivery
Flg 7 s33 | CAL gustg'mcri Read Order m Oord;rild; Order B S34
N - oordinator - out Order Service
E. Projecting the Sequence Diagram of the OSS Costomer oSquest | e |acustomer
. . . . . s | RET Ul - Statusi Status Coordinator | ***
We apply the algorithm of projecting the SqD relation (i.e., from_UL
SqDRoss) from the ASM relation (i.e., ASMRosgs) of the OSS. Reques
. . . T er, e
After the projection, we get the relation SgDRossSE X N X A i |RET | Customer | Status | Order | customer_
. fr :
X O X P X B as shown in Table IX. Customer

From the projected SqD relation SgDRpgs, we draw the
corresponding UML 2.0 sequence diagram of the OSS, as shown
in Fig. 8.
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TABLE VII
Relation CLSDRoss

TABLE VIII
RELATION STDR(ss
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c o P S | N o S2
:Customer_ | Request_Order_ | in Request Order_Info; si | CAL |Request Order from Customer | s
Ul from Customer | out Order Info

Request Order 512 | CAL |Request Order from UI 513
:Customer quest — | in Order 1d;
Ul ~ | Status_from_ out Order_Status
Customer - s13 | CAL | Authorize Credit Card Charge | s14
:Supplier_ o in Order_Id;
Ul Shipping out Order_Status s14 | CAL | Store Order Sis
Customer gig:rest_ in Request Order Info; s15 |RET |Request Order from UI S16
Coordinator from Ul out Order_Info
om U s1s |RET |Request Order from Customer | sy
:Customer_ | Request Order | in Order Id;
Coordinator | Status_from_UT | out Order_Status I:I
:Supplier | Ready for . S N o S,
Coordinator | Shippment in Order_Id
s21 | CAL | Shipping 822
c o P
e o in Credit_Card Id: §2, | CAL | Ready for Shippment 823
Cad |Credit Card | AMOUIE .
Service Charge - out Authorization s23 | CAL | Request Invoice 824
& Response
:Credit Commit in Credit Card Id; 24 | CAL | Commit_Credit_Card_Charge $25
Card Credit Card in Amount;
Service Charge out Commit_Response 825 | CAL | Confirm_Payment S26
:Delivery .
— | Store in Order; .
(S);(.iveirc_e Order out Order Id s | RET | Ready for Shippment S27
Deli 527 | RET | Shippin, s
.(]))r(:llel;/ery_ Request in Order_1Id; > pPping 2!
Service Invoice out Invoice H
:Delivery Confirm in Credit Order Id;
Order_ - in Amount; S | N o A
Service Payment out Order_Status
:Delivery , s31 | CAL | Shipping $1
Order_ Read Order gluto(;(izre;ld,
Service s32 | CAL | Ready for Shippment §33
s33 | CAL | Request Invoice S34
VI. EFFORT EVALUATION OF SBC METAMODEL SOLUTON
A. Evaluation of Efforts to Construct SBC-ASM s34 |RET |Ready for Shippment 535
The output of the “requirements analysis” subprocess of the L.
s35 | RET | Shipping S31

MDE process using the SBC metamodel solution is the construc-

tion of SBC-ASM. That is, after the “requirements analysis,” the
requirements will be documented by the SBC-ASM MBL.
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TABLE IX
Relation SODRoss
N A o P B
Request_ in
Order_ Request_ :Customer_
CAL | Customer from._ Order_ Ul
Customer Info
. Request_ in Request_ X
CAL UCIustomeL Order_ Order_ 'CCOL:)S;;.I:: ::(;r
from_UI Info .
in Credit_
Authorize Card_Id; .
.| :Credit
:Customer Credit in Amount; -
CAL .= - Card
Coordinator | Card_ out Service
Charge Authorization_
Response
. :Delivery
cAL :Customer_ | Store_ in Order; Order
Coordinator | Order out Order_Id =
- Service
:Customer Request_ :Customer
RET | — | Order out Order_Info | L=
U1 - - Coordinator
from_UI
Request_
RET | Customer Order_ out Order_Info ‘Customer_
from_ - Ul
Customer
N A o F 4 B
. - . :Supplier_
CAL | Supplier Shipping in Order_Id Ul
. . Ready_ X .
CAL Supplier_ for in Order_Id ‘SuPpl.ler*
Ul = - Coordinator
Shippment
:Supplier_ Request_ in Order_Id; Delivery_
CAL . . - Order
Coordinator | Invoice out Invoice L~
Service
Commit in Credit_
Supplier Credit Card_Id; :Credit_
caL | RUPPIer - in Amount; Card
Coordinator | Card ; =
- out Commit Service
Charge -
Response
in Credit_
X . Order_Id; :Delivery
CAL .Cs:g)rpdl'lz;t_or g;)nnt:::‘_ in Amount; Order_
! Y out Order_ Service
Status
:Supplier, Ready_ out Order :Supplier
RET - for, - L
Ul - Status Coordinator
Shippment
. . out Order_ :Supplier_
RET | Supplier Shipping Status ul
N A o P B
Request_
Order_ :Customer
CAL | Customer Status_ in Order_Id lUI -
from_
Customer
Request_
:Customer_ | Order_ . :Customer_
caL ul Status_ in Order_1d Coordinator
from_UI
. . . :Delivery_
CAL .Custc@ °_ | Read Order |™ Order_Id; Order
Coordinator - out Order e
Service
Request_
RET :Customer_ | Order_ out Order_ :Customer_
“7 UL Status_ Status Coordinator
from_UI
Request_
Order_ .
RET | Customer Status, out Order_ Customer _
- Status Ul
from_
Customer
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Customer_UI Supplier_UI

Request_Order_from_Customer Shipping
(in Request_Order_Info; out Order_Info) (in Order_Id; out Order_Status)

Request_Order_Status_from_Customer
(in Order_Id; out Order_Status)

Supplier_Coordinator

Customer_Coordinator Ready for Shippment

(in Order_Id; out Order_Status)

Request_Order_from_UI
(in Request_Order_Info; out Order_Info)

Request_Order_Status_from UI
(in Order_Id; out Order_Status)

Delivery_Order_Service

Store_Order (in Order; out Order_Id)

Credit_Card_Service

Request_Invoice (in Order_Id;
out Invoice)

Authorize Credit Card Charge
(in Credit_Card_Id; in Amount;
out Authorization_Response)

Confirm_Payment (in Order_Id;
in Amount; out Order_Status)

Commit_Credit_Card_Charge
(in Credit_Card_Id; in Amount;
out Commit_Response)

Read_Order (in Order_Id; out Order)

Fig. 6. Projected ClsD view of the OSS.

The construction of SBC-ASM goes through the following
steps.

Step 1: Interviewing Stakeholders

Step 2: Identifying behaviors (e.g., Make_Order_Request,
Confirm_Shipment_and_Bill_Customer,
View_Order in the OSS case study).

Step 3: Identifying actors (e.g., Customer, Supplier in the
OSS case study).

Step 4: Identifying objects (e.g., :Customer_UI in the OSS
case study).

Step 5: Identifying interactions between actors
and objects (e.g., <CAL, Customer,
Request_Order_from_Customer, in Re-

quest_Order_Info, :Customer_UI> in the OSS
case study).

Step 6: Identifying  interactions  between  internal
objects (e.g., <CAL, :Customer_UI, Re-
quest_Order_from_UI, in Request_Order_Info,
:Customer_Coordinator> in the OSS case study).

Step 7: Documenting each ASMR;.

Step 8: Documenting ASM1[|SMs] ...[|ASM,,.

The “behavior” in SBC-ASM is similar to the “use case”
in the UML user model. The mechanism for identifying use
cases can be applied to step 2 of identifying behaviors in the
construction of SBC-ASM. Identifying actors in step 3 is to
recognize which external entities the system must interact with.
Objects are interrelated entities that make up a system. Step 4 is
to identify these objects in the system. An interaction represents
the message exchanges between caller agent (actor or object)
and callee objects. There are two types of interactions. The
interaction between the actor and the object will be identified in
step 5. Step 6 will identify the interaction between objects. After
all interactions are identified, each ASMR; will be documented
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Projected StD view of the OSS.

in step 7. After documenting each ASMR;, step 8 will apply the
orthogonal composition to obtain ASM; [ASMs ] ...|ASM .

The way SBC-ASM captures the static and dynamic aspects is
very simple, just like the object-oriented analysis and design of
the ICONIX process [17], [18]. The ICONIX approach achieves
its robustness analysis by capturing the message exchange be-
tween objects. In summary, SBC-ASM uses steps 3 and 4 to
capture the static aspect of the system. As a dynamic aspect
of the system, SBC-ASM uses steps 2, 5, and 6 to capture the
exchange of messages between caller agents (actor or objects)
and callee objects.

B. Evaluation of Efforts to Transform SBC-ASM Into UML
User Model

Since SBC-ASM forms an integrated UML user model, it is
assumed that all UML user model diagrams can be transformed

Fig. 8.

Make Order Request )
i Customer Credit_ | | :Delivery
:Customer Coondinator Card_ Order_
Customer ul Service Service
T T
} T ! | |
| i ! | |
1| Request_ | ! 1 |
! Order_from_ | H ! !
1 Customer | ! i |
(in Request_ | | Request ! i |
Order_Info) | | Order from UI | Authorize Credit ! !
» | (inRoquest | Card Charge i |
Order Info) (in Credit_Card_Id; |
| | in Amount; ! |
out Authorization_| !
Response) !
|
|
1
Store_Order |
(in Order; !
out Order_Id) |
I——
Request_ |
Request_ Order_from_UI I
Order_from_| | (out Order_Info) | 7
Customer | |
(out Order | |
Info) 4 ! !
- ! | |
! I 1
L - } | |
i I I
| | |
Confirm Shipment and Bill Customer )
:Credit :Delivery_
i Card_ Order_
Supplier Service | | Service
T
| Shipping 1 [ 1 i
(In Order ! !
1d) Ready for_ 1 i
Shippment ; !
(inOrder 1d) || Request_nvoice ! !
- (in Order_Id; | m|
out Invoice) 1
I
T >
Commit_Credit_ |
Card_Charge !
(in Credit_Card_Id;
in Amount; !
out Commit_
Response)
——
|
Confirm_Payment |
(in Order_Id; in Ameunt;
Ready for out Order_Status) |
Shipping hij . »
(out (out Order_ |
Order Status) H
Status) ' T
I ]
- i |
T I
‘ L
U ! ! |
= 1 ! | |
| | } | '
| |
View Order )
f ‘Delivery_
Customer Order_
Service
} T
| Request_ ' |
1 Order_Status_ | }
from_Customer  ['] Request |
(in Order_Id) Order_Status_ 1
| | from UI !
(in Order_Id) Read Order |
® | (in Order Id; |
out Order)
Request
Order_Status_
from_UI
(out
Request_ Order_Status)
Order Status_ -
from_Customer
(out Order_Status)| L ;
O | i
| |
T i | !
| | | }

Projected SqD view of the OSS.
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from SBC-ASM. We treat SBC-ASM as a “base” relation; we
also treat each UML user model diagram as a “derived” relation.
The general concept of transforming each UML user model
diagram from SBC-ASM is to apply relational operations to
the “base” SBC-ASM relation and obtain the “derived” UML
user model diagram relation.

In this article, we only demonstrate three transformations.
The SBC-ASM “base” relation ASMRgyster, created through
the “requirements analysis” process will first be stored into the
database, and then transformed to the “derived” class diagram
relation, state diagram relation and sequence diagram relation,
respectively.

The three algorithms shown in Section VI are based on rela-
tional operations and can be easily implemented as programs.
Once the “base” relation ASMRgyiem 18 created, the transfor-
mation of the “derived” class diagram relation, state diagram
relation, and sequence diagram relation can be automatically
performed without any effort.

VII. CONCLUSION

A. Contributions of This Article

In this article, SBC-ASM MBL is proposed as a metamodel
solution for UML 2.0 in MDE. One important use of the UML
2.0 metamodel is to ensure model consistency between different
diagrams in the user model. Nowadays, most current UML 2.0
metamodeling approaches are based on the MOF, which includes
OCL, fUML, the Alf, etc. OCL specifies behavioral semantics by
pre- and post- conditions on operations that do not allow altering
the state of a model. Therefore, OCL is insufficient to express
rich behavioral semantics. f{UML cannot provide the behavioral
semantics of invoking an activity or calling a state machine or
invoking an interaction at the same time. In other words, fUML
can only specify one or two, but all three behavioral diagrams
at a time. The Alf also fails to provide the behavioral semantic
constraint of invoking an activity or calling a state machine or
invoking an interaction at a time.

In order to overcome the shortcomings of current UML 2.0
metamodel approaches, we need an integrated semantic frame-
work thatis able to unify the structural and behavioral constructs.
Adopting SBC-ASM MBL as a metamodel solution for UML
2.0, we use the SBC-ASM as a single diagram to complete the
overall semantic specification of the software system. Through
the SBC-ASM and its corresponding transition relation, each
diagram in the UML 2.0 user model can be projected as a view of
the SBC-ASM. Therefore, we conclude that the ASM used by the
SBC-ASM MBL as a metamodel solution for UML 2.0 indeed
provides an integrated semantic framework to ensure UML 2.0
model consistency.

B. Limitation of the SBC-ASM MBL and Future Work

So far, the SBC-ASM MBL proposed in this article does not
articulate the applicability of the SBC-ASM in the context of
System-of-Systems Engineering (SoSE). This is the limitation
of the current SBC-ASM MBL approach.

IEEE SYSTEMS JOURNAL, VOL. 15, NO. 3, SEPTEMBER 2021

As a general application that supports system requirements,
design, analysis, verification, and validation tasks beginning in
the conceptual design phase and continuing throughout develop-
ment and later life cycle phases, SOSE aims to promote systems
engineering activities that have traditionally been performed
using the document-based approach and result in enhanced spec-
ification and design quality, reuse of system specification and
design artifacts, as well as communication between development
teams [19], [20].

The core theme of SoSE is a kernel model, i.e., SysML, of
the system’s (static) structure and (dynamic) behavior, with an
emphasis on using model-based methods and tools to develop
and improve the model.

Since SBC-ASM MBL provides a good metamodel solution
for UML 2.0, it can also provide a good metamodel solution
for SysML, that is, using only a single diagram to specify the
semantics of the system. Therefore, when the SBC-ASM MBL
is used for the SysML metamodel, the consistency of the model
will be fully guaranteed in SoSE modeling. This will be our
future work on the SBC-ASM MBL.
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