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ABSTRACT quality of services of products and offering large and general sys-
Web systems are self-descriptive software components which Cantem_properties. While several establish_ed and' emerging standards
automatically be discovered and engaged, together with other webP°dies (6.., [6, 5, 3, 1, 2] etc.) are rapidly laying out the founda-
components, to complete tasks over the Internet. Unified Modeling tions that the ln_dustry will be built upon, there are many research
Language (UML), a widely accepted object-oriented system mod- challenges behind web system architecture description languages
eling and design language, and adapted for software architecturethat are less well-defined and understood [25] for the large number

descriptions for several years, has been used for the web systerTPf web service appllcatlo_n design a_nd development. .
description recently. However, it is hard to detect the system prob- Onthe oth_er han_d, Unified Modeling ITanguage (l.JML)’ awidely
lems, such as correctness, consistency etc., of the integration Ofaccepted object-oriented system modeling an_d ‘_’es'g_” language, has
Web services without a formal semantics of web services architec- been adapted for software architecture descrlptlolns in recent'years.
ture. In this paper, we proposed an approach to solving this issueSeveral research groups have used UML extension to describe the

by translating the UML web service architecture description into a EP System's architecture ([7, 21]). However, it is hard to detect
formal modeling language — SO-SAM, and verify the correctness the system problems, such as correctness, consistency [22] etc., of
of the web system design using model checking techniques. We the integration of Web services without a formal semantics of web
presented this approach through an imaging processing scenario irbrvices architecture. _ - .
the distributed web application Currently, although a software architecture description using UML

' extension contains multiple viewpoints such as those proposed in
the SEI model [30], the ANSI/IEEE P1471 standard, and the Siemens

Categones and SUbJeCt Descrlptors [23]. The component and connector (C&C) viewpoint [32], which

D.2 [Software]: Software Engineering; D.2.4Spftware Engi- addresses the dynamic system behavioral aspect, is essential and

neering]: Software/Program Verificationfermal methods, vali- necessary for system property analysis.

datiory D.2.11 [Software Engineering: Software Architecture— To bridge the gap between web system architecture research and

Languages practice, several researchers explored the ideas of integrating ar-
chitecture description languages (ADLs) and UML [8, 11, 12, 28].

General Terms Most of these integration approaches attempted to describe ele-

ments of ADLs in terms of UML such that software architectures
described in ADLs can be easily translated to extensions of UML.
There are several problems of the above approach that hinder their

UML architecture description, Verification

Keywords adoption. First, there are multiple ways to describe ADLs in terms
Software architecture model, verification and validation, Petri nets, of UML [18], each of which has advantages and disadvantages;
Temporal logic thus the decision on which extension of UML to use is not unique.
Second, modifications on UML models are difficult to be reflected
1. INTRODUCTION in the original ADL models since the reverse mapping is in gen-

Web " If-d ini ft ts which eral impossible. Finally, the software developers are required to
eb systems are sell-descriptive software components wWhich o,y 54 yse specific ADL to model software architecture and use
can automatically be discovered and engaged, together with 0Fherthe specific extension of UML, which is exactly the major cause
web components, 10 comple.te tasks over'th.e Internet. The. M- of preventing the wide use of ADLs. Currently, there is less work
portance of web system architecture descriptions has been W'delyinvolved to apply these methodologies to the web systems
recognized in recef‘“y year. Ong OT thg main perceived be.nelflts of In this paper, we present an approach opposite to the one men-
a_\_/veb system architecture descylptlon is that such a description fa‘tioned above and apply our approach to the web applications, i.e.
cilitates ;ystem property anal_y3|s and thus_ can dete_c_t and Prevent, o translate a UML architecture description into a formal architec-
web design errors in an earlier stage, which are critical for web

. o . ture model for formal analysis. Using this approach, we can com-
systems. Software architecture description and modeling of a web bine the potential benefits of UMLs easy comprehensibility and
system plays a key role in providing the high level perspective, trig-

: ; ' - . . applicability with a formal ADL's analyzability. Moreover, this ap-
gering the right refinement to the implementation, controlling the proach is used to formally analyze the integration of web services.

o The formal architecture model used in this research is named SO-
Copyright is held by the author/owner(s). SAM, an extended version of SAM [19], which is based on Petri

ICWE’06 Workshops]uly 10-14, 2006, Palo Alto, California, USA. ine ; ;
ACM 1-59593-435.9/06/07. nets and temporal logic; and supports the analysis of a variety of



functional and non-functional properties [20]. Finally, we validate =, and<), universal quantifie¥ (and derived existential quanti-
this approach by using model checking techniques. fier 3), and temporal operators alwaysfuture, until ¢ and next

The remainder of this paper is organized as follows. In section ©.
2, we review SO-SAM with predicate transition nets and temporal ~ The semantics of temporal logic is defined on behaviors (infinite
logic for high-level design. After that, we presented our approach sequences of states). The behaviors are obtained from the execution
in section 3 and the validation of the approach is demonstrated in sequences of petri nets where the last marking of a finite execution
section 4. Finally, we draw conclusions and describe future work sequence is repeated infinitely many times at the end of execution

in section 5. sequence. For example, for an execution sequéfice., M,,, the
following behavioro =< M, ..., Mp, My, ... > is obtained, where
2. PRELIMINARIES M; is a marking of the Petri net.

2.1 Overview of SO-SAM

SO-SAM [16] is an extended version of SAM [33] with the web
service oriented features. SO-SAM [16] is a general formal frame-
work for specifying and analyzing service oriented architecture with
two formalisms — Petri Net model and temporal logic, which is in-
herited from SAM. In addition, SO-SAM extended the net inscrip-
tions withservicesort&nd net structure withitial andfinal ports
that carry service triggering information. Furthermore, SO-SAM
restricted SAM connector without hierarchical architecture. Fi-
nally, SO-SAM component is described by WSDL or XML. Also,
the message in ports is defined by XML message. For the more
information, please refer to [16]. In this paper, we choose algebraic
high level nets [15] and linear time first order temporal logic as
the underlying complementary formalisms of SAM. Thus, next we
simply introduce the algebraic high level nets used in our approach.

2.1.1 Algebraic High-Level Nets

An algebraic high-level net integrates Petri net with inscription

of an algebraic specification defining the data types and operations.

Instead of specifying a single system model, an algebraic Petri net
represents a class of models that often differ only in a few parame-
ters. Such a compact parameterized description is unavoidable fo
modular specification and economic verification of net models in
the dependable system design.

Generally speaking, an algebraic high-level (AHL) nats=
(SPECA X, P T,W*,W~, cond typé consists of following parts:

e An algebraic specificatio8 PEC= (S, OP,E), whereS IG =

(S, OP) is a signature with set of sorts and operations, and E
is a set of equations ov&IG;
Ais aS PECalgebra;
Xis a family of S-sorted variables;
P is a set of places;
T is a set of transitions such thain T = 0;

Two functionsW*, W~ assigning to eache T an element of
the free commutative monoitiover the cartesian d® and
terms ofS PECwith variables inX.

condis a function assigning to eadhe T a finite set of
equations over signatulG.

e typeis a function assigning to each place a sorin

2.1.2 Linear Temporal Logic

Temporal formulas [27] are built from elementary formulas us-
ing logical connectives andA (and derived logical connective,

1A set M with an associative operatienand an identity element
for that operation is called a monoid. A commutative monoid is
a monoid in which the operation is commutative. A commutative
monoid is a free commutative monoid if every element of M can be
written in one and only one way as a product (in the sensé of
elements of subset P M.

r

Let & =< My, My, ... > be the behavior, where each stae
provides an interpretation for the variables mentioned in predicates.
The semantics of a temporal formyten behaviore- and position
j is denoted by(o, j) E p. We define:

e For a state formulg, (o, j) E pe M, E p;

(@ )E-pe@)ER
(@ )Epvae () kEpor(sjkEq
(o, j))Eope (o,i) E pforalli > j;

(0, )) Eop e (0,i) E pfor somei > j;

e (j)EpUge di>j:(0i)EgandVj<k<i, (oK E
p:

2.2 Component and Connector View

Component and connector view was one of the four views pro-
posed in [23, 24], which is described as an extension of UML. The
component and connector view describes architecture in terms of
application domain elements. In this view, “the functionality of
the system is mapped to architecture elements called components,
with coordination and data exchange handled by elements called
connectors.” [23] In the UML 2.0 [4], composite structure dia-
gram is developed for the description of interacted entities. This
part extends UML description to the composition of elements us-
ing the concepts like ports, components and connectors etc.. The
method for these elements description is compatible with those
Clements’ methods [30]. However, the structures are too compli-
cated, implementation-oriented, and connector and port are not in
a uniform. These notations are general notations, and not specific
for architecture documentation. Therefore, we choose the notation
in the work [30].

In the component and connector view, components, connectors,
ports, roles and protocols are modelled as UML stereotyped classes.
Each of them is represented by a special type of graphical symbol,
as summarized in Fig. 1. A component communicates with another
component of the same level only through a connector by connec-
tions, which connect relevant ports of components and roles of con-
nectors that obey a compatible protocol. In addition to the connec-
tions between components and connectors, ports (roles, resp.) of
a component (connector, resp.) can be bound to the ports (roles,
resp.) of the enclosing component (connector, resp.).

In order to present our approach we use an image processing ex-
ample used in the distributed web application that was adapted from
[23]. Image processing is responsible for framing raw data into im-
ages and feed to the web application for the image transferring. Fig.
2, 3, 4 from [23] show a concrete and complete component and con-
nector view, which is the running example of this paper. Fig. 2(a)
is a configuration ofmageProcessingomponent. Fig. 2(b) shows
another aspect of the configuration. Both of them are UML class
diagrams and model different aspects of the system. From these
two figures, we can see the componénageProcessingontains



Element/Relation UML Notation Graphical Symbol

component Class <<component>> |E|
connector Class <<connector>> C>
role Class <<role>> .
port Class <<port>> .
protocol Class <<protocol>>
composition Composition o—
binding Association -
connection Association -
obeys Association _obeys
obeys conjugate Association obeys conjugate

Figure 1: UML Extension for component and connector View

two components:Packetizerand ImagePipling and one connec-
tor PacketPipe The ports of componeritnageProcessingraw-
Datalnput acqContro] andframedOutputire bound to porteaw-
Datalnput of componentPacketizer acqControland framedOut-
put of componentmagePipelinerespectively. ComponerRack-
etizercommunicates with componehmagePipelinehrough con-
nectorPacketPipe ComponentPacketizerand connectoPacket-
Pipe are connected by a connection between [RatketOutand
role source which obey (conjugate) protocBlataPacket Compo-
nentimagePipelineand connectoPacketPipeare connected by a
connection between poRacketlinand roledest which obey (con-
jugate) protocoRequestDataPackeBeing a conjugate means that

by a stereotyped class, is defined as a set of incoming message

types, a set of outgoing message types and the valid message ex-

change sequences. The valid message exchange sequence is repre-

sented by a sequence diagram. Fig. 3 shows the definitiBawof

Data, DataPacket and RequestDataPackgirotocols. From Fig.
3(c), we can see protoc®equestDataPackétas one incoming
messagepacket(pd) and three outgoing messagesibscribe(c)
desubscribe(¢)andrequestPacket(ayherec, pd are parameters of
messages. In order to communicate with objdiased on pro-
tocol RequestDataPackebbjectA first sends objecB a message
subscribe(cwherec indicates the sendek. Then a message-
guestPackets sent toB to request a packet. Later, objektmay
receive a packgpd from B. The symbol “*” in the figure indicates
that the pair of messagequestPackeand packet(pd)may occur
many times. Finally, objecA sends a messagkesubscribe(cfo B
to stop requesting packet.

The behavior of components/connectors may be described for-
mally by UML statechart diagrams, for example the behavior of
componentPacketizerand connectoPacketPipein Fig. 4. Stat-
echart diagrams describe the dynamic behaviors of objects of in-
dividual classes through a set of conditions, called states, a set of
transitions that are triggered by event instances, and a set of actions
that can be performed either in the states or during the firing of tran-
sitions. From Fig. 4(b), we can see the statechart diagram of con-
nectorPacketPipecontains two statesvaiting and “assign packet
to ready client and seven transitions. When connedBaicketPipe
receives an evesubscribe(c)it invokes its operatioAddClient(c)
although we do not know exactly the functionality of this opera-
tion. When the connector receives an eyamtket(pd)it saves the
packetpd. And the response of connectBacketPipeto an event
requestPacket(ds up to the condition: the cliert has read cur-
rent packet or not. If yes, the connector treats it as a request for
next packet; otherwise it sends current packet to clietiirough

the ordering of the messages is reversed so that incoming messagedn event.packefpd). If all clients have read current packets, the

are now outgoing and vice versa.

acqControl

ImageProcessing

rawDatal nput [PacketOut

Packetizer

) framedOutpl
ImagePipline

rawDatgl nput

framedOutput

(a) Component ImageProcessing

<<cconnector>>
PacketPipe

<<ccomponent>>

Packetizer

<<ccomponent>>
ImagePipeline

<<cport>> connection connection

rawDatal nput

<<cport>>
packetOut

<<cport>>
source

<<cport>>
dest
o

<<cport>>
Packetin

abeys
conjugate

obeys
conjugate

obeys beys

<<protocol>>

<<protocol>>

<<protocol>>
RawData

DataPacket

RequestDataPacke

(b) Protocols for Packetizer and PacketPipe

Figure 2: Structural Aspect of Component and Connector View

Fig. 2 alone is not enough to illustrate component and connec-
tor view since only components and connectors of the system and
corresponding connections among them are demonstrated. Addi-
tional diagrams are needed to define protocols and functional be-
havior of components and connectors. A protocol, represented

connector updates its packet queue and enter'stsséégn packet to
ready client”in which the connector sends current packet to clients
that has submitted their requests. If all requests are processed, the
connector return to statgaiting. As we can see from this figure,
connectors and components mainly handle incoming messages of
protocols they obey (conjugate).

init packet idle

[packetFull]/ datafReady/
packet(pd) [packetMotFull]  requestData
add datato
packet rawData(rd) waiting
(a) Behavior of Component
Packetizer
subscribe(c) desubscribe(c) [IsClientReady(c)]
/AddClient(c) /RemoveClient(c) [c.packet(pd)

[no client ready] .
assign packet
toready client

lJ

[packet read by all]
packet(pd) /UpdatePacket()
/AppendQuevie(pd) requestPacket(c)[packet read]

requestPacket(c) /SetClientReady(c)
[packet not read]

Ic.packet(pd)
(b) Behavior of Connector PacketPipe

Figure 4: Behavior of Elements



—a Packetizer
| [ [ e | | [ metpeice |
<<protocol>> 7 <<protocol>> o
<<protocol>> T DataPacket | RequestDataPacket 1 subscribe(c)
RawData | _ dataReady I h
. incoming | incoming |
incoming i I I
! | packet(pd) | *requestPacket(c
e | requesdaa_ ] Ll -
rawData(rd) ' | outgoing | *c.packet(pd)
outgoing | rawData(rd) outgoing | :Jbinbegce)( ) e —
' i lesubscribe(c) '
requestData 1 packet(pd) ! requestPacket(c) 1 desubsoribe(g)

(a) Protocol RawData (b) Protocol DataPacket (c) Protocol RequestData-
Packet

Figure 3: Protocols in Component ImageProcessing

3. TRANSFORMATION FROM steps:
COMPONENT & CONNECTOR Step 1 An algebraic specification, which specifies the abstract in-
VIEW TO SO-SAM terface of the component (connector, resp.), is generated from
Component and connector (C&C) view [32] has been the main a UML statechart diagram. The idea to construct algebraic
underlying design principle of most ADLs [29], which is also a ma- specification is described later.

jor view type in several software architecture documentation mod-
els supporting multiple architecture views such as SEI [30] and
Siemens [23]. C&C view is essential and necessary for system
dependability analysis since it captures a system’s dynamic behav-
ioral aspect. SO-SAM model and component and connector view
share a set of common terms such as components, connectors, and
ports. Therefore it is straightforward to map them to the coun-
terparts in SO-SAM. However, due to the meaning difference and Step 3 A component (connector, resp.) with a UML statechart dia-

Step 2 Construct a complete and executable algebraic high level
net from the UML statechart diagram according to the ap-
proach in [10] and the generated algebraic specification.
There is a special place in the generated algebraic high level
nets that contains element information and provides neces-
sary information for transitions.

various formal methods to describe elements’ behavior, the con- gram in component and connector view is mapped to a com-
crete mapping procedure is not that easy. This section shows a ponent (connector, resp.) with an algebraic high level net in
method to construct a complete and executable SO-SAM model SO-SAM.

from a component and connector view.

A component (connector, resp.) in component and connector  While it is inherently impossible to prove the correctness of the
view is mapped to a component (connector, resp.) in SO-SAM transformation, we have carefully validated the completeness and
model. It is easy to understand from structural aspects. However, consistency of our transformation rule. First, from structure point
the behavior mapping is complex since different formal methods of view, concepts of components or connectors in component and
are used to model behavior. UML statechart diagrams are used toconnector view and SO-SAM are the same. Both of them support
model behavior in component and connector view, contrasting with composition, binding with enclosing element, and they can have
Petri net model in SO-SAM. Fortunately, our previous work [10] their own behavior and communication channels—ports or roles.
showed that it is possible to transform statechart diagrams to Petri Therefore, the main functionalities of components or connectors in
net models. In UML statechart diagrams, method invocations and component and connector view are presented in SO-SAM counter-
relationships between variables are implicit in the elements’ struc- parts. Second, algebraic specification can be used to specify mod-
ture. For example, in Fig. 4(a), the conditioRacketNotFulland ular, more specific classes [14]. Therefore, the implied information
PacketFul|] and relationship between variable and pd is not il- of statechart diagrams, i.e. the operations and their properties can
lustrated explicitly. However, such information has to be expressed be correct and fully specified by algebraic specifications. Since
explicitly in order to obtain a complete and executable Petri net. In functions of algebraic specifications only define what to be done,
order to bridge the gap, we utilize algebraic high level nets [15], a no additional implementation information not implied in statechart
variant of high level Petri nets, to model behavior of elements. This diagrams is introduced. Finally, our previous work [10] and oth-
method is possible because SO-SAM model does not specify a par-ers work [31] have shown that the behavior described by statechart
ticular Petri net model as its formal foundation. We use algebraic diagrams can be fully captured by corresponding Petri nets.
specifications [13] to capture structures of elements obtained from The idea to obtain algebraic specifications from UML statechart
UML statechart diagrams because algebraic specifications are ab-diagrams is as follows: For each element (component and connec-
stract enough that no additional information about implementation tor), its algebraic specification defines a sort, cabésmentsort,
detail is assumed, and they are also powerful enough to representike packetizerfor componentPacketizerand packetpipefor con-
implied information about components or connectors. Although nectorPacketPipe If a data type of parameters is not defined by
the work [10] is for SAM architecture model, we can still use it a primitive algebraic specification, a new algebraic specification is
and adapt it to the SO-SAM model since they share the same netimported. Such aimported algebraic specification generally defines
structure. The main differences exist in the service sorts in the net only one sort, likePacketfor componenPacketizer Each action of
specification, initial and final ports in the net specification and net transitions in a UML statechart diagram is considered as a function
inscription. The following rule gives us a general idea to derive such that:actionname: elementsort x parameterssortlist —
components or connectors in SO-SAM. elementsort Here parameterssort.list includes service sorts as

well. For a guard condition of a transition, a function fraie-

RuLE1 (COMPONENT AND CONNECTOR). A Component(con- mentsort(with necessary parameter sorts) to boolean is added. For
nector, resp.) in component and connector view is mapped to a each variable that is defined in the element (i.e. the variable is not
component (connector, resp.) in SO-SAM according to following defined in the related events), a function ketVariableTypeName



. rawdata(rd)

— - transitiont?; is fired. As a result, an eventquestDatais added
Z, J\dataReady 13‘2 ) to place SEND, and placgaiting becomes active. Staseld data
idle waiting . . .. . .
becomes active if stat@aiting is active and an evemawdata(rd)
- ,  reauestbaa is available. At the same time, the token in plgmacketizeris
! rawdata(rd) changed to another one through operatigxddRawDaté.) of al-
p.PacketNotFull( . . . .
REov SEND gebraic specificatioRacketizer
pd 2 Components and connectors in component and connector view
g;a;gfj;g;;m 0 = are connected through a connection if they are enclosed directly by
' oW o the same element and the corresponding ports and roles obey (con-
o p'=p AddRawData(rd) jugate) a compatible protocol. Therefore, the mapping from ports

ki . . N
pckatzet or roles in component and connector view to ports in SO-SAM

(a) Petri net for Packetizer is actually the mapping from relevant protocols describing behav-

p'=p-AddClient(c) 2 ior of ports or roles to ports of SO-SAM components/connectors.

}i\packapipe p [ pisClientReady(c) ~ However, ports in SO-SAM models have their own characteris-

. or=p RemoveCTenioN 4 pr PP GoPacket) tics. A port in SO-SAM model is a place that has either no in-

P PP coming arcs or no outgoing arcs. In other words, the commu-

) t] 24 nication between ports is unidirectional. Therefore, a protocol in
7] 122 [711%3 ‘ p.NoChentReady(b

component and connector view, which consists of a set of incom-
ing message types, a set of outgoing message types and the valid
g (aon {@l message exchange sequences, is mapped into a set of interface
RECV places (To avoid confusion, we use interface places to refer to ports
cracketd) 0 SO-SAM model). The type of tokens in an interface place is

c.packet(pd)
2 subscribe(c) desubscribe(c)

RequestPacket(c)

—
packet(pd) RequestPacket(c)

2
L3

[ [epecerea)  [presmai] — [BPENAr=D) OID x OID x MES S AGET Y PE, whereOID is a set of unique
* . z ol | pepUpdatopacketg | | 29 identification number for each instance of the element, which spec-
P p=p.SetClientReady(- | packerpipe ol |y ifies sender and receiver of a message, MEEESAGETYPEis the
o= AppendPackerod) S set of message types of the protocol (Here we ignore the parame-
| ters of messages for brief). Rule 2 specifies how to map a port/role
(b) Petri net for PacketPipe in component and connector view to interface places in SO-SAM.
2This is actually the abbreviation of two functionSetVariable:
elementsort —  VariableTypes and U pdateElement
Figure 5: Behavior of Elements elementsort — elementsortsince these two functions are invoked
sequently in our example.
elementsort — elementsort x VariableTypé€? is specified. The RULE 2 (PORTS ANDROLES). A port (role, resp.) of a com-
properties of these functions can be constructed as equations if theyponent (connector, resp.) in component and connector view is mapped
are implied in the UML statechart diagrams, like guaPdsketNot-  to a set of interface places of the corresponding component (con-
Full andPacketFullcannot hold at the same time. nector, resp.) specified by Rule 1: For each protocol that the port

From the above idea, we know that the algebraic specification (role, resp.) obeys (conjugate), each kind of incoming messages
for componenPacketizecontains four functions, two of them cor-  js mapped to an incoming (outgoing, resp.) interface place of the
respond to guard conditions:PacketNotFul), -.PacketFull) : component (connector, resp.) with the name of the message type;
packetizer— bool, and one is obtained from action®idddRawDat&) : and each kind of outgoing messages is mapped to an outgoing (in-
packetizerx rawdata— packetizerand one from undefined vari-  coming resp.) interface place of the component (connector, resp.).

able: _.GetPackef) : packetizer— packetizerx packet In these Initial and final ports can not be obtained from the UML archi-

functions, " is used to indicate a variable placeholdecol is a tecture description directly. We provided two possible solutions:

sort defined in primitive algebraic specification Bool [13], and sorts

rawdata and packetare defined in imported algebraic specifica- e Oneis extending C&C view with new UML stereotyimétgal Port

tions PacketandRawDatarespectively, which are defined by users and finalPort. This would bring a direct transformation

and normally only one sortgwdata packetresp.) is specified. from C&C architecture to SO-SAM. The problem is this also
With these algebra specifications, we can generate correspond- bring more complexity into UML architecture description.

ing algebraic high level nets according to Rule 1. Fig. 5 shows the
generated Petri nets from UML statechart diagrams in Fig. 4. Each
generated Petri net has three special places: RECV containing mes-
sages from environment, SEND temporarily storing messages gen-
erated for its environment, and the place whose name is the same

as its element’s name (hefRgcketizetandPacketPipeesp.), hold- A port (ole, resp.) of an element is actually —roughly speaking—

Lg%gi:?ﬁ:éic;l?éggﬂﬂ:g?g??gﬁggézziﬁgg}gg; ilr? dei‘((:jadtlit’llgnfl,llr-a “channel” that forwards messages of specified types either from
rent status for each st,ate in statechart diagrams, for example pIaceelement itself to environment, or from environment to element. I_n_
idle,waiting, init_packetandadd datafor the samé name states’ A ule 2, a token represents an occurrence of anmessage of specified
. SR L - o type, and the direction of a message is specified by the place con-
special token in these places indicates if the corresponding state,

; . 1 taining the token — incoming or outgoing. Therefore, the mapping
Is active. PIace_RECV sen_ds events from e>_<terna| en_wronment to in Rule 2 conserves the main structural features of ports/roles and
places that are interested in the event. In Fig. 5(a) pidiesand

e . ; relat rotocols, and the reverse mapping exists, which ensur
waiting are interested in evedataReadyandrawdata(rd)respec- elated protocols, and the reverse mapping exists, ch ensures
. S . ; . the correctness of the rule.
tively. If stateidle is active and an evertataReadyis available,

¢ Another is manually adding the specification for these ports
according to the system architecture description. For in-
stance, we can say dataReady and RawData as initial port
and frameOut as final port in our case.



The behavior of a protocol, defined by UML sequence diagrams  The following rule is used to construct a set of constraints for
to demonstrate valid message exchange sequences, actually specomponents or connectors according to the above discussion.
ifies possible sequences of relevant messages along time axle. A
sequence of protocol messages illustrates their occurrence order, RULE 3 (CONSTRAINT). For each protocol that a port (role,
which can be specified by a set of temporal constraints, the ba-resp.) obeys (conjugate), a set of constraints, generated from the
sic predicates of which are the names of interface places obtainedcorresponding sequence diagram according to the above discus-
through Rule 2. For example, from Rule 2, we know jRawData sion, is added to the property specification of corresponding com-
of Packetizeiis represented by two incoming placistaReadyand ponents (connectors, resp.) . When a constraint is added to a com-
rawData, and one outgoing placequestData We use predicate ponent (connector, resp.$id or rid in tokens (the choice is up to
dataReadfx sid, rid, Myaaready>) to describe if placedataReady the direction of corresponding message) is substituted by the actual
contains a token representing an evdataReadythat is sent to identification number of the component (connector, resp.) since the
rid by sid. component (connector, resp.) can only receive messages sent to

In order to construct temporal constraints, we consider two ele- itself.
ments communicating with each other through a protocol, for ex- ) - )
ampleRawData First we only consider a pair of adjacent events, A Sequence diagram of a protocol specifies possible message
for exampleDataReadyand requestData For this pair of events, ~ COmmunication sequences. However, it is impossible to limit the
it means if an evenbataReadyoccurs, then an evenequestData firing sequences of tran5|t|oqs in Petri nets to meet specified occur-
must occur some time later, which is described by a temporal for- 'ence sequences of tokens in places. Although we cannot specify

mula: the firing sequences of transitions, but we can prove that if each
V <sid, rid, me, D(dataReadfgsid, rid, mg) — © possible firing sequence meets the behavior of a protocol. From
requestDatéssid, rid, m>)) (1) the above discussion, we can see the generated set of temporal for-

However, this temporal formula cannot reflect the situation implied Mulas exactly realizes the behavior of a protocol — the message
in the sequence diagram of the protocol: no other events of the pro-Séduences. By adding these temporal formulas as property speci-
tocol can occur between eventataReadyandrequestDataln or- fications to components/connectors obeying the protocol, inconsis-
der to describe this implied property, we have a reasonable assumpiencies between behavior of elements and protocols can be easily
tion at architecture level that the communication media is reliable, detected. Since the behavior mapping in Rule 1 is complete and
no message is lost and no need to resend a message. Therefor€onsistent, we know the detected inconsistencies also exist in the
another temporal formula is introduced to address this missing sit- 0figinal model, i.e. Rule 3 is complete and consistent.

uation: We may obtain a component (connector, resp.) with a behavioral
¥ <sid, rid, mg>, model, and related ports and constraints according to Rules 1, 2 and
o(dataReadfx sid, rid, my>) — —(( © dataReadfx sid, rid, my> 3 respectively. Next task is to get a complete component or connec-
)) V requestDaté«id, sid, m>) v rawData(<sid, rid, mg>))U tor, i.e. ports ofa component or connector has to be integrated with
requestDatéssid, rid, m>)) ) its behavior m_odel. Rule 4 is us_ed to guide such a procedure, and
This temporal formula means if an eventdstaReadyccurs, no Rule 5 establishes the connection between components and con-
other events such aataReadyrequestDataandrawDatacan oc- nectors.

cur before the first event oéquestDataPredicateO dataReadfx
sid, rid, mg>) is used to guarantee that the temporal formula is sat-
isfied at the time the eventataReadyoccurs. Therefore, given a
sequence diagram of a protocol withmessages, we can obtain
(n - 1) = 2temporal formulas.

In addition to the consideration of one session of a protocol, we
have to inspect the relationship of two adjacent sessions of the sam

RULE 4 (INTEGRATION). The interface places, i.e. ports of
a component (connector, resp.) in SO-SAM are integrated into its
behavior model with the previous generated algebraic high level
nets according to the following steps:

Step 1 Each incoming interface place is connected to place RECV

protocol between two objects, i.e. one session can start only after through a transition, firing of which transmits tokens in the
the previous session ends. Such a relationship is specified by a incoming place that are sent to the instance of component or
temporal constraint: connector to place RECV unconditionally.

V <sid, rid, mg>,

o(rawData(<sid, rid, mg>) — —(dataReadfssid, rid, mg>) Vv Step 2 Each outgoing interface place is connected to place SEND
requestDaté«id, sid, m>) v (0 rawData(<sid, rid, m>))) U through a transition, which forwards tokens of a special type
dataReadfsid, rid, mg>)) (3) in place SEND to the outgoing place.

Although we think the above generated constraints are strong
enough, there is still one more case we ignored: the first session of g g5

a protocol in a running system may starts with any messages but the . b(CONNECTION)'f From Rules 2 andd 4 ||f thfere IS a
first message. For example, a session of prot&awDatastarts connection between ports of a component and a role of a connec-

with messagelataReadyand then obeys relevant part of the se- tor, then generated behavior models of the component and con-
quence diagram. We can see this session satisfies the above tempdwector share a set of places that corresponds to the protocol they
ral formulas, but conflicts with the behavior of the protocol. Such a obey (conjugate). Therefore, to establish the connection between
case can be avoided in three different ways, and the choice of themg component and a connector in SO-SAM, we merge these shared
is up to users. One is to introduce a temporal predibaetime jyierface places because an incoming (outgoing, resp.) interface

that holds only at the time “zero”, and a new temporal formula: . . . .
o(basetime— —(dataReadfssid, rid, mg>) v place in the component has an outgoing (incoming, resp.) counter-

requestDatérid, sid, m>) v rawData(<sid, rid, mq>)) part in the connector such that they contain messages of the same
dataReadfxsid, rid, mg>)) 4 type, and vice versa.

The second method is to introduce a past time operator such as
“eventually in the past”. The final way is to prove that system struc- [N component and connector view, relationships between ports
ture guarantees that such case cannot happen. and behaViOI’S are not SpeCified eXp|ICIt|y A port fOrWardS inCOm-

Thus, from the above discussion, a sequence diagram for a pro-ing messages to the queue of the component/connector, which pro-
tocol is mapped to a set of temporal constraints. vide events for its behavior — the statechart diagram. The statechart



diagram sends messages to its environment through a port. In Rulerepresented by a component or connector. Here, validation means
4, place SEND serves as output queue and place RECYV is inputthat the developer can animate the specification by providing initial
gueue. The forward action is represented by the firing of transi- markings and checking if the responses meet the expected results.
tions connecting place SEND, RECV and other interface places. Validation of SO-SAM is based on the precise syntax and semantics
Therefore Rule 4 captures the communication between ports andof Petri net formal language and temporal logic. The validation
the corresponding behaviors in component and connector view.  will cover the topology and dynamic behavior of the Petri net as

Due to the space limitation, we cannot specify the transforma- well as temporal logic formulae. Here we simply introduce how
tion of binding and multiplicity. However, such transformations are to translate SO-SAM model to the Maude [9] language. For the
similar and straightforward. Fig. 6 shows the final result of gener- details, please refer to the work [17].

ated SO-SAM model from the running example. In order to give .
a concise description, algebraic specifications and internal parts of4-1 ~ Translation from SO-SAM to Maude
Step 1. Translation to the functional module: generate the sorts

behavioral models are omitted.

operators used in the functional modules for the model signatures.
This step translates each place, sorts, markings in a Petri net into
the corresponding part in Maude’s functional module.

Step 2. Translation to the system modules: there are three types
of system modules, one is for the model signature that corresponds
to the architecture structure and dynamic behavior of the model,
one is for the mapping to the predicates, and one is for the model
checking, which includes the property specification.

ImageProcessing acqControl

\ataReady ataRealfyo o

B3 ECV
1.

\rawDat@i

b

2

5 rawData {2
frameO|

equestData | requestDataSEND t{, 4

Packetizer oret ImagePipeline

1. Each basic component and connector are defined as a system
module (SysID) with the declaration of variables and neces-
sary rules and operators. Each composition is specified as a
system module that including its sub-components and con-
nector that are predefined as a module. All guard conditions
in a transition are a (un)conditional rule.

Figure 6: ImageProcessing in SO-SAM

In Fig. 6, components, for example compon@atketizerand
componentimageProcessingre represented by solid rectangles,
while connectors such aacketPipeare represented by dashed
rectangles. The Petri nets enclosed by rectangles are the behav-
ior models of components or connectors. Semicircles on the edge
of rectangles are places that represent ports derived from relevant
protocols. An inside semicircle indicates an incoming place that
only receives tokens from environment, while an outside semicir-
cle indicates an outgoing place that only sends tokens to environ-
ment. For example, componédpacketizethas two incoming places
dataReadyrawData, and one outgoing placequestData These

2. Each place is mapped to an operator in the predicate system
module (SysID-PREDS). The connection between operators

and predicate is established by an equation.

3. Model checking module (SysID-CHECK) is mainly for the
initial marking and property specification.

In our translation, system signature such as sorts and operators
three places are derived from proto&dwDataaccording to Rule are declared in the functional module. This translates the places/ports,
2. ComponenPacketizerand connectoPacketPipeis connected sorts into algebra in Maude that will be used in the system modules.
through Rule 5. The binding between components and its enclos- The dynamic semantics of Petri net can be mapped to the rewriting
ing component is implemented as a transition between correspond-rules used in Maude. Computationally, the meaning of rewriting
ing places, which only forwards tokens from one place to another rules is to specify local concurrent transitions that can take place
according to types of places (i.e. incoming or outgoing). For ex- in a system if the pattern in the rule’s lefthand side matches a frag-
ample, transitiort], forwards tokens in placdataReadyof Im- ment of the system state and the rule’s condition is satisfied. In
ageProcessingo placedataReadyof Packetizer while transition that case, the transition specified by the rule can take place, and the
tl, forwards tokens in placeequestDataof Packetizetto placere- matched fragment of the state is transformed into the correspond-
guestDataof ImageProcessing ing instance of the righthand side. Thus we can see an amazing
Finally, we give an execution path of componénageProcess- match between semantics of Petri net and rewriting logic. These
ing. Let componenPacketizerbe in statddle, connectorPacket- are theoretic aspect of the above translation algorithm.
Pipein statewaiting, and placdmageProcessing.dataReadgn-

tains a token representing messatgaReady This initial con-
dition can be represented by the initial marking (ImageProcess-
ing.dataReady, Packetizer.idle, PacketPipe.waiting). Here we only
list related places (notincluding places suclpasketizeandPack-

4.2 Results

The basic requirements for the image processing in the distrib-
uted web applications are correctness, robustness and reliability.
We use model checker of Maude [9] to validate the SO-SAM model

etPipa that contain tokens, and ignore concrete token values that obtained from UML architecture description against system prop-
can be derived from context. We also assume that a packet con-erties. After studying models and the errors discovered during the
sists of only one raw data, i.e. operatiBacketFul{() will be true model validation, two main property categories have been selected:
if AddRawDat§) is invoked once. Table 1 shows the execution of
communication based on protoc®awDataandDataPacket This
example demonstrates the application of our method.

4. VALIDATION OF THE APPROACH

The SO-SAM model allows formal validation of a service net
against system constraints and property specified on its abstraction

1. Structural properties: this kind of properties is closely re-
lated to the topology of the model. These properties can be
directly verified on the SO-SAM model without animating
the transactions. These properties are necessary conditions
that ensure the feasibility of the state transitions. If one of
them is not fulfilled, we can assert firmly that the communi-
cation between ports in UML description cannot happen.



Step [ Marking of Component ImageProcessing Fired Transition

1 idle, ImageProcessing.dataReady, PacketPipe.waiting tl

2 idle, Packetizer.dataReady, PacketPipe.waiting tiy

3 idle, Packetizer.RECV, PacketPipe.waiting tfz

4 idle, PacketPipe.waiting te

5 Packetizer.waiting, Packetize. SEND, PacketPipe.waiting 7,

6 Packetizer.waiting, Packetizer.requestData, PacketPipe.waiting th

7 Packetizer.waiting, ImageProcessing.requestData, PacketPipe.waiimgpecified transition
8 Packetizer.waiting, PacketPipe.waiting unspecified transition
9 Packetizer.waiting, ImageProcessing.rawData, PacketPipe.waitirjgt;,

10 | Packetizer.waiting, Packetizer.rawData, PacketPipe.waiting 7,

11 Packetizer.waiting, Packetizer.RECV, PacketPipe.waiting t§3

12 Packetizer.waiting, PacketPipe.waiting ts

13 | Packetizer.addlata, PacketPipe.waiting te,

14 Packetizer.initialpacket, Packetizer.SEND, PacketPipe.waiting, tfs

15 Packetizer.idle, Packetizer. SEND, Packetpipe.Waiting, tflz

16 | Packetizer.idle, Packetizer.packet, PacketPipe.waiting t55

17 Packetizer.idle, PackePipe.RECV, PacketPipe.waiting t5,

18 | Packetizer.idle, PacketPipe.waiting 5

Packetizer.idle, PacketPipe.waiting

Table 1. A Path of Executing Protocols RawData and DataPacket

2. Behavioral properties: the dynamic feature of these prop- relationships among these operations. The size of a generated al-
erties means that they are related to state changing of thegebraic specification is “linear” to the size of implied information.
system. The evaluation of the dynamic properties are based From our previous work [10], we know the generation of Petri nets
on the behavior description — Petri nets. lIts verification is from a statechart diagram can be fulfilled automatically for most
achieved on a set of places describing a possible evolution of cases, and a Petri net and the corresponding statechart diagram are
the system. All four properties in section 3 fall in this group. at the same size. The generation of temporal logic formulas from

. : . ) . sequence diagrams can be largely automated since the generation
Structure properties are easily to be verified. We are interested injg very simple and straightforward.

the behavior properties. The verification of these properties is to
confirm that the behavior of services satisfies the system require-
ments. For instance, property (1) is verified to be true indicates that 6. ACKNOWLEDGMENTS
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