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Abstract

The concept of software product lines (SPL) is a modern approach to software de-
velopment simplifying construction of related variants of a product thus lowering
development costs and shortening time-to-market. In SPL, software components
play an important role. In this paper, we show how the original idea of compo-
nent mode can be captured and further developed in behavior specification via the
formalism of Extended Behavior Protocols (EBP). Moreover, we demonstrate how
the modes in behavior specification can be used for modeling behavior of an entire
product line. The main benefits include (i) the existence of a single behavior specifi-
cation capturing the behavior of all product variants, and (ii) automatic verification
of absence of communication errors among the cooperating components taking the
variability into account. These benefits are demonstrated on a part of a non-trivial
case study.
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1 Introduction

The concept of software components has been around for more than a decade.
Component models range from relatively simple, flat component models (e.g.,
EJB [32]) to more sophisticated hierarchical component models such as Frac-
tal [5] and Koala [30,31]. The latter one is based on Darwin [19] which coined
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the concept of provided and required interfaces and primitive and composed
components allowing component nesting (forming a hierarchy).

Typically, a part of a component-based application involves several operational
variants, especially when the part was subject to reuse. This may be reflected
both by architecture and behavior variants. However, there is no general con-
sensus on handling this variability. The well-known approaches include modes
and product lines.

A mode, as introduced in [13], defines (at design time) a particular alternative
of a component’s architecture. At runtime, transitions among the modes of
the component may take place, however. In principle, a mode is part of a
static view on component architecture; it determines the component’s internal
architecture, the mode of internal components, and is associated with a specific
behavior of the component (not necessarily specified in detail). At the same
time, the modes of internal components determine a specific mode of the
parent.

Software components also play an important role in software product lines
(SPL) [30,12]. Work in this field aims at supporting development of software
for a set of closely related and likely further evolving products such as con-
sumer electronics. Therefore, capturing variability at different levels of abstrac-
tion and stages of software development is a key goal here [7,29,26,9,6,28].
These stages range from modeling software requirements, over design and
architecture specification, to code. Consequently, there are many modeling
methods targeting variability within such different software artifacts; the key
related abstractions include features [23], and, in particular, variation points
and their resolution when a specific product is to be instantiated [28,27]. In
addition to aspect-oriented programming [24], software components play an
important role when considering variability at the level of software architec-
ture. It should be emphasized that a SPL needs to address both variability
(configurability) and evolution (modifiability). In a component-based archi-
tecture, the variability is reflected in general by some kind of variation points
(resolved by configuration parameters) and evolution by the option to replace
a component at various levels of component hierarchy.

1.1  Problem statement

Unfortunately, there has been no general consensus on handling architecture
variants with respect to component behavior. Specifically, the mode concept
is an approach to switching statically determined architecture variants at run-
time; however, there is no abstraction to capture how switching among the
variants is related to component behavior. If this were determined, automated



checks could be employed to verify whether the intended transitions among
architecture variants are safely possible in a particular state of the involved
components.

Similarly, in SPL, most of the focus is on variability in software architecture,
but little attention is paid to variability of a component’s behavior in support
of its reuse in different architectural variants.

1.2 Goals and structure of the paper

In our group, we have developed a technique of specifying component behav-
ior in a simple process algebra style. In its first variant, Behavior Protocols
(BP) [1], the events specified are purely related to issuing request and re-
sponses of method calls on the component interfaces, while its more elabo-
rated version, Extended Behavior Protocols (EBP) [16], allows us to capture
a component state encoded as a n-tuple of values of enumeration types. The
actual expressive power of EBP was tested on a non-trivial component based
application developed in the CoCoME component models’ contest [22]. There
are model checking tools of BP and EBP which can verify correctness of com-
munication among components. The goal of this paper is threefold—to show
how

(i) EBP can be used to specify the behavior associated with a specific mode,
and also capture the transitions among modes,
(ii) EBP can be employed in product line architecture specification and help
derive the behavior and architecture of a particular product variant, and
(iii) the EBP model checking tools can be used for verification of communi-
cation correctness of architecture variants.

2 Background

There are a number of formalisms designed for formal behavior specification
of software, including set theoretic (e.g., Z), algebraic (e.g., VDM), and pro-
cess algebraic (e.g., CCS, CSP, FSP [20]) formalisms. As to component-based
software, its structuring of code into components with clearly defined inter-
faces and bindings encourages modular reasoning, on the one hand. On the
other hand, the formalism for behavior specification of software components
should reflect the key abstractions commonly used in component models.
These abstractions involve methods grouped into interfaces, both provided
and required, communication among assembled components via bindings of
interfaces, and support of component hierarchies. In addition to BP and EBP,



such specialized formalisms include Interface automata [8], Component inter-
action automata [4], and SEFF [11].

2.1 EBP Example
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Fig. 1. Architecture of the CoCoME application

First, we shortly describe the CoCoME (Common Component Modeling Ex-
ample) contest assignment, as the examples in this paper stem from our solu-
tion to this assignment [22]. CoCoME was motivated by the need for having
a nontrivial canonical example of a component based application that would
enable an assessment of strengths and weaknesses of different features and



their comparison. Previously, only simple examples (even toy ones) had been
used as a proof-of-concept for this purpose.

The assignment of CoCoME is an application for managing a set of stores,
each equipped with a cashdesk line. UML component diagram [33] provid-
ing an overview of the whole application is in Fig. 1. The assignment con-
sists of a UML specification (component, deployment, sequence, and use-case
diagrams), a prototype implementation in Java, and specification of extra-
functio-nal properties. A number of teams applied their modeling techniques
to the assignment; the results were subsequently evaluated by a jury, pointing
out pros and cons of each modeling technique [22].

The example in Fig. 2 provides an intuitive insight and a brief overview of
EBP. The example is a slightly simplified version of the EBP specification
of the CoCoME CashDeskApplication component. The component contains
the actual business logic of a single cash desk in a store; e.g., it maintains
information about the progress of a current sale.

An EBP specification of a component consists of three sections: types, vars,
and behavior. In the types section, the enumeration types of the components’
state variables and method parameters are defined. In our case, there is a single
enumeration type states, which captures the possible states of sale (line 3). The
state variables are listed in the wvars section. In the example, state captures
the state of a current sale (line 6); it is initialized to SALE_.STARTED.

The actual behavior is specified in the behavior section. Basic building blocks
are: accepting a method call Zinterface.method(parameters) {reaction}, issu-
ing a method call finterface.method(parameters), assignment to a state vari-
able variable <— wvalue, and the switch statement, which is used to direct the
control flow depending on the value of a state variable. More complex expres-
sions are constructed using the ‘4’ alternative, ‘;” sequence, ‘x’ repetition, and
‘|’ parallel (interleaving, no synchronization) operators. They are described in
more detail in [21] and [16].

The behavior section of the specification describes which method calls the com-
ponent can accept and how it reacts on them. In Fig. 2 the reaction depends on
the actual value of the state variable (note the switch statements). In its initial
state SALE_STARTED, the CashDesk component can accept bar codes of sale
items (ProductBarcodeScannedEvent—Iline 10) on which it reacts by querying
StoreServer about the items and by updating the current total. This can be
repeated (line 62). The state is switched to SALE_FINISHED, when the end of
BarCode entering is signaled by the GUI component (the corresponding event
SALE_FINISHED_EVENT mediated by CashDeskBus is accepted at line 20).
After that, the purchase is paid either by cash or a credit card. The former
case is reflected by accepting a call from GUI (mediated by CashDeskBus as
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component CashDeskApplication {

types {

states = { SALE_STARTED, SALE_FINISHED, CREDIT_CARD_SCANNED, PAID }
}
vars {

states state = SALE_STARTED
}
behavior {

(

?CashDeskAppHandleIf.onEvent (ProductBarcodeScannedEvent) {
switch (state) {

SALE_STARTED: {
!CashDeskConnectorIf.getProductWithStockItem;

(
!CashDeskAppDispatchIf.send(ProductBarcodeNotValidEvent) +
!CashDeskAppDispatchIf.send (RunningTotalChangedEvent)

)

}r}
+
?CashDeskAppHandleIf.onEvent (SaleFinishedEvent) {
switch (state) {
SALE_STARTED: { state <- SALE_FINISHED }
} 3
+
?CashDeskAppHandleIf.onEvent (CashAmountCompletedEvent) {
switch (state) {

SALE_FINISHED: {
!CashDeskAppDispatchIf.send(ChangeAmountCalculatedEvent) ;
state <- PAID

}r}

+

?CashDeskAppHandleIf.onEvent (CashBoxClosedEvent) {
switch (state) {

PAID: {

!CashDeskAppDispatchIf.send(SaleSuccessEvent) ;

!CashDeskDispatchIf.send(AccountSaleEvent) ;

state <- SALE_STARTED

Y}

+

?CashDeskAppHandleIf.onEvent (CreditCardScannedEvent) {
switch (state) {

SALE_FINISHED: { state <- CREDIT_CARD_SCANNED }

} 3

+

?CashDeskAppHandleIf.onEvent (PINEnteredEvent) {
switch (state) {

CREDIT_CARD_SCANNED: {

!BankIf.validateCard;

(
!CashDeskAppDispatchIf.send(InvalidCreditCardEvent)
+
!'BankIf.debitCard;

(
!CashDeskAppDispatchIf.send(InvalidCreditCardEvent) ;
(NULL + state <- SALE_FINISHED)
¥
!CashDeskAppDispatchIf.send(SaleSuccessEvent);
!CashDeskDispatchIf.send(AccountSaleEvent);
state <- SALE_STARTED

) )

}r}
) *

Fig. 2. EBP specification of the CashDeskApplication component




CashAmountCompletedEvent—Iline 25) reporting the cash amount paid by
a customer. As a result, GUI is called (again mediated by CashDeskBus—
line 28) to report the change to be returned to the customer and the state is
switched to SALE_PAID. As soon as the change is returned and the cashbox is
closed (CashBoxClosedEvent—Iline 32), the StoreServer records are updated
and the state is set back to SALE_STARTED (lines 35-37). Payment by credit
card is initiated by swiping a credit card (CreditCardScannedEvent—Iline 40),
switching the state to CREDIT_CARD_SCANNED, and then either finalized
by entering a valid PIN (PINEnteredEvent—Iine 45), or canceled by switching
back to the state SALE_FINISHED.

2.2 Detecting component communication errors via EBP

After an EBP specification of each component has been finished, the tools
designed for EBP are applied. They serve to verify correctness of communica-
tion among components via checking absence of the following communication
errors: bad activity, no activity, and unbound requires error. In general (with
a slight simplification), whenever a component calls (‘!’) a method and the
target component is not ready to accept (‘?’) the call, the bad activity error
occurs. No activity represents the situation, when there are components wait-
ing for a method call, while no component is able to emit any. The last error,
unbound requires, may be viewed as a special case of the bad activity error,
as it represents the situation, when a component issues a call on an unbound
required interface. We have developed a tool (Sect. 2.3) which automatically
identifies the communication errors and produces a corresponding error trace.

For a composed component, a typical question is whether a component frame
(the set of externally visible interfaces) is correctly implemented by component
architecture (composition of subcomponents). The tool can answer the ques-
tion on the behavioral level, i.e., it reports whether an EBP specification of a
composed component is correctly implemented by the behavior of its subcom-
ponents (as described in [1,16,18], compliance of the frame and architecture
EBP protocol is verified by a tool).

Considering the CoCoME architecture, the tool can be, e.g., used to show
that the EBP specification of CashDesk is correctly implemented by compos-
ing CashDeskApplication, CashDeskGUI, LightDisplayCtrl, CardReaderCtrl,
CashBoxCtrl, ScannerCtrl, PrinterCtrl, and CashDeskBus (the architecture
of CashDesk). Correctness of an entire application can by verified by applying
this idea at each level of component nesting.



2.8 EBP in the light of process algebras

In principle, a protocol in EBP is a textual definition of a finite automaton
specifying behavior of a component. The essence of the behavior part (as seen
in Fig. 2) are expressions forming a simple process algebra close to CSP and
partially to CCS. Such an expression generates a set of traces—a trace in EBP
is a finite sequence of labels representing the atomic events related to method
invocations (the label of a form 7a] stands for accepting an invocation of a
method with (composed) name a, lal for issuing an invocation, ?a| means
accepting the response (end) of a method execution, !a| means issuing the
response). Syntactically, an expression in EBP is composed of labels, oper-
ators, and parenthesis ‘()" and ‘{}’. The basic operators are: ;" sequencing,
‘4 alternative, and ‘|’ parallel interleaving with similar semantics as in CSP.
However, recursive definitions are not allowed; instead, the repetition opera-
tor ‘*’ similar to regular expressions is employed. Therefore only finite traces
are considered. Moreover, the parenthesis ‘{}’ serve to easily encode method
calls and functionality of methods in the following way: ‘7a’ stands for ‘7af;
lal’, while ‘7a{P}’ stands for ‘7al; P; la]’, and similarly for ‘la’ and ‘'a{P}’,
where P is again an expression in EBP. For illustration, consider the example
in Fig. 3.

45: ?CashDeskAppHandleIf.onEvent { 45: 7CashDeskAppHandleIf.onEventT;

46: 46:

4a7: 4a7:

48: !BankIf.validateCard; 48: !BankIf.validateCardl;
49: 7?BankIf.validateCard];

49: ( 50: (

50: !CashDeskAppDispatchIf.send 51: !CashDeskAppDispatchIf.send];
52: ?CashDeskAppDispatchIf.send|

51: + 563: +

52: !'BankIf.debitCard; 54: |BankIf.debitCardl;
55: ?BankIf.debitCard];

53: ( 56: (

54: !CashDeskAppDispatchIf.send 57: !CashDeskAppDispatchIf.sendT;
58: ?CashDeskAppDispatchIf.send]|

55: 59:

56: + 60: +

57: !CashDeskAppDispatchIf.send; 61: !CashDeskAppDispatchIf.sendT;
62: ?CashDeskAppDispatchIf.send]|;

58: !CashDeskDispatchIf.send 63: !CashDeskDispatchIf.sendT;
64: ?CashDeskDispatchIf.send]

59: 65:

60: ) ) 66: ) );

61: } 67: !CashDeskAppHandleIf.onEvent|

Fig. 3. EBP specification of the CashDeskApplication component

In the left column, there is a stripped-off version of the EBP specification in
Fig. 2, which was obtained by ignoring the switch constructs and method pa-
rameters for simplicity. An equivalent expression where only atomic events are
used is in the right column. In principle, this is also a valid CSP specification,



in which the events feature composed names (such as !BanklIf.validateCard])—
notice that here a dot means name composition and not CSP prefixing. This
simple example illustrates only the use of the ‘+’ and ‘;’ . The operator ‘|” will
be applied later (Fig. 5-10). Obviously, since an expression in CSP determines
an LTS [25], an expression in EBP determines also an LTS (more specifically
a finite automaton, since recursion in the EBP specification is not employed).
Notice that the constructs not employed in Fig. 3 (switches and method pa-
rameters) are based on enumeration types, only constants can be assigned to
variables of these types, the variables are used only to control switch alterna-
tives, etc., so that the rules for converting them into a finite automaton can
be easily articulated.

Composed behavior of two components is determined by parallel composition
of their EBP behavior specifications. For this purpose, the binary operator
consent (Vj) is introduced in EBP. In principle, its semantics is similar to
the “Interface parallel” composition with restriction (P || @) as known from
CSP [25], i.e. in the interleaving of events from P and @ those with names
in M synchronize and restriction makes them 7 events in the corresponding
LTS. However, there are two key semantic differences in case of PV Q) :

(i) The synchronization is based on pair-wise complementarity of the event
names (similar to CCS)—the names which differ only in their prefixes ‘!’
and ‘7’ are complementary. For example, events !'BanklIf.validateCard?
and ?Banklf.validateCard] would synchronize and produce 7.

(ii) Contrary to CSP, if there is no counterpart for an event in M in the
other operand of V), such situation triggers a communication error (an
erroneous trace is produced by definition). As mentioned in Sect. 2.2,
the following communication errors are defined: bad activity, no activity,
and unbound required error.

In our group, for BP we have developed several variants of a model checking
tool which identifies communication errors in a Vj; composition and produces
a corresponding error trace [18]. Moreover, for EBP verification, we use a tool
transforming EBP specifications into Promela—the input language of the Spin
model checker [14]. The reason for choosing Spin is an easier support for future
extensions of the EBP language and the efficiency and maturity of Spin—it
is a state-of-the-art explicit model checker featuring LTL checking abilities,
bit-state hashing, and quite friendly user interface. In addition, there are a
number of extensions of Spin, e.g., dSpin extending the Promela language by
functions, exceptions, etc. The reason for choosing Spin is an easier support
for future extensions of the EBP language.



3 Expressing modes and product lines in EBP

3.1 Behavior modes

To illustrate the way modes are reflected in EBP behavior specification, we
present a fragment of the CoCoME component architecture (Fig. 1)—the
CashDeskApplication component (Fig. 2). CashDeskApplication works in two
operational variants, EXPRESS mode and NORMAL mode. Each of these
variants is characterized by a modification of both behavior and architecture
of the involved components. In Fig. 4, the architectural variants correspond-
ing to these modes are depicted (we omit other components connected to the
CashDeskBus for simplicity).
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Fig. 4. CashDeskApplication in NORMAL mode (a) and in EXPRESS mode (b)

The EBP snippet in Fig. 5 shows how switching between the modes is reflected
in behavior specification of CashDeskApplication. It contains the changes to
the CashDeskApplication frame protocol necessary to describe switching to
and from the EXPRESS mode. Basically, the original protocol from Section 2.1
is extended by an additional state variable CDAmode (containing the value
NORMAL or EXPRESS). The component starts computation in the NOR-
MAL mode (line 8); after receiving an onEvent method call with the parameter
value ExpressModeEnabledEvent (line 27), it switches to the EXPRESS mode
(line 28).

This example shows that a mode is captured as a specific value of a single
state variable (CDAmode in this case). However, in general, a behavior mode
of a component can be encoded as an n-tuple of local state variables, each of
a specific enumeration type.

The EBP snippet in Fig. 6 describes behavior of the CashDesk component—
the parent component of CashDeskApplication. Generally, the behavior modes
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1: component CashDeskApplication {

2: types {

3: states = { SALE_STARTED, SALE_FINISHED, CREDIT_CARD_SCANNED, PAID 1},
4: modes = { NORMAL, EXPRESS}

5: }

6: vars {

7: states state = SALE_STARTED,

8: modes CDAmode = NORMAL

9: }

10: behavior {

11: (

12:

13:

14:

15: +

16: ?CashDeskAppHandleIf.onEvent (CreditCardScannedEvent) {
17: switch (CDAmode) {

18: NORMAL: {

19: switch (state) {
20: SALE_FINISHED: { state <- CREDIT_CARD_SCANNED }
21: }rr}
22: +
23:
24:
25:
26: x| (
27: ?CashDeskAppHandleIf.onEvent (ExpressModeEnabledEvent) {
28: CDAmode <- EXPRESS
29: }
30: x| (
31: ?CashDeskAppHandleIf.onEvent (ExpressModeDisabledEvent) {
32: CDAmode <- NORMAL
33: }
34: ) *
36: }
36: }

Fig. 5. EBP specification of the CashDeskApplication component with behavior
modes

of a parent and its child components are independent—in each component,
there may be state variables capturing the actual behavior mode. In the case
of the CashDesk and CashDeskApplication components, however, the modes
of both parent and child components are switched simultaneously as a reac-
tion to the ExpressModeEnabled /ExpressModeDisabled events mediated by
CashDeskBus.

To provide an example of really independent behavior modes in nested com-
ponents, let us consider a modified CashDesk component featuring again two
behavior modes (CASH and CARD mode) to capture how a customer has
decided to pay. Since customers are allowed to pay by cash in both the EX-
PRESS and NORMAL modes of CashDeskApplication, the behavior mode
of CashDesk is not determined by the behavior mode of CashDeskApplica-
tion (and vice versa) in this case. Of course, since the CARD mode makes
sense only in the NORMAL mode, the modes of CashDeskApplication and
CashDesk are not logically independent—the former influences the latter.

11



1: component CashDesk {

2: types {

3: modes = { NORMAL, EXPRESS}

4: }

5: wvars {

6: modes CashDeskMode = NORMAL

7: 0}

8:

9: behavior {

10: # Sale related stuff

11: (

12: !CashDeskConnectorIf.getProductWithStockItemx;

13: ( # the bank interface is used only in the EXPRESS mode
14: switch (CashDeskMode) {

15: NORMAL: {

16: !BankIf.validateCard*;

17: !BankIf.validateCard;

18: !'BankIf.debitCard;

19: }
20:
21: EXPRESS: { NULL }
22: }
23: )*;
24: !CashDeskEventDispatcherIf.send(AccountSaleEvent);
25: !CashDeskEventDispatcherIf.send(SaleRegisteredEvent)
26: ) *
27: |
28: # Express mode switch
29: ?CashDeskAppEventHandlerIf.onEvent (ExpressModeEnabledEvent) {
30: CashDeskMode <- EXPRESS
31: Fx
32: |
33: # Normal mode switch
34: ?CashDeskAppEventHandlerIf.onEvent (ExpressModeDisabledEvent) {
35: CashDeskMode <- NORMAL
36: F*
37: }
38: }

Fig. 6. EBP specification of the CashDesk component with modes

In composition via Vj; (and the corresponding verification), the behavior
modes (state variables) themselves are taken into account indirectly, via the
sequences of method calls that are determined by the switch variants which
trigger mode switching. In our example, the NORMAL mode is reflected by
calling the methods on the BankIf interface (lines 16-18), which is not allowed
in the EXPRESS mode (line 21).

3.2 Software product lines

In this section, we show how EBP and behavior modes can be beneficially
employed in product line software engineering. To get an idea how EBP can
help in SPL architectural design and verification, consider the following exam-
ple (a slightly generalized part of the CoCoME example). In each store, there
is a server maintaining the list of items on and out of stock (Fig. 7). Since
the enterprise operates multiple stores, when some goods are running out of

12



stock in a store, they may be brought there from another store (if available)
and/or ordered from a supplier. The decision on moving/ordering the goods
is realized by a dedicated enterprise server. Depending on whether there is an
outlet store at the enterprise premises, the enterprise server either provides
also the functionality of the store server (Fig. 9), or it does not (Fig. 8).

These functional alternatives are reflected as architecture variants of a generic
server (Fig. 9). The ability to serve as a store server is embodied in the pres-
ence of the StoreApplication component, while the enterprise functionality is
implemented by the ProductDispatcher component. The other parts, i.e., the
ReportingApplication and Data components, are present in all variants.

CashDeskConnectorlf i AccountSaIeEventi
:StoreServer T
MoveGoodsif StoreApplication &1 ReportingApplicatioh]
Oo— £] £]
:StoreGUI :ReportingGUI
ProductDispatcherlf r(I?Storelf /ﬁl)seporﬁnglf
>0 £] €]
}[]>O— :StoreLogic —OG:]—éé :ReportingLogic

StoreQuerylf Persistencelf [EnterpriseQuerylf
g]
Data

:Store :Persistence :Enterprise

Fig. 7. Store server—present at common stores

In Fig. 10, an EBP specification of the generic server component is provided.
Such a behavior specification takes advantage of the fact that some parts of the
functionality (behavior) are shared by several variants. The key idea is that the
variation points are represented by the switch construct employing the state
variables store and enterprise which serve for resolution of these variation
points. Both of them can be set to YES or NO; since they are supposed to be
set at the design phase by the system architect according to the desired role
of the component instance within the system, they are read-only. Particular
combinations of the values of store and enterprise reflect the architecture
variants described above (except for the combination NO-NO, which results
in empty behavior). Such initial assignments to the variables determine the
resolution statically.

Behavior modes are suitable for SPL design of unrelated variation points
(where state variables are independent). The only difference between a vari-
able determining a product line variant and a variable representing a runtime

13



MoveGoodsif
>—
o—

ProductDispatcherlf

<1

€]

ProductDispatcher

:StoreServer

ReportingApplicatioal

£]
:ReportingGUI

/]{?eportinglf

£]
:ReportingLogic

13

Y,

StoreQuerylf |Persistencelf [EnterpriseQuerylf
g]
Data
:Store :Persistence | | :Enterprise

Fig. 8. Enterprise server—present at the enterprise with no store

CashDeskConnectorlf i AccountSaIeEventi
:StoreServer T
MoveGoodsif StoreApplication £] ReportingApplicatiohl
Oo— £]
:StoreGUI :ReportingGUI
ProductDispatcherlf %?Storelf f(]%?eportinglf
B>0- €] g]
=0+ :StoreLogic —o{]—(_é :ReportingLogic
MoveGoodslf IS
D—i=<— £]
ProductDispatcher A\ A\ A\ KJ\ KJ\
O—1>01 £ N, VAl !

ProductDispatcherlf

mode is that the value of the former is not modified in the behavior specifica-
tion. There are no means to enforce this within the EBP language itself; it is

StoreQuerylf [Persistencelf [EnterpriseQuerylf
£]
Data
:Store :Persistence :Enterprise

Fig. 9. Generic server

up to the designer to obey this principle.

In general, there may be several state variables, each capturing variants of a
specific aspect of component behavior and a product line variant. Before the
deployment phase, the values of (read-only) variables representing a product
line variant are determined to reflect the actual role of each component in
the system (resolution of variation points)—it is the case of the store and
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enterprise variables in Fig. 10. Next, at runtime, the other variables are used
to express different behavior modes (and transitions among them) of particular
components, as illustrated by the state and CDAmode variables in Fig. 5.

component Server {
types {
STORE { YES, NO }
ENTERPRISE { YES, NO }

}
vars {
STORE store = YES
ENTERPRISE enterprise = NO
}

behavior {
switch (enterprise) {
YES: {
(

?ProductDispatcherIf.orderProductsAvailableAtOtherStores{
'MoveGoodsIf.queryGoodAmount;
(('MoveGoodsIf.acceptFromOtherStore;

!MoveGoodsIf.sendToOtherStore)
+ NULL

) *
}

NO: { NULL }
}
|
switch (store) {
YES: {
(
?CashDeskConnectorIf.getProductWithStockItem*;
(?CashDeskLineEventHandlerIf.onEvent (AccountSaleEvent){
'ProductDispatcherIf.orderProductsAvailableAtOtherStores +
NULL

?MoveGoodsIf.queryGoodAmount

+

?MoveGoodsIf.sendToOtherStore
)*
|
?MoveGoodsIf.acceptFromOtherStore*

}

NO : { NULL }
}
}
}

Fig. 10. EBP specification of the Server component with variation points
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4 Evaluation and related work

There are several differences between the behavior modes proposed by this
paper and the modes introduced in [13]. First, a mode in [13] is a part of
the static view on a component’s architecture. Moreover, in [13] a mode of
a composite component determines both the architecture implementing its
frame (i.e., the subcomponents and their bindings) and the modes of sub-
components. Since there is a one-to-one mapping of the mode of a frame and
the modes of the subcomponents and their bindings, the architecture and the
modes of subcomponents also determine the mode of the encapsulating frame.
Regarding the behavior corresponding to different modes, the authors of [13]
just assume that every mode of a component is associated with a specific
behavior of the component (however, no further details on behavior, or on
how modes are switched among, are provided). In other words, modes are a
part of the architecture description (technically, they are expressed as (i) la-
bels associated with components and (ii) specification of component instances
and their bindings [13]). This way, behavior is determined only at an abstract
level. Moreover, employment of the mode idea is distributed over several non
integrated tools: Architecture labeling (Darwin), Alloy specification of mode
switching constraints [15], and Ponder for specifying runtime policies (such as
management and security).

In our approach, on the other hand, mode is a part of behavior specifica-
tion and it relates to the static view (architecture) only indirectly. Moreover,
there is no direct dependency between the behavior mode of a frame and the
behavior modes of the subcomponents in its relevant architecture. The only
requirement is that the architecture protocol has to be compliant to the frame
protocol. It should be emphasized that the compliance evaluation takes into
account involvement of mode switching both in the architecture and the frame
protocol, i.e., it is verified that these mode switches correspond to each other
well. In other words, compliance evaluation helps verify that parent mode
switching is correctly reflected in children’s behavior. As an aside, an addi-
tional benefit of EBP is that the specification scales well due to its textual
form (no diagrams) and separation of abstraction layers (frame vs. architec-
ture protocol) which helps keep the state space subject to model-checking in
manageable limits.

As to SPL, to our knowledge, there has been no attempt to directly support
variation points in behavior specification of a product line. The EBP language
allows specifying the behavior of all potential resolutions of variation points
in a component frame within a single specification. This is beneficial since
significant parts of the specification are typically shared by several variants.
An additional benefit of our approach is that from the generic behavior speci-
fication of a product line (like the specification of the generic server in Fig. 9)
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both the architecture and its behavior specification of a variant can be derived;
e.g., the architectures in Fig. 7 and Fig. 8 can be inferred in an automatized
way.

In addition to [13] discussed above, probably the most related work is [3] em-
phasizing the need for dynamic software product lines in mobile applications,
particularly in the context of self adaptation. We can imagine modifying the
variant selection algorithm proposed in [3] in such a way that it would convert
its output to trigger an event which could determine a corresponding “dy-
namic” behavior mode. In our approach, due to the ability to combine both
static and non-static variables in the n-tuple determining a behavior mode,
we can express behavior of both static (classical) and dynamic product lines.

In [10], dynamic architecture reconfiguration in the context of SPL is modeled
as applying the reconfiguration patterns defined at design phase. However, no
verification of correctness properties is considered. In [2], behavior of prod-
uct line variants is modeled in a CSP-based algebra. Nevertheless, all the
architecture variants are considered statically and their correctness in terms
of deadlock related architectural mismatches is verified separately for each
variant. To our knowledge, this is the only process algebra used in SPL.

When compared to general CCS and CSP-like process algebras, EBP is spe-
cialized for specification of components. It offers key component abstractions
such as methods grouped into interfaces, both provided and required, commu-
nication among assembled components via bindings of interfaces, and support
of component hierarchies. Another important aspect is representation of a
method call by four separate atomic events liface.method?, ?iface.method],
Ziface.method?, and liface.method |, which allows for precise specification of
interleaving and nesting of method calls.

As an aside, there is no means for expressing behavior modes in the other com-
ponent behavior modeling formalisms known from literature, such as Interface
automata [8], I/O automata [17], and Component interaction automata [4].

5 Conclusion

We have presented a contribution to handling architecture variants with re-
spect to component behavior. The key idea is to use the behavior specification
in EBP as a basis for specification of behavior variants. We have shown how
EBP can be used to specify the behavior associated with a specific mode of
a component and to capture the transitions among the modes at runtime.
Moreover, the employment of EBP in the architecture of a product line be-
havior specification, and the derivation of the architecture and its behavior
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for a particular product variant were presented. Finally, we have described the
use of model checking tools designed for EBP in verifications of component
communication correctness in architectural variants.
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