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Abstract

To deal with software requirements volatility, we present a model transforma-

tion of a software family requirements model into detailed requirements models
of its members. This transformation is based on feature algebra and relation
algebra. We give the mathematical foundation for this transformation system.
The initial models are the result of engineering requirements processes. In other
terms, they are the result of elicitation and formalization activities. A family
model is represented by a feature algebra term. The features of the family are
requirements scenarios formalized into relational scenarios, which are 2-tuples
of relations. Throughout the transformation of the initial models into the de-
tailed models, the consistency of the specified system as well as that of its
environment are verified.
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1 Introduction

Software developers are pressed to produce many variations on a software product that
exhibit high system qualities (such as reliability, availability, and maintainability) in a
relatively short period of time. Moreover, they need to handle volatility in the requirements
of these variations, while they struggle to be ahead of the competition in an ever changing
market. Two main solutions to deal with these challenges have been proposed. The first
deals with the focus of attention of software development processes while the second relates
to the techniques employed all along the development process.

The first solution proposes that instead of focusing our attention on a single software
system to built, we take into account predictable changes. Thereby, the analysis and
design of a family of software systems that share a core part (commonality among all the
members) is considered. As far as we know, this solution was proposed since 1976 by David
Parnas in [22] where he introduced the notion of program family. However, we find in [27,
page 12] that family-oriented software development was suggested as early as 1968 without
giving the source of this fact. Software product line engineering, which is a family-oriented
software production processes and techniques, seems to be adopted by both practitioners
and researchers to deal with changes in the requirements and thereby a reconsideration of
the corresponding designs. The idea behind product line engineering is to take advantage
of the commonality of systems that are developed for a specific domain. Weiss and Lai [27,
Preface, page xvii] report that applying family-based processes at Lucent Technologies
lead to decreases in development time and costs for family members of 60% to 70%. This
observation has been endorsed by other similar reports later on.

Faulk [5] pointed that much of the research related to product line processes and tech-
niques has focused on the development stages that go from the architectural design to the
coding and has dealt essentially with enhancing the reuse of software artifacts or paradigms
related to these stages. However, one should expect that family-based software develop-
ment should start at the earliest of the adopted software development process. A software
development system tailored for non-monolithic software development process should take
into account the modern reality of today’s software: expected and unexpected changes in
the requirements (both functional and non-functional) are unavoidable and must conse-
quently be reflected and accommodated in software development processes and techniques.
Only a few studies that have combined software family to requirements analysis [20].

The limitation of the family-based approach to software development is captured in one
of its underlying assumptions: the oracle hypothesis which considers that “it is possible to
predict the changes that are likely to be needed to a system over its lifetime” [27, page
11]. The rapid change in the user needs and in market trends makes this hypothesis hard
to consider as tenable. Then, another solution is required to deal with the unpredictable
changes.

The second solution proposed in the literature to deal, among others, with changes
and the volatility of some aspects of the users requirements is Model Driven Engineering
(MDE), which is a general approach to the automation of model processing. In other terms,
this solution is to face up the affect of the rejection of the oracle assumption. This approach
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anticipates systematic transitions from a set of initial models' of a software system to its
executable code. However, the techniques for these proposed transitions lack formality. To
trust the obtained code, these transformations need to be based on well defined syntax and
semantics that are well grounded in established mathematical theories (e.g., languages, set
theory, algebras, etc.).

From a historical perspective, MDE is a continuation of the initiative launched by
the OMG project [1]. The focus at the beginning was around Model Driven Architecture
(MDA). Since then, a wide area of research has been developing to investigate the evolution
from initial models to an operational system. Bézivim et al. [9] indicate that since OMG
proposal [1], model driven software development toke different forms. However, they all
share the same principle: A meta-model (an abstract model) is constructed, then any
model used, within a domain of application, must be “conform” to the metamodel [9].
These models are called derived models.

The results presented in this report set up a mathematical framework to combine soft-
ware family approach to model driven software development. The aim is to tackle building
and maintaining systems that are made of many parts or performing diverse functionalities
that are continuously changing and constantly being maintained.

We present a model transformation of a software family requirements model into de-
tailed requirements models of its members. This transformation is based on feature algebra
and relation algebra. We give the mathematical foundation for this transformation system.
The initial models are the result of engineering requirements processes. In other terms,
they are the result of elicitation and formalization activities. Once one reaches formal
models, then formal transformations should be adopted when possible. The derived mod-
els give the specifications of both the system and the environment in which it is specified to
operate. Thus, it helps in presenting exactly what the system is expected to do in reaction
to stimuli from its environment.

To introduce the concepts related to the model transformation system that we propose,
we present, in Section 2, the mathematical background as well as some notions taken
from the literature and related to the use of relations to model requirements scenarios. In
Section 3, we present our approach to requirements models transformation. In Section 4,
we present a case study where we illustrate the use of the proposed model transformation
system. In Section 5, we discuss the strengths and shortcomings of our formal model
transformation to deal with software requirements analysis and evolution, and we point to
future research work.

2 Background

2.1 A Brief Overview of Relations

For a simple presentation of our work, we present it within a homogeneous abstract relation
algebra instead a heterogeneous one. The later is closer to the reality. Axiomatisations

'The models that constitute the starting point to the MDE process are called initial models.
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of both homogeneous and heterogeneous abstract relation algebra can be found in [25,
pages 270-272]. The relational concepts needed to the formal background of the model
transformation that we propose are elementary and can be found in any textbook on
discrete mathematics. Nevertheless, we briefly recall the necessary notions. For more
advanced material on relations and demonic operators, we refer the reader to [2, 6, 25].

A (binary) relation R on a set T is a subset of the Cartesian product of 7" with itself,
that is, R C T x T. Among the possible operations on relations, we select the following
where () and R are relations on a set T

Empty relation 0 = {(tt) | false},
Universal relation L & t,t') | true},
Complement R« t,t) | (t't) & R},

{

{

{
Converse R = {
Union Q U R = {
Intersection QNR = {
Composition QR = {
Domain dom(R) = {

2.2 Relations as Requirements Specifications

The concept of relation is fairly simple, and relates well to software requirements as viewed
by a user (mappings between inputs and outputs). Consider the following informal func-
tional requirements scenario:

Scenario_Basic_Personal_Tasks:

Only authorized HR staff can perform this task. Once the authentication of the HR staff
is esta]olished, (s)he can input the identification of the employee concerned by the changes.
Changes can be made to name, address, home / work telephone num]oer, emergency contacts,
next of 1<in7 marriage cletails, or births or adoption details. A Change to the address or
a telephone number requires the input of the date on which the change takes effect. The
default effective date is the date on which the change is made. When a change is made to
the marriage detaﬂs, the system &isplays a message alerting the user that the change might
affect the next of kin information.

This requirements scenario (partial description of environment-system interactions) can
be formalized into the predicate Scenario_Basic_Personal_Tasks presented in Appendix A.
This predicate is the characteristic predicate of the relation on the space formed by the
Cartesian product of the types of all the variables that occur in the text of the considered
scenario. For more details on how to work out the state space from informal scenarios, we
refer the reader to [16, 17].
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The predicate that corresponds to the folmalisation of the scenario is considered as the
characteristic predicate of the relation of the scenario Scenario_Basic_Personal_Tasks. The
above scenario gives a partial description of the behavior of the system as well as that of its
environment. The predicate obtained from its formalisation can be split into two predicates:
One describes the expected behavior of the system according to the scenario and the other
the behavior of its environment. In the following, dashed names like Authentication’ are
used to denote the values of the same components of the state after the operation (at the
ending state). This notation is similar to that of Z. We denote by i the input by the user
to the system that the system in its turn sets it to empty string e. We denote by A an
alphabet. The predicate OnlyChge(x;) indicates that we have 2/, = x; for all the other
variables ;.

The following is the predicate of the relation of the environment obtained from the
informal scenario Scenario_Basic_Personal_Tasks.

MenuOption = BasicPersonalTskUpdate N i =¢€

A (Authentication = false A i' € AT V Authentication = true A i' € A™)
A OnlyChge(i)

V MenuOption = UpdateData N i=¢e A EffectDateNeeded = true A i’ € AT
A OnlyChge(i)

The relation of the system has the following characteristic predicate.

MenuOption = BasicPersonalTskUpdate
A (i € AY A (=€ A OnlyChge(i) V Authentication’ = true A i=¢
A OnlyChge(i, Authentication))
V Authentication = true A i€ AT A i€ SetOfEmployees
A i'=¢ A MenuOption' = UpdateData
A OnlyChge(i, MenuOption)
V Authentication = true A i€ AT A i & SetOfEmployees N i' =€
A OnlyChge(i))
V MenuOption = UpdateData N i€ AT
A (Address' =i A EffectDateNeeded' = true A i' =€
A OnlyChge(Address, i, EffectDateNeeded)

V HomeTel' =i A EffectDateNeeded’ = true A i' = ¢
A OnlyChge(HomeTel, i, EffectDateNeeded)
V WorkTel’ =i A EffectDateNeeded’ = true A i’ = ¢

A OnlyChge(WorkTel, i, EfFectDateNeeded))
V MenuOption = UpdateData N EffectDateNeeded = true A i€ A"
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A EffectDate’ > CurrentDate A i' =¢ A OnlyChge(EffectDate, i)
V MenuOption = UpdateData N i€ AT
A (Name' =i A EffectDateNeeded’ = false A i' =€
A OnlyChge(Name, i, EffectDateNeeded)
V EmrgceCntcts’ =i A EffectDateNeeded' = false A i =¢
A OnlyChge(EmrgceCntcts, i, EffectDateNeeded)
V NextKin’ =i A EffectDateNeeded' = false A i' =¢
A OnlyChge(NextKin, i, EffectDateNeeded)
V BirthAdoption' =i A EffectDateNeeded' = false A i' =¢
A OnlyChge(BirthAdoption, i, EffectDateNeeded)
V MariageDtls' =i A EffectDateNeeded' = false
A MessageToDisplay' = ChangeMightAffectNextkin A ' =€
A OnlyChge(MariageDtls, MessageToDisplay, i, EffectDateNeeded))

2.3 Relational Scenarios

The above example illustrates that a scenario can be formalized into a 3-tuple: the space
of the scenario, a relation that specifies the behavior of the environment according to the
scenario, and a relation that specifies the behavior of the system according to the scenario
as well. The space of a scenario corresponds to the Cartesian product of the types of all
the variables that occur in its formal specifications. To have a simple presentation, we omit
the state space by assuming that all the scenarios have a same space. Consequently, we
represent a scenario as a 2-tuple (R., Rs), where R, is its relation of the environment and
R, is its relation of the system. We note that for any scenario, we have R, N Ry = () and
the relation of the scenario is R, U Rs. In [17, 16], (R., Rs) is called a relational scenario.
For more details on this technique of formalizing scenarios using relations, we refer the
reader to [13, 14, 16, 17]. When the functional requirements of a system or that of a family
is given in term of scenarios, one should expect inconsistency among the given scenarios.
In [17, 16], a technique based on relational algebra is proposed to detect inconsistency
among scenarios and to integrate them when they are consistent. The technique enables
verification for dictionary inconsistency (i.e., naming inconsistency) and more importantly
verification of behavior (functional) inconsistency. The latest verification can be automated
and a prototype tool is presented in the literature [4, 12, 15].

2.4 A Brief Overview of Feature Algebra

To specify a software family, we use the language of a feature algebra which is an idempotent
commutative semiring.
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Definition 2.1 ([8, 7]). A semiring is a quintuple (S,+,0,-,1) such that (S,+,0) is a
commutative monoid and (S,-,1) is a monoid such that - distributes over + and 0 is
an annihilator, i.e., 0-a = 0 = a - 0. The semiring is commutative if - is commutative

and it is «dempotent if + is idempotent, i.e., a + a = a. In the latter case the relation

def : : : : . : "
a <b & a+0b=10isa partial order, i.e., a reflexive, antisymmetric and transitive

relation, called the natural order on S. It has 0 as its least element. Moreover, + and - are
isotone with respect to <.

In the context of software family specification, 4+ can be interpreted as a choice between
options of products and features and - as their composition or mandatory presence. In [7, 8],
an idempotent commutative semiring is called a feature algebra. Its elements are termed
product families and can be considered as abstractly representing sets of products each of
which is composed of a number of features.

In the literature, terms like product family and subfamily lack exact definition. In [8, 7],
we find the algebraic definitions for these terms. Also, within specific models (such as set-
based model and bag-based model), they provide the corresponding definitions of these
notions in terms of these particular models and not in general algebraic terms. In the
remainder let F' = (S,+,0,-,1) be a feature algebra. We note that Boolean algebras and
lattices are feature algebras.

Definition 2.2 ([8, 7]). An element a is said to be a product, if a # 0 and

Vb |: b<a = b=0Vb=a) (1)
AN Ve |t a<b+ec = (a<bVa<c)).

Intuitively, this means that a product cannot be divided using the choice operator +.
Or in other terms, it does not offer optional or alternative features.

Analogously to Definition 2.2, indivisibility is required, but this time w.r.t. multiplica-
tion rather than addition.

Definition 2.3 ([8, 7]). An element a is called feature if it is a product and

Vb |: b+a = b=0Vb=a) @)
AN Ve |t a+(b-¢c) = (a+bVa+c)),

where the divisibility relation <+ is given by = + y JEN Az |t x=y-2).

On every feature algebra we can define a relation that expresses that one product family
refines another in a certain sense.

Definition 2.4 ([8, 7]). The refinement relation T on a feature algebra is defined as

alysb & dc | celS:a<b-c),

where < is the natural order on S.
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The refinement relation is a preorder, i.e., a reflexive and transitive relation. Roughly
speaking, a C; b means that every product in @ has at least all the features of some
product in b, but possibly additional ones. In [7, 8] other notions and similarity measures
among families are defined and discussed. We list the notions of generated products, k-
near similarity of two families, weak-zero, and sub-family. In [7, 8], the authors propose
some useful properties of feature algebras concerning finding common features, building
up product families, finding new products and excluding special feature combinations.
Finding the commonalities of a given set of products which is a very relevant issue since
the identification of common artifacts within systems (e.g. chips, software modules, etc.)
enhances hardware/software reuse. Within feature algebras like the set-based model and
the bag-based model, this problem can be formalized as finding “the greatest common
divisor” or to factor out the features common to all given products. It is a direct use of
“classical” algorithms which shows an advantage of using an algebraic approach. Solving
ged (greatest common divisor) is well known and easy, whereas finding commonalities using
diagrams (e.g., FODA [10]) or trees (e.g., FORM [11]) is more complex.

2.5 Demonic Meet and Demonic Join

In our approach, features are relational scenarios. Hence, to be able to elaborate further on
the operations on relational scenarios in order to integrate them and detect inconsistency
among them, we introduce two relational operation: the demonic join W, and its dual the
demonic meet .

Definition 2.5 ([3, 21]). We say that a relation @) refines a relation R, denoted by @ C, R,
iftQNRLCR AN RILCQL, or, equivalently, iff Q U Q- LC R U RIL A QL C
R:L.

The relation C, is a partial ordering [3]. Let Br be a set of relations. With respect
to C,, a join operation on (Bg,C,) is defined. The structure (Bg,C,) is a complete join
semilattice. In Appendix C, Proposition C.1 articulates the general definition of the join
operation, however for the need of this report we present only the definition of the join of
two relations R and Q:

QUR=(Q U R)NQ:LNR:L (3)

Also, we have
(QUR)L=QLNRIL (4)

Example 2.1. If we take the relations @ = {(0,3),(2,5)} and R = {(0, 3), (1,5)}, then QU
R = {(0,3)}. For the relations S = {(0,3),(0,4),(1,5)} and T' = {(0, 5), (0,6), (2,5)}, we
have SUT = {(0, 3), (0,4), (0,5),(0,6)}. So, (a,b) € SUT <= ((a,b) € SV (a,b) €T) A
a € dom(S) A a € dom(T).

On a complete join semilattice (Bg, C,), the greatest lower bound of the set of relations
(where X is a set of indices) {R; | ¢ € X} exists under a special condition. We give in
Appendix C (Proposition C.2) the general condition under which the greatest lower bound
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A exists. The operator A is called demonic meet. A special case of the definition of the
demonic meet of two relations is the following:

Corollary 1 ([16]). Let Q and R be two relations. The demonic meet of Q and R is
defined as follows:

def

QAR = (QU QL)N(RURL)N(QLNRL)
=QNR U QNRL U RNQL
defined if L C ((Q U QL)Nn (R U RL)) L.

The definiteness condition can be written as follows:
LC((QUQL)N(RURL))L < QLNRL=(QNR)L (5)

The above condition means as well dom (Q N R) € dom (@) N dom (R). It indicates that,
for any argument in their common domain, () and R must have at least one image in
common. Thus, the relations () and R of Example 2.1 satisfy the condition because,
on their common domain (i.e., {0}), they agree on result 3. The demonic meet of @
and R is then @ A R = {(0,3),(1,5),(2,5)}. For the relations S and T, the condition
dom (S) Ndom (T') = dom (S NT) is not satisfied (the relations do not agree on a common
result for input 0) and their demonic meet is not defined. If we take S and T for two
specifications, it means that the specifications contradict each other on the result for input 0
and cannot be satisfied together. In other terms, the consistency condition between two
relations is the condition under which they can be refined by a common relation. For more
information on the use of demonic meet to detect inconsistency in scenarios, we refer the
reader to [17, 16]. Simple cases worth noticing regarding the demonic meet operator are
given, in Appendix C, by Proposition C.3.

3 Formal Transformation of Initial Requirements Mod-
els

In the literature, we find various relationships between features and requirements. For
instance IEEE standard [26, page 19] gives among others the following relationship between
requirements and features:

“A feature is an externally desired service by the system that may require a
sequence of inputs to effect the desired result. For example, in a telephone
system, features include local call, call forwarding, and conference call. Each
feature is generally described in a sequence of stimulus-response pairs.”

Therefore, a feature is described using scenarios (system-environment interactions). Also,
in [24], Savolainen et al. write ” A feature is specified by a set of requirements; this set may
contain one or more requirements“. Hence, features can be expressed using a requirements
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scenario. Since a scenario is a partial description of a system-environment interactions
subjectively presented, therefore what constitutes several scenarios to one specifier can be
seen as one scenario by another specifier. We will introduce, in Definition 3.3, a notion
of atomic relational scenario with regard to a system specification. In summary, at the
requirements level a feature encapsulates a set of related system-environment interactions.
We will as well introduce, in Definition 3.2, the notion of a genuine product. The family
model gives us only potential products. Some products are possible in the family model
but they are formed by inconsistent scenarios that cannot be satisfied together.

Our objective here is to move from a feature algebraic model of a family (which is the
feature model given as a feature algebra term) into a more concrete model of its members,
of the commonality of its members, or of a simple combination of requirements features.
First, we need to relate formal scenarios to feature algebra by providing concrete definitions
for the two feature algebra operators - and +, and provide explicit 0 and 1.

Let (B, C,) (resp., (Bs,C,)) be the semilattice ordered by C,. Let Ce = {Q; | i €
X} C B, (resp.,, Cs ={R; | 1 € Y} C By). We assume the following:

Assumption 3.1.
L V(i,j | leX NjeX)V (1eY ANjeY): RyLNR;;L=(R,NR;)L)
2. Fis closed over C¢ and over Cs.

Assumption 3.1(1) states that the demonic meet of two relations in C¢ (resp. Cgs) is
defined (i.e., the relations are consistent) and assumption 3.1(2) indicates that the result
belongs to Cg (resp. Cs). We denote by 1¢. (resp. 1lgg) the suppremum of Cg (resp.
Cs), and by O¢, (resp. Ocg) the infimum of Cg¢ (resp. Cs). These element exist due

Assumptions 3.1. Let C o Ce x Cs. We define the following relation on C.

Definition 3.1 (Relational Scenario ordering). For every (Q.,Qs) and (R, R;) in C, we
define

def

(Q67 QS) ESC (R€7 RS) Q@ E’I" RB /\ RS E’I" QS

We say that relational scenario (Q., Q)s) refines the relational scenario (R., R;).
Proposition 3.1. The relation C,. on C is an order (or partial order).

Proof. e [ .. is reflexive due to the reflexivity of C,.

e [ is antisymmetric due to the antisymmitry of C,.

(QeaQs) Esc (Rea Rs) A (ReaRs) Esc (Qea Qs)

= ( Definition 3.1 )

QeCr Re N ReCr Qe N R Qs A Qs &, R
= ( Cg is antisymmetric )

Qe =Re N R; = Qs
— ( Tuple equality definition )

(Qe, @s) = (Re, Ry)
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e [, is transitive due to the transitivity of C,.
H

Proposition 3.2. The structure (Ce x Cs, @, ®,0s¢, Ls¢) is a feature algebra, where for
Q. and R, elements of Ce, and Qs and Ry elements of Cs, we have:

(Qe; Qs) ¥ <R€7 Rs) = (Qe A Re» Qs H Rs);

(Q67 QS) @ <R€7 RS) = (Qe |:l R€7 Qs |:1 RS);

° OSC = (1057005)7

° 1$C = (0057105);

Proof. The U of two relation is always defined. Due to Assumptions 3.1, the A of two
relations that both belong to Cg or Cs is defined. Hence, the (Q.,Qs) ® (Re, Rs) and
(Qe, Qs) ® (Re, Ry) exist for all (Q., Qs) and (R, Rs) that belong to Ce x Cs. It follows
that (Ce x Cs, @, ®,0sc, lsc) is a lattice. Every lattice is a feature algebra. O

In other terms, (Cg x Cs, @, ®,0sc, lsc) is a model? of feature algebra.

If we take two formal scenarios (Q.,Qs) and (R., Rs), the choice between them is
the formal scenario that takes the demonic meet of their corresponding relations of the
environment and the demonic join of their corresponding relations of the system. To offer
two scenarios as alternatives (choice), their environments need to be consistent; otherwise
they should not be taken as alternatives. The environment of an alternative feature could
inhibit the normal behaviour of the other alternative. To illustrate this point in common
terms, when we state that a person has two alternative means of transportation ( car and
bicycle) to travel from home to her work place, the environment of one (for instance, roads
needed for a car) should allow the use of the other (bicycle). Otherwise, there is no real
alternaives. This is why we take the demonic meet of the relations of the environment. On
the system side, their ¢-integration takes only their demonic join, which consists into the
union on their common domain.

Concerning the ® operation, the two argument scenarios are mandatory. Therefore,
their common environment is represented by the demonic join of their relations of the
environment. If the environment of a relational scenario forbids certain behaviours of the
environment of another relational scenario involved in the ®-integration, then we need
to take account of that by taking their demonic join. On system part, we require that
the behaviour of the system as described by both scenarios must be consistent (checked
by the defineteness of the demonic meet —see Corollary 1-). When the relations of the
system of the ®-integrated scenarios are consistent, then we take their demonic meet as
the behaviour of the system as described by both scenarios.

2In the mathematical sens i.e., Let £ be a language. An L-theory T is simply a set of £-sentences. We
say that M is a model of T' if M satisfies ® (or ® is true in M) for all sentences ® € T [19]
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The relational scenario Ogc specifies a system that involves all the consistent relations
of the system corresponding to all the scenarios given to us (i.e., all the R, € Cs). Its
environment relation can be refined by all the relations of the environment of all the
scenarios. Moreover, we have Ogc Ty, (Qe, Qs), for every (Q., Qs) € Ce x Cs.

The relational scenario 1gc can be seen as the closed system that can be built from all
the given scenarios. Its environment does not have any affect on any environment of the
given relational scenarios.

Example 3.1. Suppose that we have sc; - sca - (1sc + sc3) as a term specifying a family,
where sc;, for 7 € 1---3 are formal scenarios. The members have in common sc; - scy. The

two members can be extracted by algebraic manipulations as follows:

scy - sca - (1sc + sc3)
= ( Distributivity of - over + & 1gc is the identity for - )

SCy + SCo + SCq - SCo - SC3
To obtain the specification of the family where s¢; = (R,,, Rs,), we proceed as follows:

scy - sca - (1sc + scs)
( In this case 1gc dof (Fie1.3Re,, Hic1.3Rs;) & Definition of sc; )
(Ren Rsl) ® (R627 RSQ) ®© ((ﬂiel..i’)Reia l:Iiel..SRsi) S¥ (R637 R35))
( Definition of & )
<R817 Rsl) © (R627 R82> ®© (F‘iGI.ﬁRei A R637 I:Iiel..3RSi S RS3)
( Definition of ® (twice) )
(Re, U Re, U (Fic1.3Re;, A Rey), Rs, A Ry, A (Wie1.3Rs, YU Rs,))
( Idempotence of A and 4 )
(Rey, U Re, U (Rey A Rey, A Rey), Rs, A Ry, A (R, U Rs, U Ry,))

Hence, knowing R., and R, for 7 € 1---3, we can compute the relation of the environment
(i.e., Re;, U Re, U (R, A Re, A R.,)) and the relation of the system (i.e., Ry, A R,, A
(Rs, U Rs, 4 Ry,)) of this family.

The two following definitions follow from their corresponding in feature algebra.

Definition 3.2. An element (Q., Q) is said to be a genuine product, if (Q.,Qs) #
(1¢,,0¢4) and

V((Re,Rs) | Re€Ce AN R, €Cs :
(Re; Rs) Ese (Qe, @s) == (Re, Rs) = (1, 005) V (Re, Rs) = (Qe, Q) )
A V((Re,Rs),(Se,SS) | Re,S.€Ce N Ry, 9, €Cs
(Qes Qs) Cse((Rey Ry) @ (S, Ss))
— ((Qe: Qs) Cuc (Rey Rs) V (Qe, Qs) Ese (Se, Ss)) ) -
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Therefore, a product cannot contain alternative scenarios. It is solely formed by the
@-integration of mandatory scenarios.

Definition 3.3. A relational scenario (Q., Qs) is said to be atomic if it is a product and

V((Re,Rs) | Re€Ce N Ry €Cs :
(Re; Rs) + (Qe, Qs) = (Re, Rs) = (1cy, 0cs) V (Re, Rs) = (Qe, Qs) )
A V((Re,Ry), (Se,Ss) | Re,Se €Ce A Ry, S, €Cs -
(Qe, Qs)+(Re, Rs) © (Se, Ss)
— ((Qe, Qs) + (Re, Ry) V (Qe, Qs) + (Se, S5)) )

where the divisibility relation = is given by (Q., @s) +~ (R, Rs) def

Cg A SS c CS : (Q67Qs> == (R€7RS) O] (Seass> )

A((Se, Ss) | Se €

Definition 3.3 allows to verify, when we are given a set of scenarios, whether there
are some that can be obtained from a ®-integration of the other given scenarios. In
other terms, it allows to verify redundancy in requirements. In the model-transformation
presented in Figure 1, the set of initial scenario-models can be and should be kept without
redundancy.

The model-transformation that we propose is illustrated in Figure 1. It allows a syn-
chronization and update of the various derived requirements models each time there is a
change in the initial models. The change can be a partial modification in an initial model
or the removal or addition of an initial scenario model (discussed in Subsection 2.3). The
derived models should be computation independent that give an abstract view of the sys-
tem. A derived model does not show details of the structure of systems. In [1, page 3|, we
find that “a model is a formal specification of the function, structure and/or behavior of
a system”. We adopt this understanding of a model, which is also consistent with Parnas’
perception of a model. Indeed, in [23], he indicates that a model is a simplified version of
a product that has some, but not all, the properties of the real product and that are easier
to study than the actual product.

4 Illustrative Example

The following example is adapted from a Human Resource System Requirements Specifica-
tion that can be found in [18]. The reader should notice that some collections of features
are essential, while other are not. For instance, ”Internet/intranet enabled ESS systems*“
set of features is essential to all member of the family; we point to it by placing ” Essential
beside it.
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Family Model
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Scenario Models
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Formally derived models that are consistent and space-complete

13

Figure 1: A Formal Transformation of Initial Requirements Models (a combination of
family-oriented and model-driven approaches to software production)

4.1 Informal

Specification of a Family

Employee Self Service (ESS)

Internet /intranet enabled ESS systems (Essential)

Scenario_Personal_Info:
Employees view and maintain their own information, real time, 24/7, from any
location world wide.

Scenario_Personal_Info_Flexibility:
Flexibility as to which tasks may be delegated to managers and which tasks to

employees.



CAS-07-05-RK

ESS - basic personal tasks (Essential)

Scenario_Basic_Personal_Tasks:

Routine HR administration tasks such as changing name, address, home/work
telephone number, emergency contacts, next of kin, marriage, births or adop-
tion details.

Scenario_Update_Personal_Info:
Common information uploaded to existing databases eg telephone directories
and organisation charts.

Scenario_Employment_History:
View employeeas own employment history e.g., promotions, dates, appraisal
reviews, training records.

Scenario_HR_Policies:
View conditions of employment, HR policies, procedures, information packs,
benefits details, guidance templates for users changing personal information.

ESS - time and attendance tasks (Essential)

Scenario_Time_Management:
Enter time sheets, plus with workflow, automatically submit request to manager
for approval and once approved, automatically posted to payroll.

Scenario_Absence_Management:
Manage absences from work

Scenario_Absence_Information:
Enter absence details. Input sickness details. Submit time taken off for any
other reason e.g., unpaid leave, jury duty.

Scenario_Absence_Calender:
View absence calendar.

Scenario_Holiday_Entitlement: View holiday entitlement and days taken.

Scenario_Holiday_Administration:
Enter holiday requests, plus with workflow enabled, automatically submitting
to manager for approval.

ESS - expenses tasks
Scenario_Expenses_Tasks:

Enter expenses, plus with workflow, automatically submit request to manager
for approval and once approved, automatically post for payment.
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ESS - payroll and benefits tasks

Scenario_Payroll_Administration:

Routine payroll administration tasks such as changing bank accounts (in which
to receive net pay). Employee access to own pay and benefits information,
current transactions, and history from a single page.

Scenario_Benefit_Display: (Alternative to Scenario_Multi_Benefit_Programs)
Employees to view benefits information on summary level pages with quick
navigation to more detailed information.

Scenario_Multi_Benefit_Programs: (Alternative to Scenario_Benefit_Display)
Build and manage a comprehensive benefits system tailored to company or indi-
vidual employee needs, including multiple benefit programmes, flexible spend-
ing, automated enrollment.

Table 4.1 summarizes the general structure of the family.

4.2 Formal Specification of a Family

The feature algebra model (FAM) of the above family is the following:

ESS = Scenario_Personal_Info ® Scenario_Personal_Info_Flexibility
® Scenario_Basic_Personal_Tasks ® Scenario_Update_Personal_Info
® Scenario_Employment_History ® Scenario_.HR_Policies
® (1 @& Scenario_Time_Management) ® (1 @ Scenario_Absence_Management)
® (1 4 Scenario_Absence_Information ® (1 @ Scenario_Absence_Calender))
® (1 4 Scenario_Holiday_Entitlement ® (1 @& Scenario_Holiday_Administration))
® (1 @ Scenario_Expenses_Tasks) ® (1 @ Scenario_Payroll_Administration)
© (Scenario_Benefit_Display @ Scenario_Multi_Benefit_Programs)

In Appendix B, we provide a structured specification of the family that can be directly
loaded to our tool®. Using it, we find that this family contains 432 potential members.
Some of them are very likely not going to be genuine products due to possible scenario
inconsistency.

Also, each of the above features is formalise into a relational scenario as illustrated
in Section 2.2. The above feature algebra term and the set of formal scenarios constitute
the initial models.

3The tool and a short description can be found at: http://www.informatik.uni-
augsburg.de/lehrstuehle/dbis/pmi/publications/all_pmi_tech-reports/tr-2006-4_hoe_khe_moe/ .
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Table 1: Employee Self Service (ESS) Software Family

Collection of Features H Features ‘ Ess.1/Opt./Alt.

Internet/intranet en-

abled ESS systems 1. Scenario_Personal_Info 1. Essential
2. Scenario_Personal_Info_Flexibility 2. Essential

ESS - basic personal

tasks 1. Scenario_Basic_Personal_Tasks 1. Essential
2. Scenario_Update_Personal_Info 2. Essential
3. Scenario_Employment_History 3. Essential
4. Scenario_HR_Policies 4. Essential

ESS - time and 1. Scenario_Time_Management 1. Optional

attendance tasks 2. Scenario_Absence_Management 2. Optional
3. Scenario_Absence_Information 3. Optional
4. Scenario_Absence_Calender 4. Optional
5. Scenario_Holiday_Entitlement 5. Optional
6. Scenario_Holiday_Administration 6. Optional

ESS - expenses tasks
1. Scenario_Expenses_Tasks 1. Optional

ESS - payroll and

benefits tasks 1. Scenario_Payroll_Administration 1. Optional
2. Either Scenario_Benefit_Display 2. Alternatives

or Scenario_Multi_Benefit_Programs

4.3 Model Transformations

For instance, to generate the specification of the commonality of the above family, we
proceed as follows:

e Identify the product (according to the understanding given by Definition 2.2) that
is common to all the members of the family. This product is formed by the ©-
integration of all the common features to all the members. Using the prototype tool
described in [8], we get that the following commonality of the family.

Scenario_Basic_Personal_Tasks ® Scenario_.Employment_History
® Scenario_HR_Policies ® Scenario_Personal_Info

® Scenario_Personal_Info_Flexibility ® Scenario_Update_Personal_Info
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For more details, we refer the reader to Appendix B .

e Substitute each of the scenarios that occur in the above commonality specification by
its corresponding relational scenarios to perform, if it is possible, the © -integration
(i.e., when all the relations of the system of all the scenarios are consistent). We note
that © -integration is associative and therefore the order under which we integrate
the scenario does not matter.

In a same way, we can build the specification of each of the 432 potential members of
this example family, when that is possible. Also, the specification of any sub-family can
be generated in the same way.

5 Conclusion and Future Work

We have presented a mathematical framework that enables the transition from a family
model and a set of initial models into derived models of the family members, or of that
of commonality of family or any of its sub-families. The family-model is a feature al-
gebra term. Each of the other initial models is a relational scenario that captures the
environment-system interactions. Obtaining the model of a member is done through ©-
integration of all its relational scenarios. Through this integration, inconsistency can be
detected when we verify the defineteness of the demonic meet of the relations of the system
of the scenarios forming the member. When a concrete model of a family is derived, an
additional verification is performed on the consistency of alternative features (relational
scenarios). Indeed, @-integration requires that the environments of alternative formal sce-
narios need to be consistent; otherwise they cannot be taken as alternative. Through our
work the analysis activities that are performed in monolithic software development can be
seen as a special case of that of a family: the case of a singleton family.

The contributions to model driven development of the requirements that we have re-
ported in this report are two-fold. First, we set up a mathematical background for formal
derivation of hight level requirements to more a concrete level. Second, our approach deals
with expected changes through the adoption of a family approach and deals as well with
unexpected changes by having a mathematical setting that enhance automation. Indeed,
prototype tools exist for the ® -integration of formal scenario [15] and for the manipulation
of feature algebra terms and the verification family-models. A change to a software family
touches either the feature algebra term that specifies it or its set of relational scenarios.
Then, through automation, the models of the members, sub-families, commonality, and
other possible submodels are updated.

Once the generated models are obtained, a further analysis needs to be performed in
order to assess the effect of the constrains placed upon them by an existing product line
architecture. Therefore, some of derived models are possible but could be not viable due
to these constrains.

As a software family develops gradually, some of the scenario initial models cease to be
used. These models are called obsolete requirements in [24]. These scenario model can be
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detected automatically. The feature algebra term can be factorized to obtain the atomic
relational scenarios needed, which need to be kept in the set of initial models and all the
obsolete scenarios should be removed.

The proposed approach improves quality by encouraging reuse of already existing for-
mal scenarios, building on the family commonalities, and easily cooping with change in the
requirements. The reuse is enhanced through the verification allowed by Definition 3.3,
which enable to verify wether a scenario can be formed by others already existing. The
approach enhances consistency verification not only of the system behaviour but also of the
system environment. For instance, if two scenarios are alternative, the proposed approach
enables to verify wether their respective required environments are consistent or not. The
consistency verification can be automated [15], which enhances the scalability of the ap-
proach since many of the tasks of the verification are repetitive and require mechanized
mathematics machinery such as theorem provers and computer algebra systems.

Once a requirements model of a family member is obtained, the work presented in [13]
shows how it can be used to derive the member’s functional architectural design. The
relation of the environment is used for acceptance and system testing [14]. It constitutes
the specification of the tester; the tester needs to act according to the relation of the
environment.

Some systems by their nature exhibit an inherent architecture that might involve several
agents that act concurrently. Our future work aims at involving the inherent architecture
of the family in the integration of the features.
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APPENDIX

A Characteristic Predicate of the Relation correspond-
ing to the Scenario Scenario_Basic_Personal_Tasks

Scenario_Basic_Personal_Tasks=
MenuOption = BasicPersonal TskUpdate
A (i=¢ A Authentication — false A i € A*
Vie A" A (=€ A OnlyChge(i) V Authentication’ =true A i=¢
A OnlyChge(i, Authentication))
V Authentication = true A i=¢€¢ A i'€ AT
A OnlyChge(i)
V Authentication = true A i€ AT A i€ SetOfEmployees
A i"=¢ A MenuOption' = UpdateData
A OnlyChge(i, MenuOption)
V Authentication = true A i€ AT A i & SetOfEmployees N i =€
A OnlyC’hge(i))
V MenuOption = UpdateData A i€ AT
A <Address' =i A EffectDateNeeded' = true A i' =¢
A OnlyChge(Address, i, EffectDateNeeded)

V HomeTel' =i A EffectDateNeeded’ = true A i’ =€
A OnlyChge(HomeTel, i, EffectDateNeeded)
V WorkTel' =i A EffectDateNeeded’ = true A i' =€

A OnlyChge(WorkTel, i, EffectDateNeeded))
V MenuOption = UpdateData N i=¢e A EffectDateNeeded = true A i' € AT
A OnlyChge(i)
V MenuOption = UpdateData N EffectDateNeeded = true A i€ A"
A EffectDate’ > CurrentDate A i'=¢ A OnlyChge(EffectDate, i)
V MenuOption = UpdateData N i€ AT
A <Name' =i A EffectDateNeeded’ = false A i' =€
A OnlyChge(Name, i, EffectDateNeeded)
V EmrgceCntcts’ =i A EffectDateNeeded' = false A i' =€
A OnlyChge(EmrgceCntcts, i, EffectDateNeeded)
V NextKin’ =i A EffectDateNeeded’ = false A i' =€
A OnlyChge(NextKin, i, EffectDateNeeded)
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V BirthAdoption’ =i A EffectDateNeeded’ = false A i' =€
A OnlyChge(BirthAdoption, i, EffectDateNeeded)
V MariageDtls’ =i A EffectDateNeeded' = false
A MessageToDisplay’ = ChangeMightAffectNextkin N V' =€
A OnlyChge(MariageDtls, MessageToDisplay, i, EfFectDateNeeded))
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B Example

--ESS systems Example

personallnfo = bf "Scenario_Personal_Info"
personallnfoFlexibility = bf "Scenario_Personal_Info_Flexibility"
basicPersonalTasks = bf "Scenario_Basic_Personal_Tasks"
updatePersonalInfo = bf "Scenario_Update_Personal_Info"
employmentHistory = bf "Scenario_Employment_History"
hr_Policies = bf "Scenario_HR_Policies"

timeManagement = bf "Scenario_Time_Management"
absenceManagement = bf "Scenario_Absence_Management"
absencelnformation = bf "Scenario_Absence_Information"
absenceCalender = bf "Scenario_Absence_Calender"
holidayEntitlement = bf "Scenario_Holiday_Entitlement"
holidayAdministration = bf "Scenario_Holiday_Administration"
expensesTasks = bf "Scenario_Expenses_Tasks"
payrollAdministration = bf "Scenario_Payroll_Administration"
benefitDisplay = bf "Scenario_Benefit_Display"
multiBenefitPrograms = bf "Scenario_Multi_Benefit_Programs"

-— more features
internet_intranet_enabled_ess = personallnfo .*. personallnfoFlexibility

ess_basic_basic_personal_tasks = basicPersonalTasks .*. updatePersonallnfo
Sk employmentHistory .*. hr_Policies

ess_time_and_attendance_tasks = opt[timeManagement] .*. opt[absenceManagement]
.*x. opt[absenceInformation .*. opt[absenceCalender]]
.x. opt[holidayEntitlement .*. optl[holidayAdministration]]

ess_payroll_and_benefits_tasks = opt[payrollAdministration]
.x. opt[benefitDisplay .+. multiBenefitPrograms]

--whole productline

employee_selft_service = internet_intranet_enabled_ess
Sk ess_basic_basic_personal_tasks
.*. ess_time_and_attendance_tasks
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.x. opt[expensesTasks]
.*. ess_payroll_and_benefits_tasks

Using our prototype tool, we can get the list of features that are common to the members
of the family. For that we execute the command common (norm employee_selft_service).

*Main> common (norm employee_selft_service)
["Scenario_Basic_Personal_Tasks","Scenario_Employment_History","Scenario_HR_Policies"
"Scenario_Personal_Info_Flexibility","Scenario_Update_Personal_Info"]

*Main>

We can get the number of products in the the above family.For that we execute the
command length (norm employee_selft_service).

*Main>

*Main> length (norm employee_selft_service)
432

*Main>

*Main>

To list all the members, we execute the command norm employee_selft_service. It would
take a while to list all the members with their features.
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C Mathematical Detalils

Proposition C.1 ([3]). Let (Br, E,) be a complete join semilattice, with greatest element ().
Letting Y denote join with respect to C,., we have

HiexRi = (U jexRi) N (U ex R L)

and
(Hiex R;) L = Niex R; L

where X is a nonempty index set and ¥(i | i € X : R; € Bg).

Proposition C.2 ([3]). Let (Bg,C,) be a complete join semilattice, and X be an arbitrary
index set. For each v € X, let R; € Br. The greatest lower bound of the set of relations
{R; | i€ X} exists if and only if

L C (NiexR; U R; L) L.
When the above condition is satisfied, the greatest lower bound is
FiexRi = (MiexRi U RiL) N (U ex R L),
where A denotes meet with respect to C,.; furthermore,
(FiexR;) L = UexR; L.
Simple cases worth noticing include the following;:
Proposition C.3. When the demonic meet of relations () are R is defined, we have
1. RAR=R,
2. RAP=0AR =R,
3. @ and R partial functions — QA R=Q U R,
4. dom(Q)Ndom(R)=0 = QAR=Q U R,
5. dom (Q) =dom (R) =dom(QNR) = QAR=QNR.



