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However, for most distributed development such as viewtgddased approaches, different stake-
holders may assign different levels of priority to the saim&red requirements statement from their
own perspectives. The disagreement in the local levels iofifyr assigned to the same shared
requirements statement often puts developers into a dikemhaning the inconsistency handling
process. The main contribution of this paper is to presenibaifized merging-based framework for
handling inconsistency in distributed software requirataespecifications. Given a set of distrib-
uted inconsistent requirements collections with the Iqpecalritization, we first construct a require-
ments specification with a prioritization from an overaltgmective. We provide two approaches to
constructing a requirements specification with the globarjtization, including a merging-based
construction and a priority vector-based constructiorllokang this, we derive proposals for han-
dling inconsistencies from the globally prioritized requments specification in terms of prioritized
merging. Moreover, from the overall perspective, thesgpsals may be viewed as the most ap-
propriate to modifying the given inconsistent requirersesgtecification in the sense of the ordering
relation over all the consistent subsets of the requiresngmeécification. Finally, we consider ap-
plying negotiation-based techniques to viewpoints so édawtify an acceptable common proposal
from these proposals.

Keywords: Inconsistency; Requirements Engineering; Prioritizedditey; Local Prioritization

1. Introduction

For any proposed software project, its software requirésngmecificatiort plays a prominent role in the
development process. It provides a baseline for subsedegatopment stages including design, coding,
testing and maintenance. Consequently, a software regeires specification of good quality is crucial
for the project success.

However, poor requirements, incorrect specifications,iaeffective requirements management are
still identified as major sources of problems in the develepnprocess [1, 2]. Errors being made during
the requirements stage account for 40 to 60 percent of alti¢heats found in a software project [3,
4]. To make matters worse, it is extremely expensive to corteese errors if they leaked into the
subsequent phases in the software development life cycl€liis developing the software requirements
specifications of good quality is still a very important bhatienging issue.

Intuitively, to elicit authentic requirements for a systéorabe, it is advisable to advocate that each
stakeholder expresses his demands only from his own peirspeather than from a global perspective.
For any complex software system, the development of reguangs typically involves many different
stakeholders with different concerns. Then the softwageirements specifications are increasingly
developed in a distributed fashion.

Viewpoints-based approaches [6, 7, 8] may be consideredtabla examples of distributed specifi-
cations development. We focus on the inconsistency hapiiithe Viewpoints framework in this paper.
The Viewpoints framework has been developed to represehtiaalyze the different perspectives and
their relationships during the requirements stage. A v@wias a description of system-to-be from the
perspective of a particular stakeholder, or a group of $ialkiers. It reflects the concerns of a particu-
lar stakeholder. The requirements specification of theegydb-be comprises a structured collection of
loosely coupled, locally managed, distributable viewpmimvith explicit relationships between them to

The term software requirements specification is referregstequirements descriptions mostly in requirements camitgau
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represent their overlaps [9]. These viewpoints may ovedamplement, or contradict with each other,
then it makes inconsistency management more necessangdhd requirements stage.

Generally speaking, inconsistency management may beediviigto two parts, i.e. consistency
checking and inconsistency handling. Consistency chgcisra pervasive issue in requirements vali-
dation and verification. It focuses on techniques for detgahconsistencies in a collection of require-
ments, including logic-based approaches [10, 11, 12] andistency-rule-based approaches [13, 14].
For logic-based approaches, the terningbnsistencys defined as any situation in which some fact and
its negation can be simultaneously derived from the sam#énargents collection. That is, inconsistency
is referred to as thkogical contradiction Then the logic-based approaches have a theoretical basis.
contrast, the term ohconsistencyin consistency-rule-based approaches is viewed as arstisituin
which two parts of a specification do not obey some relatigngtiat should have been held between
them. Some researchers argued that this definition of instensy is too general to be informative [12].

“Inconsistency Implies Actiohss recognized as a meta-rule for inconsistency handlirlg [i1].
That is, when inconsistencies are detected, some actiongdsbe performed to modify the inconsistent
requirements. However, identifying appropriate actianstill a difficult, but important issue [11]. The
choice of an inconsistency-handling action always dep@mdthe nature and context of inconsisten-
cies [15, 16]. But the context of inconsistency is rather ptax. Many factors such as inappropriate
description of requirements, misunderstanding betwestomers and requirements analysts, conflicting
intentions of different stakeholders can all result in imgistencies during the requirements stage.

Merging techniques have been considered in managing iftensviewpoints. For example, East-
erbrook et al [34] presented a framework termge! for merging and reasoning about inconsistent
state machine models using multi-valued logics. Their &ark was intended to highlight the sources
of inconsistency and to tolerate inconsistencies betwémmpoints during model checking. It did not
consider how to resolve these inconsistencies. Bansdylarinez et al [35] defined a merging operator
aiming to get a model which best reflects the combined knaydaaf all the stakeholders (viewpoints)
without first resolving inconsistencies and incompletsnédthough their methodology has envisioned
two kinds of possible revision procedures to modify the ioagviewpoints, useful guidance on how to
resolve these inconsistencies by using these revisioregues is not yet provided in [35]. These exist-
ing merging frameworks used in managing inconsistent viémtp focused on tolerating inconsistency
rather than resolving inconsistency in merged results.

It has been recognized that the relative priority of requigats can help requirements analysts re-
solve conflicts and make some necessary trade-off decidimirsg requirements elicitation and analysis
stage [17, 18]. Given an inconsistent set of prioritizedunegnents, desirable actions should disengage
most requirements with higher priority from inconsistenCpnsequently, it may be desirable to manage
inconsistent viewpoints to combine the relative priorify@guirements and merging techniques.

However, prioritized merging [19] takes the relative pitypof information into account when merg-
ing inconsistent information. Informally speaking, suppdhat there are a stream or a sequence of pos-
sibly conflicting observation$ with different reliability degrees about the same staticldigrioritized
merging aims to extract aoptimal consistent view about the world by incorporating these nladions
based on a prioritized merging operator. Given an incogisistequirements specification with prioriti-
zation, each requirements statement may be consideredaisarvation about the system-to-be.

2An observation is referred to as an item of information altbetworld.
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Moreover, the priority level of an individual requiremersistement may be considered as the relative
importance of that requirements statement with regarddayistem-to-be. Then the prioritized merging
may be applied to identifying the consistent requiremeps@priate to the system-to-be from the given
requirements specification.

Note that we assume that the priority of each requiremeatsraent implies its relative importance
with regard to the whole system-to-be. That s, the requereinspecification mentioned above should be
prioritized from a global perspective. However, in the Viints framework, the requirements always
are only prioritized locally. For each viewpoint, the regments of the viewpoint are prioritized from
the perspective of the viewpoint rather than from the glgigabpective. Moreover, different viewpoints
may adopt different scales of priority levels in local piii@ation. Therefore, different viewpoints may
assign different levels of priority to the same shared negoénts statement. For a shared requirements
statement, each priority given by a viewpoint is a measutitsatlative importance with regard to this
viewpoint. The disagreement in these local prioritiesgrssil to the same shared requirements statement
often puts developers into a dilemma.

To address these problems, we present a prioritized mehgisgd framework to handle inconsis-
tency in the Viewpoints framework in this paper. First, wasider two methods for constructing a glob-
ally prioritized requirements specification from a set afuigements collections with the local prioriti-
zation, including the priority vector-based constructaom the merging-based construction. Informally,
the priority vector-based construction focuses on how totlge global priority of each requirements
statement by integrating its existing local prioritiesislappropriate to the special cases that the view-
points at the same level adopt the the same scale of localtization. In contrast, the merging-based
construction considers each requirements collection théhocal prioritization as a stratified knowledge
base. The requirements specification with the global gization is constructed by merging these strat-
ified knowledge bases based on the merging operator presentR20]. It is appropriate for merging
any viewpoints, especially for merging viewpoints withfeient scales of local prioritization. Follow-
ing this, we map this requirements specification to a setsofdhsistent subsets by using a prioritized
merging operator. The prioritized merging operator usethénmapping provides a relation over all the
consistent subset of the requirements specification. Mereeach consistent subset of the requirements
specification in the prioritized merging result may be cdastd as optimal with regard to this relation.
Then we derive some appropriate proposals for handlingnsistencies from the global perspective.
Finally, we consider negotiation as a group making decismathanism for identifying an acceptable
common proposal from these proposals.

The rest of this paper is organized as follows. Section 2sgas introduction to the Viewpoints
framework, prioritized merging and the merging operataspnted in [20], respectively. Section 3
provides a general framework for prioritized merging-lohapproach to handling inconsistency in the
Viewpoints framework. Section 4 generalizes our previooskW32] on merging-based approaches to
constructing a globally prioritized requirements coliest Section 5 presents a priority vector-based
approach to constructing a globally prioritized requiretsecollection. The corresponding prioritized
merging-based frameworks are also specified respectinelljis two sections. Section 6 uses a case
study to illustrate how to apply the prioritized mergingsbd approaches to handling inconsistency in
requirements development. Section 7 discusses some Estleas comparison of the two approaches to
constructing a globally prioritized requirements coliectin the prioritized merging-based framework.
Section 8 compares our work with related work. Finally, waatode this paper in Section 9.
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2. Preliminaries

2.1. Logical representation of Viewpoints

We consider the use of classical logic-based language iregeptation of viewpoints in this paper.
Although heterogeneity of representation allows différgewpoints to use different notations and tools
to represent their requirements during the requiremeatged®], first order logic is appealing for formal
representation of requirements statements since most aoal notations for representing requirements
could be translated into formulas of first order logic [11hal is, first order logic may be considered
as a promising tool to represent different viewpoints arairtrelationships uniformly. Moreover, in a
logic based framework for representing requirements,orgag about requirements is always based on
some facts that describe a certain scenario [11]. It impiiaschecking the consistency of requirements
collections only considers ground formulasther than unground formulas. Furthermore, if we restrict
the first order language to propositional case, it may rendesistency checking decidable. This gives
some computational advantages. For these reasons, weeasstlassical first order language without
function symbols and existential quantifiers. This claalsfist order logic is the most convenient to
illustrate our approach, as will be shown in the rest of theepa

Let L4, be the language composed from a set of classical afgnasd logical connectivegv, A, -,
—1} and letk be the classical consequence relation. Eet---,.S,, be a disjoint sequence of sets
of formulas inLg,, we use(Sy,--- ,S,) to denote a stratified set of formulas, in which there is the
following pre-order relatior<, over these formulasia € S;, 6 € Sj,

e o =< B%ifandonlyifi < j;
e a~ gifandonly ifao < gandg =< «;
e o< fgifandonlyifa < g andg 4 «.

If S; # () for eachi, we also uséS,--- ,S,) instead of(Sy,--- ,Sy).

Leta € Lo, be a classical formula and C Lg, a finite set of formulas inCs,. In this paper,
we call A a set of requirements statements (or a requirements cigcivhile each formulax € A
represents a requirements statement. For example, givegquaement of ‘if Alice requests to borrow
the book of Algorithm and the book is available, then Alice barrow the bookin a certain scenario,
we can represent the requirement by

require(Alice, Algorithm) A available( Algorithm) — borrow(Alice, Algorithm).

Generally, prioritization over a requirements collectidris just a strategy for differentiating require-
ments ofA at a coarse granularity by its importance and urgency fromesperspective. A common
approach to prioritizing a requirements collection is tougy requirements statements into several pri-
ority categories, such as the most frequent three-levéd sfd' High”, “ Mediunt, “ Low’ [21] and the
five-level scale of priorities used in [18].

3There is no variable symbol appearing in the ground formBlar. exampleuser(John) is a ground atom, andser(z) is
not a ground atom.
4 is more preferable tg3.
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Another technique for prioritizing requirements speciiimas is based on numerical estimations of
value, cost and risk of each requirements statement, suabsésalue approach [22] and Quality Func-
tion Deployment [23](QFD for short). However, K. Wiegersshminted that few software organizations
are willing to undertake the rigor of QFD in his experiencé][1

In this paper, we adopt the common kind of prioritization toup requirements into several priority
categories. Letn, a natural number, be the scale of the priority level afidbe {l1,--- ,1,,}, a totally
ordered finite set ofn symbolic values of the priorities, i.é; < [; iff 7 < j. Generallyl; < [; means
thatrequirements witlt; are more preferable to requirements with We also say thatequirements with
I; have a higher priority than that of requirements with That is, a high value id™ signifies a lower
priority. Furthermore, each symbolic value ifi* could associate with a linguistic value. For example,
for a three-level priority set, we have a totally ordered/stasL? = {i1, 1,13} where

Iy : High, Is : Medium I3 : Low

For example, if we assigh to a requirements statemeamtit means thatv is one of the most important
requirements statements. In the rest of paper, we adopthifgie-level priority set in most examples,
though it is not obligatory. From a given particular pergpeg prioritization overA is in essence to
establish a prioritization functio® : A —— L™ by balancing the business value of requirements
against its cost and risk. Actually, prioritizing a set ofjugements statements is to groupA into

m priority categories. That is, for every, prioritization provides a partition af, (A, AZ ... A™),
whereA* = {a]a € A, P(a) = I},}, fork = 1,--- ,;m. We then usd A, A2 ...  A™) to denote a
prioritized requirements collection in this paper. Justdanvenience, we abbreviatd!, A2 ... A™)

asP ¢ A in some discussion below.

In the Viewpoints framework, a viewpaoint is a descriptiorcohcerns of a particular group of stake-
holders. Given a software project, t= {vq,--- ,v,} (n > 2) be the set of viewpoints. Suppose that
L™ is the scale of priority levels adopted byfor all i. Let A; be the set of requirements statements
of viewpoint v; and P; the prioritization mapping from\; to L™ for eachl < i < n. Then the re-
quirements specification could be represented hytal array[P; ¢ Ay, -+, P, © A, R], whereR is
the set of relationships for consistency checking betwhese viewpoints, such as the relationships to
represent their overlaps.

Because we use the classical logic as the uniform repregentd viewpoints, an individual relation
betweernv; andv; could also be explicitly represented by formulas involvaggne notations if\; U A;.

For example, we may use« b to denote that notation (or formulaz)of v; andb of v; overlap totally
[24]. Such notations should be added to the requirement4 setA ; to check consistency ak; U A;

if necessary. Furthermore, for the sake of simplicity, we B§i1, - - - , i) to represent the relationship
among viewpointsy;, ,--- ,v;, . We should check the consistency Bfiy,--- ,i;) U (Uf:1 A;;) if
R(iy,--- ,ix) € R.

We callv; asupporting viewpoinbf « if o € A;. LetV («) denote a set of supporting viewpoint of
a, thenV (a) = {vila € A;,i € [1,n]}. |V(«)| > 1 means thatv is a shared requirements statement of
at least two viewpoints.

Different stakeholders play different roles during thetwafe development. It is not surprising
that some stakeholders are more important than others.|aitaiprioritization of requirements, we
prioritize viewpoints by group them into several priorigtegories. LeL], be ar-level priority set used
in prioritizing viewpoints. Then prioritizing viewpoints to establish a prioritization mapping, :

V —— Lj, in essence. Just for convenience, we also adopt the threkpigority set used in prioritizing
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requirements to prioritize the viewpoints in the exampl&milar to requirements prioritization?y
provides a partition of/, (V!, V2 ... V"), whereV* = {v|v € V, P, (v) = I;,} for eachl < k < r.
In the rest of this paper, we abbreviate the prioritized yieints (V1 V2 ... V") asP, o V.

As mentioned earlier, the term @fconsistencyhas different definitions such as consistency rule-
based definition and logical contradiction in requiremearigineering [12]. Most logic-based works
such as [11, 12, 10] concentrated on a particular kind ofrisigbency, i.e.the logical contradiction
any situation in which some fact and its negatior-a can be simultaneously derived from the same
requirements collectiorh. In this paper, we shall also be concerned with the logicatraaliction. Let
Consequence(A) = {a|A F «}. Itis the set of all the consequences derived fram|f there is a
formula o such thatn € Consequence(A) and—a € Consequence(A), then we consideA to be
inconsistentind abbreviatee A —a: by | (read inconsistency).

For the simplicity of discussion below, we use the clasdmahulas such ag and/ to stand for any
unspecified requirements statement in the examples in guésesections.

2.2. Knowledge bases merging

Merging is a common approach to fusing a set of heterogenatwsnation. Given a set of knowledge
bases, the gist of knowledge base merging is to derive amlbkeiowledge base which best reflects the
combined knowledge of all the original knowledge bases. pkitmwledge basds is a set of formulas
in Lg,. An interpretation is a total function from, to {0, 1}, denoted by a bit vector whenever a strict
total order ond is specified.(2 is the set of all possible interpretations. An interpretati is a model
of a formulay, denotedv |= ¢, iff w(¢) = 1. ThenK is consistent iff there is at least a modelZof

A stratified knowledge base is a finite s&tof formulas inLg, with a total pre-order relatior
on K. Intuitively, if ¢ < v theny is regarded as more preferred or more important thafrrom the
pre-order relation< on K, K can be stratified a& = (S1,--- , Sy,), whereS; contains all the minimal

n
propositions of set J S; with regard to<. EachsS; is called a stratum ok™ and is non-empty.We denote
Jj=
n
UK = U S;. A knowledge profileE is a multise®® of knowledge bases, i.& = {K1, -+, K,}.
Jj=
Many model-based as well as syntax-based merging opetswesbeen presented to merge either
flat or stratified knowledge bases. Informally, syntax-dagperators aim to pick some formula in the
union of the original bases. It may result in loss of some iaifpbeliefs during merging. In contrast,
model-based merging operators aim to select some intatjones that are the closest to the original
bases. They may also introduce external formulas. Mostingeaperators just generate a flat knowledge
base as the result. At present, only the merging operatesepted in [20] can be used to construct a
stratified merged knowledge base. In this paper, we adomyiiax-based operators presented in [20]
to merge inconsistent requirements collections.
Given a stratified knowledge bagé = (S1,--- ,S,), its models are defined as minimal interpreta-
tions with regard to a total pre-order relatig} on interpretations that is induced frakhby an ordering
strategyX . The three widely used ordering strategies are defined lasvil

5A multiset is a set in which different occurrences of the samewledge base are distinguished. For instange=
{K,, K1, K>} comprises of three knowledge basés,, K, and K,. It allows us to represent a scenario that two differ-
ent stakeholders (viewpoints) have the same set of reqeirem
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e Best out orderind25]: let rpo(w) = min{i : w = S;} for w € Q, wheremin function returns
the minimum value of such thatw [~ S; . By conventionmin{()} = +occ. Then the best out
ordering=;, on 2 is defined as:

w =po W' iff Tpo(w) > rRo(W).

Note that for each interpretatian, r o (w) gives the highest priority of formulas that cannot be
satisfied byw. Then the best out ordering focuses on the most preferratlistrof K that cannot
be satisfied bw.

e Maxsat ordering[26]: let ry;o(w) = min{i : w = S;}, forw € Q. Then the maxsat ordering
=mo 0N is defined as:
W Zmo w' iff 7GMO(W) < TMO(L(),).

Essentially, for eachy, ry;0(w) gives the highest priority that all the formulas with thisopity
are satisfied byw. So, contrary to the best out ordering, the maxsat orderimgerns with the
most preferred stratum df satisfied byw.

e Leximin ordering[25]: let Ki(w) = {¢ € S; : w = ¢}, for w € Q. Then the leximin ordering
=<1, 0N is defined asw <, ' iff
(1) |Ki(w)| = |K*(w")| for all i, or
(2) there is an such tha K*(w)| > |K%(w')|, and for allj < 1,
|K%(-)| denotes the cardinality of s&f’(-).

K'(w)| = |K7(w")|, where

Generally, we usé( (w) to denote(K!(w),--- , K™(w)). Actually, the leximin ordering ovef

is based on the lexicographical relatipA (w),w € Q}. Compared to the two ordering strategies
above, it considers the number of all formulas satisfied bivenginterpretationv as well as the
priority of each formula satisfied hy.

Given a stratified knowledge bag€, from the pre-order relatior< x induced fromK on €, the
interpretations if2 can also be stratified & x = (21, -+, Qp,).

Yue et al [20] have presented an approach to deriving afehttnowledge bas& as a merged
result of given knowledge profil& = {K3,--- , K, }, which is more appropriate to scenarios that there
iSs ho common stratification scale among different originabwledge bases. They argued that if the
knowledge bases are designed independently, then onleliwi/e preference between interpretations
induced from a knowledge base by some ordering strategyasimgful in a merging process.

Definition 2.1. (Relative Preference Relation [20])

Given a knowledge Profil& = {K;,--- , K, }, let{Qk, x,, -+ ,Qk, x,} be a multi-set of stratifica-
tions of(2. A binary relative preference relatidd C Q x Q is defined asR(w,w’) iff [{Qk, x, s.t. w <;
W' > {Qk, x; s.t. W <; w}|, where=; is the strict partial order relation induced frdm, x;,.

Note thatR(w,w’) means that more knowledge bases prefénanw’.

Definition 2.2. (Undominated Set [20])

Let R be a relative preference relation ov¥erand letQ) be a subset of2. @ is called an undominated
set of, if Vw € @, V' € Q — @, R(w',w) does not hold. Undominated s@tis called a minimal
undominated set if none of its proper subsets is an undoaursst.
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In other words() is an undominated one if no interpretation outsigldominates some interpretation
in @ via relative preference relatioR. We denote the set of minimal undominated set<odv.r.t
R as Ug. Then we can stratify the interpretatiofsasQ = (,---,Q,), where{2; = U@, and
Q € USJ; Uilg. Following this, we may defin&( dominated construction as the stratified merged
TVj=1%
result of gi\;en knowledge profil&.

Definition 2.3. (X dominated construction [20])
Let Q) = (£4,---,€Q,) be a stratification of interpretation arfibe a set of formulas. LeX be an

ordering strategy. A stratified knowledge basg * = (Si,--- ,S,,) is anX dominated construction
fromSw.rtQif (J.S; € .S and2 = Q.
=1

X,Q
. KX9x
Essentially, anX dominated construction froiw.r.t Q2 is a subset of that stratifie€2 as(Q4, - - - , ;).
In this sense, it can be considered as a stratified knowleage Wwhich reflects the combined preference
as well as knowledge of original knowledge base&'in
The following proposition [20] shows how to construct &ndominated construction as a stratified

merged result from the original bases based on the stréitificaf () obtained fromR.

Proposition 2.1. Let Q = (Q4,---,,) be a stratification of interpretation arftibe a set of proposi-
tions.

e If there exists a stratified knowledge baBes.t. Qkp, = Q and|JK C S, then Kgo’ﬂ =
(S1,-++,Sp—1) is a best out dominated construction frehw.r.t Q, where
i—1
Si={peSVweQwkepVjc[ln—i}-|]S;ands; #0.
j=1

e If there exists a stratified knowledge bakes.t. Qx .., = Q and|JK C S, then Kg’”’Q =
(S1,---,Sp) is a maxsat-dominated construction frafmw.r.t 2, where

i—1
Si={p € Slvw e Q,w ¢} — | 5; ands; # 0.
j=1

e If there exists a stratified knowledge bake = (Si,---,S5,) s.t. eachS; is a singleton set,
Qo =Qand K C S, theangO’Q = (S1,---,Sy) is aleximin dominated construction from
S w.r.t, where

Si ={p € SVw € Q,w = o whereVj > i,Vw € Qj,w I~ ¢} andsS; # 0.

Note that Proposition 2.1 only addresses the leximin dotatheonstruction in which each stratum is
a singleton set. In general, we may also construct a stahtifierged resull according to the approach
presented in Proposition 2.1 frofy,--- ,$,), i.e., K = (Sp,, -+ ,Sn,.), whereS,,,--- .S, are
given by deleting all) from sequencesy, - -- ,S,,. But we cannot guarantee thAt satisfiesQy x =
(Qq,---,Q,) if some stratum of{ is not a singleton set. It needs further verification.

Now we give an example to illustrate the merging process.
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Example 2.1. Considert = { K1, K», K3}, whereKy = ({p A g}, {p}), K2 = ({p A ¢}, {p}, {—a}),
Ks = ({p},{q},{ —p}). If we adopt the leximin ordering strategy, we can stratifg interpretations
Q2 ={w; = 11,ws = 10,w3 = 01,wy = 00} as follows:

QKL lo = ({w1}> {w2}7 {w3>w4});
Qs 10 = ({wi}, {wa2 ), {wa}, {ws});
Qrcy, 10 = ({wr ), {w2 s {ws}, {wa}).

Evidently, all the three stratifications prefer thanw,, thenR(w1,ws) holds. We may get other similar
relations such a®(ws, ws3) and R(wa, wy).

Further, we havdw; } as a minimal undominated set 9f {w-} is a minimal undominated set of
Q\{w1}. Then we stratify2 based on relative preference relatiBras follows:

Q= ({w1}, {wa}, {w3, wa}).

LetS = {p Aq,p,q,—p,q}, then we can construct the following differekitdominated constructions:

K2 = ({p}, {p A g, a)),
K = ({p A q,p, ¢}, {~q}, {-p}),
K% = ({p A gh, {p}, {-p})-

Each can be viewed as a stratified merged result.

Actually, if there is an integrity constraiptduring the merging process, all the models not satisfying
1 are meaningless to the merged result. We need téisastead of(2 in the definitions above, where
O is the set of all the models gf.

2.3. Prioritized merging

Given a knowledge profil& = {K,--- , K, }, we can get a stratified knowledge bdse= (Si,--- ,Sn)
as the merged result. However, the merged operator presient20] cannot guarantee that is a con-
sistent knowledge base. We need another merging operatoasiprioritized merging to get a consistent
knowledge base which best reflects the knowledgg in

Prioritized merging is considered as an appropriate mgrgperator for incorporating a stream or a
sequence of (possibly conflicting) observations with aachied reliability degree about the same static
world [19]. An observation is referred to as an item of infation about the world. For example, the
requirements collection with a global prioritization colile considered as a stream of observations about
the same system-to-be.

Some concrete prioritized merging operators have beeropenpin the literature. Delgrande et al
surveyed existing prioritized merging operators and mtedipostulates for prioritized merging in [19].

We start with a brief introduction to the prioritized mergiwith a definition of a prioritized obser-
vation base.

Definition 2.4. (A prioritized observation base (POB) [19])
An observationa is defined as a consistent formula 6%,. A prioritized observation base (POB) is
defined as a set of observations with an attached reliabliigree:

o= {o(1),---,0(n)), forsomen > 1,
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where eaclr (i) is a (possibly empty) set of propositional formulas, namiélg observations of reliabil-
ity level i.

Evidentally, every stratified knowledge base is also a flized observation base. Note that we use a
total pre-order relatior,, on ¢ in this paper. That is, for any two observatiohs o (i) and3’ € o(j),
B <, @ ifand only ifi < j. It means thaf3 is viewed asmore reliablethan3’. Actually, for each
viewpointv;, P; o A; = (Al ... A™) may be viewed as a prioritized observation base, moreover,
each of requirements statementsﬁﬁ can be viewed as an observation of priority leigehbout the
system-to-be from the perspectivewffor eachk.

We also adopt the following notations used in [19].51fCLs, then A(S) is the conjunction of
all formulas in.S, with the usual conventiof\ () = T. In particular, A o(¢) is the conjunction of all

formulas ino (i) andA\(c) = A Ao(i). We abbreviatdo(i),--- ,0(j)) aso;—;, forl <i < j <mn.
i=1

n
o is the multisetJ o (7).
=1

Definition 2.5. (Concatenation Operator [19])
If 0 = (o(1), -+ ,0(n)) ando’ = (¢/(1),--- ,0'(p)) theno o ¢’ is the concatenationof o and o,
defined byo o 0/ = (o(1),--- ,0(n),0o’(1),--- ,0'(p)).

If o = (o(1),--- ,0(n)) ando’ = (o’(1),--- ,0’(n)) are two prioritized observation bases, we
write o’ C o iff for every i, o’ (i) C (i), whereC is here multiset inclusion, and we simply say that
is a subset of.

Cons(o) is the set of consistent subsetssgthat is, the set of all POBS = (S, - - - ,.S,,) such that
S C g and\(S) is consistent.

Let < be a strict pre-order on a s&t ForanyY C X, we useMin(<,Y) to denote the undominated
subset oft” with respect to<, i.e.,

Min(<,Y) = {y € Y|there isnoz € Y such that < y}.

A prioritized merging operatos maps any POB to a propositional formula(c). The three rep-
resentative prioritized merging operators 8est-out(x;), Discrimin (x4), andLeximin(x;). They are
given as follows:

e Best-ouff25]. Letx(o) = max{i, A\ o1_; consisten}. Thenx,(o) = A o1_.(0)-

Essentially, the Best-out operator does not consider asgroations less preferred thap,. In
this sense, it conforms with the best out ordering strateggtroned above.

e Discrimin[27, 28, 25]. ForS, S” € Cons(o), defineS’ <, S iff 3k such that

@) oi—r N S'"D>oi_rNS,and
(b) foralli < k,09_;NS" =01_;,NS.

Thenxg(o) =V {A\S,S € Min(<4,Cons(c))}.
e Leximin[25, 29]. ForS, S’ € Cons(o), defineS’ <; S iff 3k such that
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@) |o1—r NSl > |o1-k N S|, and
(b) foralli < k, |O‘1_,i N S,| = |01—>z’ N S|

Thenx (o) = V{A S, S € Min(<;,Cons(o))}.

Note that both the Discrimin operator and the Leximin opmrdepend on lexicographical ordering
relations ovelCons(co). Informally, the lexicographical ordering relation usedhe Discrimin operator
is based on set inclusion. In contrast, the lexicograptuodéring relation used in the Leximin operator
conforms with the leximin ordering strategy mentioned abov

Now we give an example to illustrate these prioritized meggperators.

Example 2.2. Considers = (o(1),0(2)), whereo (1) = {«, 8} ando(2) = {v,y — —,v}. Then
(@) k(o) =1,andxy(0) = Ao(l) =a Ap.
(b) Min(<g4,Cons(o)) ={S,5,5"}, where

S = <{Oé,ﬁ}, {777 - ﬁ¢}>7
S" = ({a, B}, {7, ¥}),
§" = {a, B} Ay — ~¥,¢}).

Then

*a(0) = (@NBAYA(y— )
Vo (@ABAYAY)
Vo (@ABA(y = ) AY).
(¢) Min(=<;,Cons(o)) = Min(<4,Cons(o)), then

x(0) = (@ABAYA(y— 1))
Vo (@ABAYAY)
V(@ ABA(y = A)).
Note that the Discrimin operator and the Leximin operatoy mige different results. For example,
Considere = ({p},{-p V q,—q},{q}), then({p}, {—q¢},0) is an undominated element Gfons(c)
with regard to the discrimin ordering,. But it is not an undominated element with regard<ig since

({r}{=p Vv a}, {a}) =i ({p}, {~q},0).

Just as mentioned in [19], the outcome of a merging operaorbe defined as a closed theory
equivalently. However, we can also define the equivalerdarae of these merging operators as a set of
consistent subsets of

e Best-out x,(0) = {S = (0(1),--- ,0(k(0)),0,--- ,0)}, where) means that there are no formu-
las at corresponding levels.

e Discrimin: x4(o) = Min(<4,Cons(o)).
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e leximin x;(0) = Min(=<;,Cons(0)).

In the rest of this paper, we use this equivalent definitidngrioritized merging operators. Evidently,
given a prioritized observation base <, (resp. <;) provides an intuitive ordering relation on a set of
all the consistent subsets @f In particular, eactt € x4(o) (resp.*;(c)) can be viewed as avptimal
consistent subset in the sense<gf (resp.=<;).

However, there are some constraints between these oheasvabout the same world in many cases.
For example, the relationship between viewpoints can beedeas constraints between requirements
about the same system-to-be. In such case, we need to tetéigeaconstraints into prioritized merging.

Leto = (0o(1),--- ,0(n)) be a prioritized observation base gmde a consistent set of constraints
between these observations. A constraint is referred tacaasistent formula of4,. Then we define

Const (o) ={S|S C o, /\ S A J\ uis consistent

It is the set of subsets of that are consistent with. Furthermore, we define the prioritized merging
under constraints as follows:

Definition 2.6. (prioritized merging under constraints)
Let o be a prioritized observation base gnthe a consistent set of constraintsarthen

e Best-out (o) = {S = (0(1),--- ,0(k"(0)),0,--- ,0)}, wherext (o) = max{i, \ o1-; A
)\ p consisten.

e Discrimin. +(0) = Min(=<q, Const(0)).

e leximin «/'(0) = Min(=<;, Const(c)).

3. A General Prioritized Merging-based Framework for Handling Incon-
sistent Requirements

The gist of this paper is to provide prioritized mergingdsspproaches to handling inconsistency in
the Viewpoints framework. We assume that there is no sharitagp during the requirements elicitation
process. That is, the requirements are correctly elicigtded, and represented from the perspective of
corresponding stakeholders. All the stakeholders affirthéo demands. We start these approaches with
a general framework for handling inconsistency based arrifisied merging, as shown in Figure 1.
Given an inconsistent requirements specificafiBno Aq,--- , P, ¢ A, R], let Ag be a multiset
of all the requirements statements. We u%e¢ Aqg to denote the globally prioritized requirements
collection constructed fromP; o Ay, --- , P, o Ay, R]. Letx%(Pg o Ag) be the prioritized merging
result of P; ¢ A¢ using the operatof under constraint®R. Let A be a set of formulas. We usé\ B
to denote the set of formulas outsideif B C A. In contrast, we usél — B to denote a proposal to
abandonB in A. Then according to this framework, developers may adopfait@ving steps to handle
the inconsistency:

(1) Globally Prioritizing :

e prioritize the whole requirements collection from the glbperspective, i.e., provide a priority-
based partition of the requirements collectiyay, Po o Ag;
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Inconsistent Requirements of Viewpoints
l Input

> Requirements of Viewpoints I
Output

(1) Globally Prioritizing

Globally Prioritized Requirements Collection

(2) Prioritized Merging

Proposals Generated

(3) Decision Making

4

An Acceptable Common Proposal

(4) Modifying

Figure 1. A General Framework of Prioritized Merging-basegroaches

(2) Prioritized Merging :
e map the requirements collection with the global priorii@a Ps; ¢ A into a set of its con-
sistent subsets by a prioritized merging operatander constraint#;

¢ derive some proposals for handling inconsistency in the&irements collection from the
result of prioritized merging. Generally,# € «*(Pg o A¢), then we may derive a proposal
7(S) to resolve the inconsistency as follows:

m(S): abandon the requirements outside
(3) Decision Making;
¢ identify a common proposal acceptable to all the viewpdmislved in the inconsistency;
(4) Modifying:
e modify [P, ¢ Ay,--- , P, © A, R] according to the acceptable common proposal;

The union of modified requirements of each viewpoint invdlireinconsistency becomes consistent.
Then we output the modified requirements of viewpoints fynall

Two issues are important to this general framework, i.e.balyg prioritizing A and prioritized
merging Po ¢ Ag. Global Prioritization will be discussed in subsequentiesas. Now we discuss the
prioritized merging operators appropriate to this frameuo
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Generating proposals for resolving inconsistency based gorioritized merging. As mentioned ear-
lier, there are three representative prioritized mergipgrators, including, x;, andx;. Suppose that
we adopt thebest-outoperatorx, and S € (P o Ag), then according to the proposa(s), the
requirements with the global priority level greater thaf( Py o Ag) should be abandoned, no matter
whether these requirements are involved in inconsisterwieot. It may be considered as a disadvantage
to using thebest-outoperator. In contrast, if we usg andx;, the proposals may conform to the inten-
tion of disengaging major requirements with higher priegitfrom the inconsistencies. Consequently,
we adoptxg andx; in this paper.

Now we discuss how to computg(o) andx; (o) giveno. Generally, to compute; (o) (resp.x;(o)),
each subset af, denoteds’, should be checked whether it is consistent and whetheait imdominated
element ofCons(o) with regard to<, (resp. <;). Since we restrict the first order logic representation
of requirements to the propositional case, then consigtelmecking ofo’ is a SAT problem. Many SAT
solvers have been developed to solve the SAT problem effigifar practical problem instances. Espe-
cially, the CDCL (Conflict-Driven Clause Learning) SAT atgbms can solve instances witlundreds
of thousandpropositional) variables angns of millionsof clauses. For example, Siege [36] can solve
a problem with 0.25 million (propositional) variables irs¢ethan 30 seconds. Thus we can adopt an
available SAT solver to check consistency of a large-s@&eirements collection’.

If o’ is consistent, we need also to check whether it is an undaetrelement ofCons(o). Some
algorithms with optimization about this kind of problem kabeen developed. Informally, these al-
gorithms first constructed a binomial tree of the booleatickatof subsets of [37]. For example, if
o = ({«, 8, ~a}), then the boolean lattice and binomial tree are shown inZig.

{Oé, B’ _\Oé} {OZ, ﬁv _|Oé}

e —

{ﬁv —|Oé} {Oé, _|Oé} {Oé, ﬁ} {ﬁv —|Oé} {Oé, _|Oé} {Oé, ﬁ}

]
%W} {ma} {6} {o}
0 0

Figure 2. Boolean lattice and its binomial tree

Then the algorithms performed a breadth-first search ofubeet lattice ot since a breadth-first
search of the binomial tree will consider all larger setsobefconsidering any smaller ones. The al-
gorithms with an important optimization (root pruning) geated by Grover et al. [38] proved that the
branches rooted by a consistent subset can be pruned frosedheh space, because no descendants of
a consistent set can be undominated. For exanipler«a} is consistent, then its subtree is pruned. We
get the locally undominated elements{as —a}, {«a, 5}, and{«a}. Furthermore, a final post-check for
set inclusion (resp. lexicographical relation faf) can remove pseudo-undominated results fike
from the set of locally undominated consistent subsetseir thranch of the binomial tree. However,
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Malouf [39] argued that the organization of the search sp@icea binomial tree allows another valu-
able optimization, i.e, leaf pruning. Roughly speakingthé foot of a subtree is inconsistent then no
node in the tree can be consistent, and the entire tree cakifjged. Then the only subtrees which
contain a undominated consistent subset are those whaseam@oinconsistent but whose deepest leafs
are consistent. Malouf also pointed out that keeping trdcleftmost children allows us to avoid a
substantial number of redundant consistency checks [3@kebler, ago| increases, leaf pruning can
offer substantial improvements. These techniques fomiptitions makes identification of undominated
subsets efficient [39]. This means we can adopt the techsidescribed by Malouf [39] to find all the
undominated elements Gfons(o).

On the other hand, requirements free from any inconsistaregplways included in ali' in *ﬁf(PGo
Ag) (resp.x(PgoAg)). Then these requirements do not appear in any proposakeddrom»% (P o
Ag) (resp. xI*(Pg o Ag)). Thus, we focus on the viewpoints involved in the incomsistes rather
than all the viewpoints. Suppose that - - - , v, are the viewpoints involved in the inconsistencies and
R(v1,-- ,vm) € R, let A be a multiset of all the requirements of viewpoints- - - , v,,,. Then we use
Ag = Aandu = R(vy,--- ,vp,) instead ofA; and R in the framework above, respectively.

Based on the prioritized merging operators, the proposalsandling inconsistent requirements can
be derived as follows:

e If we usex, as prioritized merging operator, then we may derive a seta@bgsals for inconsis-
tency handling, denotell; = {7 (S)|S € «;(Pg ¢ Ag)}, as follows:

e for eachS, 7(S) is a proposal that the requirements outsifeshould be abandoned, i.e.
W(S) : PG o AG — PG o Ag\S.

e If we usex; as prioritized merging operator, then we may derive a setagigsals for inconsistency
handling, denotedl; = {7 (S)|S € «'(Ps © Ag)}, as follows:

e for eachsS, 7(.5) is a proposal that the requirements outsifleshould be abandoned.

Note that a requirement statemenbeing abandoned by viewpoini is only referred to as disap-
pearance o in the modification ofA;. That is,v; may deletex or replacen by other new requirements.

The proposals derived from the result of prioritized meggifi(P; ¢ Ag) provide possible ways
of modifying the distributed requirements specificatione Wéed to argue that eachIdf is the most
appropriate to modifying# (Pg ¢ A¢) in some sense from the globally perspective.

Given an inconsistent collection of globally prioritizegiquirementsPg; ¢ Ag, letII be a set of all
the possible proposals to modifyirfe; ¢ Ag. An intuitive criteria of appropriateness of an individual
proposalr € II to modification is precedence of the consistent subsé&,0f A resulted fromr. Let
7(S) be a proposal derived fro € Cons’*(PgoAg). ThensS is the result of modification aPg o Ag
by using the proposat(.S). We define a relation ofl termed asnore appropriate thams follows.

Definition 3.1. (The relation of more appropriate than)
LetII be a set of all the possible proposals to modifyiigo Ag. A binary relation o1, denoted< s,
is defined as follows:

Vm(S1), m(S2) € II, m(S1) K¢ m(S2) iff S1 <, S,
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where =<, is an ordering relation over'ons*(Pg ¢ A¢) adopted in prioritized merging. Furthermore,
we say thatr; is more appropriate tham, to modifying Pg ¢ Ag if m <¢g mo.

Note that the relatiomore appropriate thamn 11 is defined with regard to the ordering relation on
Cons(Pg o Ag).

Example 3.1. Suppose thaP; ¢ A = ({a}, {3}, {—a}). ConsiderS; = ({a},{3},0) and Sy =
(0,{8}, {-al). Obviously,S;, Sy € Cons(Pg o Ag). Let(S1) andm(Ss) be proposals for resolving
inconsistency inPg ¢ Ag derived fromS; and Sy, respectively. Then the proposalS;) argues that
-« should be abandoned so as to resolve inconsistency, i.eegblt of modification isS;. In contrast,
m(S2) argues thatv should be abandoned. Evidentty,S;) is more appropriate than(.S2) with regard
to <; sincesS; <; Ss.

Evidently, we can conclude the following result.

Proposition 3.1. Let I be a set of all the possible proposals to modifyfige Ag. LetIl, be a set of
proposals derived from the prioritized merging res#itP; ¢ Ag). Then

v, € I, there is nar € II such thatr <4 m,.

That is, eachr, may be viewed as the most appropriate to modifyliage A with regard to<,,.

Identifying acceptable common proposals. In the sense oK,, the proposals derived from the priori-
tized merging result may be considered as the most apptegniees for handling inconsistenfrpm the
global perspectiveMoreover, it is possible that at least two different pragdesnay be derived from the
same prioritized merged result. These proposals are dgnivta each other in the sense of some ordering
relation (such as<;) from the global perspective. That is, we can not diffela@etithese proposals from
the global perspective.

However, it does not mean that all these proposals are thé appsopriate to each viewpoint in-
volved in inconsistencies. For an individual viewpointifelient proposals may have different impact
on the requirements change with regard to the viewpointsTtifferent viewpoints may have different
preferences over these proposals. The identification afiable common proposals for inconsistency
handling also depends on the context of the inconsisten@nyMactors such as the stakeholder’s in-
tention, expectation of benefit from the system-to-be amdroanication skills of developers have influ-
ences on making a trade-off decision. Therefore, it is neéédénvolve some social behaviors such as
argumentation, negotiation and vote between viewpointsiguhe inconsistency handling process.

The proposals derived from the prioritized merging resatt be considered as recommendations to
viewpoints or stakeholders. Some projects developersaiiig to negotiate over these proposals, whilst
other projects may prefer votes rather than argumentaif\dratever methods that the viewpoints adopt,
identifying acceptable common proposals should conslueipteference over the derived proposals of
each viewpoint.

An acceptable proposal to a given viewpoint should disead@iagnajor requirements from inconsis-
tencies by abandoning minor requirements. Thus, for easlipoint, the local priority of requirements
plays a prominent role in making a trade-off decision abbesé proposals.
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LetIl, = {m1,--- , 74} be a set of derived proposals. lgto [P, ¢ I';] be a set of requirements that
should be abandoned by according to the proposal, for all k. = 1,--- ,d. For each viewpoint;, we
provide a preference relaticg; overlIl, from the perspective af; as follows:

v, € Iy, mp < mg ifand only if g, o [Py o T] =<1, m 0 [P o Ty,
wherery, o [P, o T';] <1 m o [P; ¢ I';] defined as
(1) mgo [PyoTy] =mo [P oTy];0r

(2) 3] such thalj(B <>Ai)1—>j N 7g © [Pz OFZ” > |(Pz <>Ai)1—>j nm o [Pz OFZ'”, and for aIIp <7,
’(PZ‘OAi)l_)pmﬂ'k o [PZOFZ” = ](PioAi)l_mﬁm o [PZOPZ”

Essentially;r; <; 7, means that viewpoint; prefersr; to 7y, if the number of requirements with higher
local priority to be abandoned by, is greater than that to be abandonedrhy

Based on the set of preference relationdion{ <, <>, -+ , <, }, viewpoints may adopt a group
decision making mechanism to identify an acceptable compnoposal. In our previous paper [30], we
discussed an approach to reaching an agreement over vigg/paised on combinatorial voting [31] and
stakeholders goals.

Negotiation is also considered as a useful way to resolviiegrisistency during the requirements
stage [35, 40, 41]. In this paper, we may also consider negimti as a group decision making mechanism
in our general framework. When a proposal for handling iststency is presented by a viewpoint, the
negotiation for a common acceptable proposal starts. Fmegding the negotiation process, we may
use a negotiation meta-language for Multi-agent automaystem defined in [42]. This language is
richer for talking about proposals than negotiation langsadesigned for special scenarios [42], since it
includes the following illocutions for describing the spkects of conveying intentions:

request(i, j, ) : a request from viewpoini; to viewpointv; for proposatr;

of fer(i,j,m): aproposal ofr from v; to v;;

accept(i, j,m): v; accepts proposal made byv;;

e reject(i, j,m): v; rejects proposat made byv;;

withdraw(i, j): v; withdraws from negotiation with;.

Herer is a formula of the negotiation language. If we use a predi@mulaAbandon(A, B) instead
of A — B, thenn(S) can be represented ddandon(Pg ¢ Ag, Pg ¢ Ag\S).

Generally, a negotiation begins when one agent makesfdar to another, or when one makes
a request to another. Negotiation ceases when one agenipt anof fer or withdraw from nego-
tiation [42]. We adopt the protocol used in [43], which hagibeshown that the protocol guarantees
success in [42]. For example, at theh step of the negotiation, if; saysof fer(i, j, 7), thenv; replies
of fer(j,i,7"), oraccept(j,i,), orreject(j, i, ), or withdraw(j, ).

Generally,v; always puts forward the most preferred proposal with retaret; at first. To respond
to proposalr presented by;, viewpointv; needs to consider the following aspects:

¢ If some the most important requirements/®f are involved inr, thenv; may reject the proposal
m, or offer a more preferred proposalw.r.t < ; to v;, or withdraw from negotiation with;.
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e Forw;,, if the proposalr will disengage more preferred requirementsgffrom inconsistency by
making some minor concession, thermay accept the proposal or offer a more preferred’ to
v; in general case.

However, some subjective factors may also have influencé@mreference relation ovér, and
decision making on resolving inconsistency. It is a reatiptext-based issue beyond this paper.
In the next two sections, we will provide two approaches &csgizing the general framework.

4. A Merging-based Framework for Handling Inconsistency inthe Man-
ner of Prioritized Merging

Both the relative importance of requirements statements regard to their supporting viewpoints and
the priority of viewpoints have been paid attention in manggnconsistency in requirements engi-
neering [35]. If we merge these different viewpoints as aeral viewpoint of the system-to-be, it is
necessary to assign a relative priority to each requiresrgtatement from an overall or global perspec-
tive. Moreover, the global priority of an individual regeiments statement should be an integration of
the priorities of the supporting viewpoints of the requigsts statement and the local priorities of the
requirements statement.

As mentioned earlier, both the priority level of each viewpp@nd the local priority level of each
requirements statement are qualitative values ratherrtbarerical weights. It seems to be difficult to
integrate these qualitative values directly.

However, we have presented a merging-based approach tallglgbioritizing the requirements
in our previous paper [32]. Informally, we transform thedtg prioritized requirements specification
into a knowledge profile consisting of stratified knowledgeds first. Then we getraaxsatdominated
construction based on the merging operator presented jiBich may be considered as a globally pri-
oritized requirements specification in some sense. Alorsgitie, here we further provide a mechanism
for generating proposals appropriate to resolving ingtascy based on the merged result.

In this section, we give a brief overview to the merging-lohapproach in [32] first. Then we will
discuss the problem of how to generate proposals by compthinmerging-based approach and the pri-
oritized merging. The general prioritized merging-baseankework is also specialized correspondingly.

4.1. Merging an ordered knowledge profile

Each of viewpoints involved in inconsistencies may be vidag a stratified knowledge base. The knowl-
edge profile consisting of these knowledge bases shoulddeeast since viewpoints are also prioritized.
An ordered knowledge profilis a finite setty of knowledge bases with a total pre-order relation
<g onkK. Intuitively, if K; <gp K; thenkK; is regarded as more important th&an. From the pre-order
relation<p on E, E can be stratified a& = (11, - - - , T,,), whereT; contains all the minimal knowledge

bases of set J T with regard to<g. In particular, a multiset of weighted knowledge bases [38]ld

=1
be viewed és a special kind of ordered knowledge profile, icivbach knowledge base is associated
with a non-negative number.

The pre-order relation o' implies a difference in the relative importance of knowledgases of
E. Then we should take this difference into account in definitof the relative preference relation
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R(w,w’). Generally, with regard to prioritization in requiremesisgineering, each viewpoint with a
higher priority is more important than all the viewpointsthviower priorities. Thus we adopt a vector
rather than a weight to capture the relative importance cif &aowledge base in an ordered knowledge
profile.

Given a lexicographical ordering relatiehon N as follows, wheren (m > 2) is a natural number:

o V(a, - ,am), (b, - ,by) € N, (a1, ,am) < (b1, - ,by,) ifand only if a; = b; for all 4,
ordi s.ta; > b; anda; = b; forall j < i.

e Further,(ay, -+ ,am) < (b1, - ,by)ifandonlyif(ay, -+, apy) < (b1, - ,by)and(by, - ,bm)

£ (ala"' 7am)_

Based on the lexicographical orderirgon N, we defined the level vector function for an ordered
knowledge profile as follows:.

Definition 4.1. (Level Vector Function [32])

Let £ = (T1,---,T,,) be an ordered knowledge profile. Level vector functios a mapping from¥
to {0,1}"™ such thavK € E, if K € E; (1 <1i < m), thens(K) = (a1,--- ,an), Wwherea; = 1 and
a; =0forall j € [1,m], j # .

ObviouslyK; <g Kj if and only if s(K;) < s(K;). Moreover, the location of in level vector
function s(K') captures the relative preferencekfin E. It meanss(K) gives a numerical measure of
the relative importance dk w.r.t <g.

Then we presented an alternative definition of relative ggegfce relation over interpretations as
follows:

Definition 4.2. (Relative Preference Relation [32])
LetE = {K;,---, K,} be an ordered knowledge profile af@x, x,, - ,Qk, x,} be amulti-set. A
binary relative preference relatid, C 2 x 2 is defined as

Rs(w, o) iff > s(K;) < > s(Kj),

QKi’Xi s.t. w=<;w’ QKijj s.t. W' <jw
where=; is the strict partial order relation induced frdm, x,.

Essentially, by introducing a level vector functienR, considers<g as well as<; for eachi. In this
section, we adopf?, instead ofR to construct a stratified merged knowledge base from an edder
knowledge profile.

Example 4.1. Consider an ordered knowledge profie= (K, K3), whereK; = ({p},{-p}) and
Ko = ({-p},{p}). Then the set of interpretationsis= {w; = 1,ws = 0}. Thenrgp(w), rmo(w)
andK‘(w) are given in Table 1.

(1) Suppose that we do not consider the pre-order relatidii. aive have shown that neith&(w, , w-)
nor R(ws,w1) holds if we adopt thenaxsatordering strategy [32].

However, for anyX € {bo,mo,lo}, we can getv; <k, x we andws <k, x wi. Neither

R(w1,ws2) nor R(wq, w1 ) holds. Ther2 = ({w1, w2 }) signifies that there is no meaningful merged
result.
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Table 1. Ranks of interpretations

w rpo(w) rvo(w) K(w)

Ky Ky K1 Ky K Ky
w=1 2 1 1 2 (10 (01
we=0 1 2 2 1 (01 (10

(2) If we consider the pre-order relation éh thens(K;) = (1,0) ands(K2) = (0, 1). Furthermore,
w1 <K,,x w2 andws <k, x w1, whereX € {bo, mo,lo}. S0,Rs(w1,w2) holds. The stratification
of interpretations i$2 = ({w1 }, {w2}). From Proposition 2.1, we can get

(a) a best out dominated constructiih= ({p}).
(b) a maxsat-dominated constructiéh= ({p}, {—p}).
(c) aleximin-dominated constructiadli = ({p}, {—p}).

These merged results are intuitive.

4.2. Specifying the general prioritized merging-based frenework

If we adopt the merging-based approach mentioned aboventsiroat the globally prioritized require-
ments collection, the general prioritized merging-basadhéwork can be specified as shown in Figure
3. Informally, we first transform each requirements colt@tiwith a local prioritization to a stratified
knowledge base (SKB). The relationship between correspgndewpoints is viewed as an integrity
constraint during the merging process. Then we construcatifed merged knowledge base (SMKB)
from an ordered knowledge profile consisting of these SKBse merged result can be considered as
an overall view of these viewpoints. Moreover, the orderieigtion over the merged knowledge base
could be viewed as a global prioritization on merged requérts collection. Finally, we derive propos-
als for handling inconsistency by incorporating the dfiedi merged knowledge base in the manner of
prioritized merging and identify acceptable common prems

(1). From Locally Prioritized Requirements Collections To Stratified Knowledge Bases. Let P, ¢
A; be a requirements collection of viewpoint(l < ¢ < n). Then a stratified knowledge base induced
by P; ¢ A;, denotedK;, is defined as follows:

o Ki=A;
e Atotal pre-order relation<; on K is presented as :

Va, g € K;, a =; Biff Pi(a) < Bi(5).

e K, is stratified asK; = (Si,,---,S;,,), whereS; ,---,S

;. is given by deleting all) from
Al AM
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Inconsistent Requirements
of Viewpoints

(5) Modifying l l Input
—
Y y (1) Transforming ' Output
SKB K3 SKB K; SKB K,
Y
)
(2) Merging constraintg:, = R(vy, - -+ , V) —
Input

Y

Construction of Stratified Merged Knowledge Bds

1%

(3) Prioritized Merging
Y

Proposals Generated

(4) Decision Making

Y

An Acceptable Common Proposal

Figure 3. A Merging-based Framework to Handling InconsisRequirements with Local Priorities

(2). Constructing A Stratified Merged Knowledge Base. Suppose that,,- - -, v,, are the viewpoints
involved in inconsistency. Lek = {K;,--- , K,,} be a knowledge profile, wherE; is the stratified
knowledge base induced ¥ ¢ A; forall 1 < ¢ < m. Let( be the set of interpretations. Then

¢ we define a total pre-order relatighiz on E as follows:
K; <g Kjiff Py(v;) < Py (vj).

Then we compute the level vector functiefased on the stratification &f w.r.t <g.

o Lety = R(vy, - ,vpy) andQ* = {w € Q,w |= u}, thatis, we consider the relationship between
viewpoints as an integrity constraint.

¢ Given an ordering strategy X (such lasst out maxsat andleximin), find Q‘;{X for all 4.
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e Based on{Q} .-+, Q% }, construct a stratification of interpretatiof$ = (Qf,---, Q)
by using relative preference relatidty overQ*.

e GetX dominated constructioik” based on Proposition 2.1 .

(3). Deriving Proposals To Handling Inconsistency. Here, we explain how to combine the merging-
based approach and the prioritized merging techniquesricederoposals.

LetK = (Sy,--- ,Sk) be anX-dominated construction extracted from an ordered knogédqaiofile
E. Then the preference relatiefy, on K describes the relative importance of requirements froroloai|
perspective. Note that” does not always consist of all the requirements statemént®' ¢(UKj;) since
we adopt the syntax-based merging operator. That is, itssiple that there exists some requirements
not appearing ink. For example, consider Example 2.1 again, € K» but~¢ ¢ K5, We need to
extendK to the set of all the requirements.

If there exists some requirements not appearingjn.e. U™ (UK;) \ UX_,S; # 0, then we define
an extension of(, denotedk™*, as

K* = (81, , Sk Sk+1),
whereSy41 = U™, (UK;) \ ulesi and the ordering relatior i« is defined as
o Va,B € K,a 2= Biff a 2x [,
o Vae K,a =g+ 1andy Ak~ aforall ¢ € Sgy1;

® Vi, € Spy1, ¢ Ji+ Y andy 2« .

The ordering relation<x+ means that requirements $).,, are less preferred than requirements in
K. By the convention, we defin&* = K if U™, (UK;) = UK |S;. Essentially, K* consists of
all the requirements with different priorities involved time inconsistencies. Moreover, from a global
perspective <+ provides a preference relation over all the requiremergeisients involved in the
inconsistencies. In this sense, the globally prioritizeguirements collection is

PgoAG:K*.

Finally, we may derive some proposals freff{ K*)(or /' (K*)) as mentioned in Section 3. The rest
of this framework is the same as that of the general framework
Now we give an example to illustrate the merging-based amtro

Example 4.2. Consider[P; ¢ Ay, P, ¢ Ag, P3 o As, R], where

Ay = {a, B}, P : Ay — L¥ such thatPy(a) = lx, Pi(3) = I3,
Ay = {a,v}, Py : Ay — L* such thatPy(a) = Iy, Pa(y) =1,
Az = {¢,~7}, Py : Az — L*such thatPs(¢) = l1, Ps(—y) = I,
R = {R(v1,v9,v3)}, whereR(vy, va,v3) = {a «> ¢}.
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Table 2. Ranks of interpretations given by the best out imdestrategy

w K Ky K3
1111 400 400 2
1101 400 2 +00
1011 2 400 2
1001 2 2 400
0110 1 1 1
0100 1 1 1
0010 1 1 1
0000 1 1 1

Note that viewpoint, adopts the scale of priority,* = {I1,1s,13,14}, whilst v; andvs adopt the
scale of priorityL® = {I1, 12, 13}. If we adopt the merging-based approach, then the strakifiedledge
bases induced by the three viewpoints are

Ky = ({a},{8}), K2 = ({a},{7}), andK3 = ({¢}, {—7})-
We denote each model by a bit vector consisting of truth wbidx, 3, 7, ¢). Theny = {a < ¢} and
M = {wy = 1111, wy = 1101, w3 = 1011, wy = 1001
ws = 0110, wg = 0100, w7 = 0010, wg = 0000}.
Suppose that we use the best out ordering strategy.is given by Table 2.
Then the stratification d is given as follows:
OF = {wr,wat, {ws,ws }, {ws, we, w7, ws}).

LetS = A;UAsU A3, then according to Proposition 2.1, we may get a best-ouiriied construction

K = ({o, ¢}, {B}).
Furthermore, we can get
Pg o AG =K"= ({Oé, QS}» {ﬁ}) {77 _'/7})
Suppose that we adopt the leximin operatpoin prioritized merging, then
i (K7) = {51 = ({e, 0}, {8}, {7}), S2 = ({a, 0}, {8} {7 D)}

From these prioritized merged results, we can derive thevishg proposals for handling inconsistency
in Pg o Ag:

e 7;(S1) means thaty should be abandoned by, i.e. Ay — {v};

e Butm;(S2) means thats should abandomvy, that is,Az — {—v}.

Generally, sincevs assigned the lowest priority te, individual viewpoints would expect that
makes some concession in negotiation dwelS; ), 7(S2)}. Then it seems that(S>) rather thant(S;)
will be accepted by viewpoints.
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5. A Priority Vector-based Framework for Handling Inconsistency in the
Manner of Prioritized Merging

The merging-based approach only assumes that each ofkgimaledge base to be merged is stratified.
It does not consider if all the knowledge bases use the saabe acprioritization. Thus it is appropriate
for merging viewpoints, especially for merging viewpoimtgh different scales of local prioritization.

However, grouping requirements into three priority categmis viewed as a common approach to
prioritization in requirements engineering [17]. Thatrisyst stakeholders are accustomed to use typical
3-level scale in local prioritization. Then it is worth camering the setting of all the viewpoints using
the same scale of local prioritization. In this section, wevple a more concise approach to globally
prioritizing requirements for such cases.

We start our approach with an alternative representatidnedbcal priority levels. Suppose that*:
be the scale of priority levels adopted by viewpainfor all i. Let I,,,,x.,, be the unit matrix andz’y,
the k-th row vector of },, «m,. For each viewpoint;, we provide an alternative prioritization mapping
P! as follows:

Va € Ay, Pl(a) = ay iff Pi(a) = .

2

Obviously, P/(a) < P/(«) if and only if P;(a)) < P;(«). In the rest of this paper, we also tethf
the priority vector functionof viewpoint v;. For example, considef; = {«, 5} and P («) = 1,
Py(B) = I3 underL?, thenP{(a) = (1,0,0) and P} (3) = (0,0,1).

The global priority of an individual requirements statemndepends on the relative importance of its
supporting viewpoints as well as its local priority with egd to each supporting viewpoint. However,
for each requirements statement, the relative importahite supporting viewpoints plays a dominating
role in prioritizing this statement with regard to the whelestem-to-be.

Let Py be the prioritization mapping oli. We assume that all the viewpoints at the same priority
level adopt the same scale of priority levels to prioritibe requirements. That id,”" = L™ if
Py (v;) = Py (vj). LetVy, = {v1,--- , vy} be the set of viewpoints involved in a given inconsistency.
Suppose thak’,, can be stratified aBy o V7, = (V(1),--- ,V(r)). Foreach (1 <1i < r), we construct
o; = Pg, oT'; as follows:

Ni= |J Aj Vaeli, Poa)= Y Pila.
v €V (i) a€Aj,v;EV (i)

Essentially, thé:-th component o, («) is the number of supporting viewpoints at levelf «, which
assignsk-th priority level toa. In this sensePg;, («) gives the relative importance with regard to all the
viewpoints at level.

Then we construct a requirements collection with a glob@rpization as follows:

PooAg=o010090---00,,

whereo is the concatenation operator.

If we adopt the priority vector function of each viewpointnstruct the globally prioritized require-
ments collection, the general prioritized merging-basac&work can be specified as shown in Figure
4, in which the approach to constructing a globally priagti requirements collection from inconsistent
viewpoints has been detailed as follows:
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(1) Vectorizing the local priority For each viewpoint involved in inconsistencies, we pre\ad equiv-
alent priority vector function to the original prioritizah mapping.

(2) Stratifying the set of inconsistent viewpointsiy. That is,

Py oV, = <V(1)7 o 7V(T)>

(3) Constructing a globally prioritized requirements colliect Firstly, for eachV/ (i), we construct
Pg, o T'; as follows:

I'; = U Aj§ Va €Ty, PGi(a): Z P]{(Oé);
vjEV(i) aGAj,UjEV(i)

Then we concatenate dl;, ¢ I'; to construct a globally prioritized requirements collentii.e.,

PGoA(;: (PG1 <>F1)O(PG2<>F2)O'--O(PGTOFT).

The rest of this framework is the same as that of the genenaddwork.

Given Pg o Ag = (A(1),---, A(1)), if there existsx such thaiv € A(i) N A(4), @ # j, thenitis
evident to prove that for alf € «;(P; o Ag) (0r xq(Pe ¢ Ag) ), @ € S(i) if and only if « € S(j).
That is, we guarantee that the approach does not derive aegsonable proposal of only abandoning
in A(i) (or A(y)).

Now we give an example to illustrate the priority-vector déxhapproaches to constructing a globally
prioritized requirements collection.

Example 5.1. consider[P; ¢ Ay, P> ¢ Ay, P3 o Az, Py o Ay, R|,where

Pro Ay = ({o}, {8} {7}

Py oAy = ({8}, {a}, {¢}),

Pyo Ay = ({7}, {-8}.{a}),

Pyo Ay = ({8}, {a}, {8}),

R = {R(v1,v2,v3,v4)}, WhereR(vy,ve,v3,v4) = {¢p < 7,0 — )}

Suppose thaPy (v1) = Py (vs) = I3 and Py (v2) = Py (v4) = l2. It means that viewpoints; andwvs
are more important tham, anduy.

ThenPy oV = (V(1),V(2),V(3)), whereV (1) = {vy,v3}, V(2) = {vg,v4} and V3 = ).
Furthermore,

I‘1 = A1 UA?) = {04757'77_'6}7
Pg, (o) = P{(a) + Pi(a) = (1,0,0) + (0,0,1) = (1,0,1),
5) = Pll(ﬂ) = (07 170)7

Pa, (

Pa,(v) = Pi(7) + P3(7) = (0,0,1) 4 (1,0,0) = (1,0, 1),
Pg,(=B) = P3(=p) = (0,1,0),

Pa,(a) = Fa,(v) < Pa,(B) = Pa, (—0).
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Inconsistent Requirements of Viewpoints

{ Input
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An Acceptable Common Proposal

(6) Modifying

Figure 4. A Priority Vector-based Framework of Prioritizdérging-based Approaches

Then
o1 = Pg, oIt = ({a, v} {8, -8}).
Similarly, we can get
02 = Pg, oTo = ({8}, {a}, {¥, ¢}).
Evidently,
o3 = 0.
Finally, we get a requirements specification with the glgiradritization as follows:

PgoAg =0 =o01009003 = ({a,7},{8, 8}, {8}, {a}, {¢¥, ¢}).

Note thats appears in botl(2) = {3, -5} ando(3) = {3}. 5 € o(2) signifies that there exists at least
one supporting viewpoint gf having the highest priority, whilst € o(3) indicates that there also exists
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at least one supporting viewpoint gfhaving the priority level of Medium. It embodies the domihan
role of the relative importance of viewpoints in globaligithe requirements.
If we consideru = R(vy, va,v3,v4), then

*g(PG OAg) = {51,52}, where
S = <{O‘>/7}7 {ﬁ}v {ﬁ}v {O‘}’ {¢}>7 Sy = <{O‘>/7}7 {_'6}7 @, {Oé}, {¢}>,

Correspondingly, the proposal derived framis
m4(S1) 1 Pao Ag — (0,{~8},0,0,{¢})

This proposal means that viewpointg andv, should abandorG andv, respectively. In contrast, the
second proposal is

7Td(S2) :PgolAg — <®’ {5}’ {5}a (2)7 {1/}}>

This proposal means that viewpointg v, andwvs should abando. Moreover, v, should abandow.
The four viewpoints show different preferences o{e(S:), 7(S2)}:

e forv; (i =1,2,4), 7(S1) <; 7(S2);
e for vs, m(S2) <3 7(S1).

If they vote for an acceptable common proposal, thés; ) should be considered as a winner.

If they negotiate ovefr(S;), 7(S2)}, v2 andv, seem to make no concession in abandorirgince
0 is the most preferred requirement forandv,, respectively. Thatis, itis very possible that they cannot
reach an agreement aif.S;). But if v3 makes some concession in abandoniti it is reasonable that
vy acceptsr(Sy) sincer(S;) disengages the most preferred requirenienf v, from inconsistency by
making minor concession in abandoniing

If we adopt the leximin operator in prioritized merging, wayrgetx, (Pg o Ag) = {S1} and only
one derived proposat;(S1) = m4(S1).

6. A Case Study

This section uses a close residential area managemeninsgstan example to illustrate the feasibility
of the prioritized merging-based framework. This casestlibws that the method can be conjuncted
with a host of other techniques in RE for handling inconsisyein the Viewpoints framework.

Example 6.1. Using the Viewpoints framework to elicit the requiremenfsaccomputer-aided close
residential area management system. The requirementsn@oticontains:

e Viewpoint 1. Vehicles Entrance Manager

(a) The vehicles without special authorization of the Mamagnt Board of the residential area
can not be allowed to enter the area;

(b) The system should trigger warning alarm if a vehicle withauthorization enters the area.
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Viewpoint 1 assigned the priority level &figh to both (a) and (b).
e Viewpoint 2: Emergency Manager

(c) The fire engine should be viewed as the vehicle of emeygenc
(d) The vehicle of emergency such as fire engines can entardae

(e) The vehicle of emergency need not to be authorized by theaglement Board of the resi-
dential area in advance.

(f) The system should trigger warning alarm when a vehicltheuit authorization enters the
area.

Viewpoint 2 assigned the priority level éfigh to both (c) and (d). (e) and (f) were assigned to the
levels ofMediumandlow, respectively.

e Viewpoint 3: Authorization Manager

(9) The fire engine should be viewed as a special kind of vehicl
(h) The special vehicle can enter the area,;
(i) The special vehicle does not need to be authorized,;

() The system should not trigger warning alarm if the spegdhicle enters the area.

Viewpoint 3 assigned the priority level ¢figh to both (g) and (h). (i) and (j) were assigned to
MediumandLow, respectively.

Furthermore, Viewpoints 2 and 3 were assigned the priogitgllofHigh. Viewpoint 1 was assigned the
priority level of Medium
We use logical representation to describe these requitsnmdormation. Suppose that we use

e aut(X) to denote thafX is authorized by the Management Board of the residentia; are
e ent(X) to denote thafX can enter the residential area;

e eme(X) to denote tha is a vehicle for emergency;

e ala(X) to denote that the system triggers alarnXifenters the area;

e spe(X) to denote thafX is a special vehicle.

e constantf'E to denote the fire engine.

If we consider a scenario about the entrance of the fire entfiea the requirements of the system-to-be
can be described as:
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Py(v1) = la, Pv(v2) = Py (v3) = b,

Ay = {—aut(FE) — —ent(FE), ~aut(FE) — ala(FE)},

Py (—aut(FE) — —ent(FE)) =1y, Pi(maut(FE) — ala(FE)) = ;.

Ay = {eme(FE), eme(FE) — ent(FE), eme(FE) — —aut(FE), ~aut(FE) — ala(FE)},
Py(eme(FE)) = Py(eme(FE) — ent(FE)) = [y,

Py(eme(FE) — —aut(FE)) = la, Py(maut(FE) — ala(FE)) = 3.

As = {spe(FE), spe(FE) — ent(FE), spe(FE) — —aut(FE), spe(FE) — —ala(FE)},
P3(spe(FE)) = P3( spe(FE) — ent(FE)) =,

Ps(spe(FE) — —aut(FE)) = la, Ps(spe(FE) — —ala(FE)) = 3.

Suppose that requirements analysts provide the follongfaion between the viewpoints:

R = {R(v1,v2,v3)}, whereR(vy, v, v3) = {spe(FE) < eme(FE)}.

Then we get the requirements specificatitho Ay, P, o Ay, P3 o Ag, R, where

PioA; = {({~aut(FE) — —ent(FE), ~aut(FE) — ala(FE)},0,0),

PyoAy = ({eme(FE), eme(FE) — ent(FE)}, {eme(FE) — —aut(FE)},
{—aut(FE) — ala(FE)}),

PsoAs = ({spe(FE), spe(FE) — ent(FE)}, {spe(FE) — —aut(FE)},
{spe(FE) — —ala(FE)}).

Moreover, we draw the following inconsistencies:

A1 UAUA3U R(vy,vg,v3) F ent(FE) A —ent(FE);
Ay UA3UA3U R(v1,v2,v3) F ala(FE) A —ala(FE).

(A) First, we use the merging-based approach to constetiglobally prioritized requirements col-

lection. We get the following stratified knowledge basesuoetl by, v2, andvs, respectively.

K, = ({—aut(FE) — —ent(FE), ~aut(FE) — ala(FE)}),

Ky = ({eme(FE), eme(FE) — ent(FE)}, {eme(FE) — —aut(FE)},
{—aut(FE) — ala(FE)}),

Ks = ({spe(FFE), spe(FE) — ent(FE)}, {spe(FE) — —aut(FE)},
{spe(FE) — —ala(FE)}).

The integrity constraint is = {eme(F'E) < spe(FE)}. We denote each model by a bit vector
consisting of truth values ot{ne(FE), ent(FE), aut(FE), ala(FE), spe(FE)). Then

M = {w; = 11111, ws = 11101, w3 = 11011, wy = 11001, ws = 10111, wg = 10101,
wr = 10011, wg = 10001, wg = 01110, w19 = 01100, wy; = 01010, w12 = 01000,
w13 = 00110, W14 = 00100, W15 — 00010, W16 — 00000.}.
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The level vector functions of £ = ({ Ky, K3}, {K1}) is

S(KQ) = S(K3) = (170)7 S(Kl) = (07 1)
Suppose that we use thest outordering strategy, then the corresponding ranks of ing¢agtions
are given in Table 3.

Table 3. The ranks of interpretations

w rpo(w)

K Ky Ks
wyp = 11111 +00 2 2
wy = 11101 +00 2 2
ws = 11011 1 400 3
ws = 11001 1 3 +00
ws = 10111 400 1 1
we = 10101 +00 1 1
w7 = 10011 +00 1 1
wg = 10001 1 1 1
wg = 01110 +00 1 1
wio = 01100 +00 1 1
wy; = 01010 1 1 1
w12 = 01000 1 1 1
wys = 00110 +00 1 1
w14 = 00100 +o00 1 1
w15 = 00010 +00 1 1
wig = 00000 1 1 1

Then the stratification of interpretations is

O = ({ws,wa}, {wr,wa}, {ws, we, wr, ws, wy, wig, Wi, W12wW13, Wi, W15, Wi6})-

We get thebest-outconstruction

K = ({eme(FFE), eme(FE)— ent(FE), spe(FE), spe(FE) — ent(FE)},
{eme(FE) — —aut(FE),spe(FE) — -aut(FE)}).
We extendK to K* :
K* = ({eme(FE), eme(FE) — ent(FE), spe(FE), spe(FE) — ent(FE)},

{eme(FE) — —aut(FFE), spe(FE) — —aut(FE)},
{ spe(FE) — —ala(FE),-aut(FE) — —ent(FE), ~aut(FE) — ala(FE)}).
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ThenK™* may be viewed as the globally prioritized requirements sigation, i.e.,K* = PgoAg.
If we use the discrimin operatey, thenx!,(Pg ¢ Ag) = {S1, S2}, where

S1 = ({eme(FE), eme(FE) — ent(FE), spe(FE), spe(FE) — ent(FE)},
{eme(FE) — —aut(FE), spe(FE) — —aut(FE)},
{ spe(FE) — —ala(FE)}).

Sy = ({eme(FE), eme(FE) — ent(FE), spe(FE), spe(FE) — ent(FE)},
{eme(FE) — —aut(FE), spe(FE) — —aut(FE)},
{ —aut(FFE) — ala(FE)}).

Further, we derive two proposatg.S;) andr(.S2) for resolving inconsistencies as follows:

w(S1): PgoAg—(0,0,0,{—aut(FE) — —ent(FE), —aut(FE) — ala(FE)}),
w(S2): PgoAg— (0,0,0,{—aut(FE) — —ent(FE), spe(FE) — —ala(FE)}).

Essentially,7(S1) means thav; should abandon all the requirements, and meanwhikhould
abandon-aut(FE) — ala(FE). m(S2) means thai; should abandoraut(FE) — —ent(FE),
and meanwhile); should abandorpe(FE) — —ala(FE). Although bothr(S;) andn(S2) are
the most appropriate to resolving inconsistencies frongtbleal perspective, the three viewpoints
have different preferences over(S1), 7(S2)}:

for vy : w(S2) <1 7(Sh);
for vy : w(Sy) <o w(S1);
forvs : w(S1) <3 7(9S2).

Finally, the viewpoints may negotiate over(S;), 7(S2)} as follows:

(1) Atthe beginning of negotiationys puts forwardr(.S;) to v; andvs:
of fer(vs,v1,m(S1)), of fer(vs,ve, w(S1)).
(2) Since bothy; andv, preferm(S,) to 7(.S1), then they reject the proposalS; ):
reject(vy,vs, w(S1)), reject(ve,vs, w(S1)).
(3) v3 puts forwardr(S3) to v; andwv, again:
of fer(vs,v1,m(52)), of fer(vs,ve, m(S2)).
(4) vy andvy may accept the proposal.Ss):
accept(vy,v3, w(S2)),  accept(va,vs, w(S2)).

The negotiation endsr(.S;) is considered as an acceptable common proposal for regolvin
inconsistencies.
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(B) Second, we use the priority vector-based approach tstagsting a globally prioritized require-
ments collection. Sinc@y (v2) = Py (v3) = Iy and Py (v1) = la, Py oV = ({va,vs3}, {v1},0).
The corresponding priority vector functions are:

P/(maut(FE) — —ent(FE)) = (1,0,0), P/(maut(FE) — ala(FE)) = (1,0,0).
Pi(eme(FE)) = Py(eme(FE) — ent(FE)) = (1,0,0),
Pi(eme(FE) — —aut(FE)) = (0,1,0), Py(-aut(FE) — ala(FE)) = (0,0, 1).
Pi(spe(FE)) = P3( spe(FE) — ent(FE)) = (1,0,0),

(spe(

Pi(spe(FE) — —aut(FE)) = (0,1,0), Pi(spe(FE) — =ala(FE)) = (0,0,1).

We constructPg; ¢ I'; and Pg, < I's as follows:

PgroTy = ({eme(FE), eme(FE) — ent(FE), spe(FE), spe(FE) — ent(FE)},
{eme(FE) — —aut(FE), spe(FE) — —aut(FE)},
{ spe(FE) — —ala(FE), ~aut(FE) — ala(FE)}),

PgooTy = ({—aut(FE) — —ent(FE), ~aut(FE) — ala(FE)})

Then we construct the globally prioritized requirementection Py ¢ A as follows:

PooAg = PgiolioPgooly
= ({eme(FE), eme(FE) — ent(FE), spe(FE), spe(FE) — ent(FE)},
{eme(FE) — —aut(FE), spe(FE) — —aut(FE)},
{ spe(FE) — —ala(FE), ~aut(FE) — ala(FE)},
({—aut(FE) — —ent(FE), —aut(FE) — ala(FE)})

If we use the discrimin operatey, thenx; (P; o A¢g) = {57, S5}, where

S1 = ({eme(FE), eme(FE) — ent(FE), spe(FE), spe(FE) — ent(FE)},
{ eme(FE) — —aut(FE),spe(FE) — —aut(FE)},
{ spe(FE) — —ala(FE)},
0).

S, = ({eme(FE), eme(FE) — ent(FE), spe(FE), spe(FE) — ent(FE)},
{eme(FE) — —aut(FE),spe(FE) — —aut(FE)},
{ —aut(FFE) — ala(FE)},
{ —aut(FE) — ala(FE)}).

Further, we derive two proposatgS;) andr(S5) for resolving inconsistencies as follows:
m(S1) = m(S1), 7(S5) = m(S2).

That is, we derive the same proposals by using the secondagipto constructing a globally
prioritized requirements collection. The subsequent ggecf negotiation is the same as that
stated in (A).
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As mentioned earliery; abandoning-aut(X) — —ent(X) does not mean that; deletes the corre-
sponding requirements forever. For exampiemay change-aut(X) — —ent(X) into ~aut(X) A
—eme(X) — —ent(X). Anyway, —aut(X) — —ent(X) disappears in a revised requirements set; of

7. Discussion

In our prioritized merging-based framework for handlingansistency, we

e construct a globally prioritized requirements collection using the merging-based approach or
the priority vector-based approach;

e derive proposals for handling inconsistency based on glwfiaritization by prioritized merging;

¢ define the relatiomore appropriate than and preference relatiog ; on the set of proposals to
help viewpoints reach a reasonable agreement on the finadgabfor handling inconsistency.

In this section, we argue that both the local prioritizatéom the global prioritization deserve consid-
eration in handling inconsistency in the Viewpoints fraroefirst. Then we compare the two merging-
based approach with the priority vector-based approachalllfi we point out that the relatiomore
appropriate thans associated with the given relation on the set of condistieinsets of globally priori-
tized requirements collection.

The disagreement in the local prioritization over shareglilements often puts inconsistency han-
dling in a dilemma. The prioritized merging-based appro@acpenerating proposals aims to derthe
most appropriatgroposals to handling inconsistenitgm the global perspectivether than from a per-
spective of a particular viewpoint. But this does not meaat giobal prioritization is more crucial than
local prioritization. We argue that both the global pridtion and the local prioritization play important
roles in resolving inconsistency. In particular, the Iggadritization of each viewpoint has a prominent
impact on identifying an acceptable common proposal.

To globally prioritize the inconsistent requirements fraifferent viewpoints, we provide two ap-
proaches to constructing a requirements collection wighgiiobal prioritization, including the merging-
based approach and the priority vector-based approach. ofllgeassumption of the merging-based
approach is that each original requirements collectiotr&iBed. The different viewpoints do not need
to adopt the same scale of local priority levels. This comf®ito the principle of heterogeneity in the
Viewpoints. On the other hand, we adopt the syntax-basedintepperators presented in [20] dur-
ing merging process. The syntax-based merging operata @impick out some formulas from original
knowledge bases. Then the merged result can be explainadycl®ut it is possible that there is no
merged result for some knowledge profiles with regard to sordering strategy. This means that we
can not get a globally prioritized requirements collectiorsome case. However, introducing model-
based merging operators also leads to a problem of how taiexatiditional formulas in the merged
result in terms of viewpoints demands. It seems to be a dil@mm

In contrast, the priority vector-based approach assunasaththe viewpoints with the same impor-
tance level should adopt the same scale of local prioritgltevSince most stakeholders consider the
three-level scale as a common scale of prioritization inuiregnents engineering [17], this assumption
of the priority vector-based approach is meaningful in nements engineering. Moreover, the simplic-
ity of computation for getting the global priority of eachgterements statement from its local priorities
makes the priority vector-based approach intuitive anégiable to requirements engineering.
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The relation ofmore appropriate thaon the set of proposals for resolving inconsistency is astat
with the given relation <, or <;) on Cons(Pg ¢ Ag). Itis a prioritized merging-based framework-
sensitive term. In this sensthe most appropriateroposatlr(S) is referred to as the proposals disengag-
ing the undominated elemeftof Cons(Pg ¢ Ag) with regard to<, or <; from inconsistency rather
than absolutely perfect proposals. In our prioritized rireyédbase framework, each proposal is essen-
tially a recommendation of abandoning some requirementsvader, it is difficult to derive other kinds
of proposal such as requirements change only based on thrépdf requirements, since inconsistency
handling is really context-sensitive as mentioned in [¥g, Lonsequently, how to generate absolutely
perfect proposals to resolving inconsistency in requireiés still a challenging issue [11].

8. Related Work

Managing inconsistency in requirements has received derale attention in requirements engineering
recently. In this section, we compare the prioritized magghased framework presented in this paper
with some of closely related research.

As a common approach to fusing a set of heterogenous infamanerging techniques have been
adopted to manage inconsistency in the Viewpoints framlew@&asterbrook et al [34] presented the
multi-valued logics-based frameworkbel for merging and reasoning about inconsistent viewpoints.
They formalized the viewpoints as state machine models. VEmmbles used in the state machine
models are boolean variables. For example, suppose thatessstin viewpoint v, is represented by
{X = T,Y = F}. Butin viewpointvs, s; is represented byX = F, Y = F}. Then in a merged
viewpoint, s; will be represented by X = TF,Y = FF}. Moreover,X = TF implies that the two
viewpoints disagree with each other agh Their framework was intended to highlight the sources of
inconsistency or disagreement and to tolerate inconsig®elfe.g.X = TF) between viewpoints during
model checking. It did not consider how to resolve theserisistencies. Barr@gs Martnez et al [35]
defined a merging operator whose aim was to get the model vaeistreflects the combined knowledge
of all the stakeholders (viewpoints) without first resotyinconsistencies and incompleteness. Although
their methodology has envisioned two kinds of possiblesieni procedures to modify the original view-
points, useful guidance on how to resolve these inconsigerby using these revision procedures is
not yet provided in [35]. These existing merging framewarked in managing inconsistent viewpoints
focused on tolerating inconsistency rather than resoliiognsistency in merged results.

In contrast, our prioritized merging-based framework tefaed to derive appropriate proposals for
resolving inconsistencies in requirements specificaflaking the priority of requirements into consider-
ation distinguishes our prioritized merging-based frawmdwrom the related works [34] [35]. We argue
that an appropriate proposal for resolving inconsistenegguirements should disengage more preferred
requirements from inconsistency by making minor concessiabandoning less preferred requirements.
Given a globally prioritized requirements collection, wdemtify the undominated consistent subsets of
the requirement collection by a prioritized merging operdthe discrimin operator [27, 28, 25] or the
leximin operator [25, 29]), and derive the proposals foohdaag inconsistency from these undominated
consistent subsets. We also show that these proposals ezl as the most appropriate to resolving
inconsistency in the sense of the ordering relation ovesistent subsets from the global perspective.
But we cannot guarantee that these proposals are the masipapge to each viewpoint involved in
inconsistencies. Thus a group decision making mechanisim asivote and negotiation for identifying
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an acceptable common proposal from these proposals isiastamsded based on the local prioritization
of viewpoints.

To construct a globally prioritized requirements speciitra from a set of locally prioritized re-
guirements collection, we provide two approaches nameaynhbrging-based approach and the priority
vector-based approach. The idea of merging-based appweasliirst discussed and presented in our
previous paper [32]. In this framework, each locally ptiaed requirements collection is considered
as a stratified knowledge base, whilstraxsatdominated construction obtained from corresponding
stratified knowledge bases was viewed as the globally gded requirements specification. Here in
this paper, we extended the idea reported in [32] and comiden extension of the merged result of
the corresponding stratified knowledge bases rather tleam#érged result itself as a globally prioritized
requirements specification. Therefore, this method carabiyecombined with the prioritized merging
in our new framework.

Another particular point about the merging-base approsithat we define the level vector function
to capture the relative importance of viewpoints. A clogelated work is on weighted knowledge base
[33], in which the relative importance of each knowledgeebiasepresented by a non-negative number.
Let w(K') be a weight of knowledge bad€. Generally, for anyk; and K;, K; is regarded as more
important thank; if w(K;) < w(kK;). Then we may define relative preference relatidpwith regard
to weighted knowledge bases as follows:

Definition 8.1. (Relative Preference RelatiorR,,)
LetE = {K},---, K,} be an ordered knowledge profile af@x, x,, - ,Qk, x,} be amulti-set. A
binary relative preference relatidd, C 2 x 2 is defined as

Rs(w,u’) if and only if > w(K;) > > w(K;),

QKiin s.t. w=<;w’ Qijxj s.t. w’-<jw
where=; is the strict partial order relation induced frdmy, x,.

If we want to use the weight-based relative preferenceioaldt,, instead of théevel vector function
based relative preference relati®) in requirements engineering, some additional problem negllt
from this replacement. First of all, how to find appropriateights assigned to viewpoints is a difficult
problem to solve. Although some developers would like to{se, 1} instead of High, Medium, Low}
in requirements development, it can not be viewed as a seeghis assigned to viewpoints. In re-
guirements engineering, each viewpoint with higher ptiesi prevail over all the viewpoints with lower
priorities. In terms of weighted knowledge bases preseintd83], the knowledge base induced by
the viewpoint with highest priority should be consideredvaster knowledge base if there is only one
viewpoint with the highest priority. Thus, the weight ased to the master knowledge base should
be greater than the combined weight of the other knowledgesbm the profile [33]. That is, given
E = (T1, T, T3), suppose thaf; = {K;} and|T3| > 1, then

w(Ky) > Z w(K)

KeE;,i>2

should be satisfied, where(K) is the weight of K. Obviously, {3,2,1} is not competent for such
cases. Thus, it is necessary to design a set of weights fa@id=ring that each viewpoint with higher
priorities prevail over all the viewpoints with lower pritles. Moreover, the designed weights may not
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be explained intuitively in many cases. For example, if wagsweight 9 to a viewpoint4 at thehigh
level and weight 1 to a viewpointz at thelow level, we do not think that the degree of importance of
va IS 9 times of that obz. Actually, we can also assign any number greater thamQ to

In contrast, the level vector function can be obtained diydicom the original priorities of view-
points. There is no need for other additional informationor&bver, it embodies that each viewpoint
with higher priorities prevails over all the viewpoints titower priorities by different locations of el-
ementl in the vectors. Consequently, it may be advisable to useethad {/ector function rather than
weights to capture the relative degree of importance of kedge bases induced by viewpoints.

The priority vector-based approach is appropriate to thexigp cases that the viewpoints at the
same level adopt the the same scale of local prioritizati@iven a requirements statement, both the
number of its supporting viewpoints and its local priostigith regard to its supporting viewpoints play
an important role in the global priority of the requiremestatement. Roughly speaking, the priority
vector-based approach is similar to the social vote tectasig31] if we consider each viewpoint as a
voter. However, most social voting rules assume that noristmore important than others. But the
priority vector-based approach takes the relative impaetaof viewpoints into account. It distinguishes
the priority vector-based approach from social choicepheach as [31].

With regard to the problem of how to identify an acceptablmowmn proposals for resolving incon-
sistency, the closely related work is an approach to idgntifacceptable common proposals presented
in [30], in which the combinatorial vote is adopted as a grdapision making mechanism to choose the
common proposal. The preference over proposals of eactpuiats was associated with the preference
over the goals of the viewpoint rather than the priority @jueements in [30]. In contrast, we argue that
both the local priority of requirements and the group decishaking mechanism used by viewpoints
have impact on the result of identifying an acceptable comproposal. For each viewpoint, its pref-
erence over proposals is associated with the local pesritf requirements involved in these proposals.
Moreover, we present a sketchy framework for negotiatiogr okerived proposals, which is considered
as a part of the prioritized merging-based framework.

9. Conclusions

Developing desirable proposals for handling inconsistancstill a challenging issue in requirements
engineering. The relative priority of requirements is ¢desed as a useful indication as how to resolve
conflicts and to make trade-off decisions. However, in itisted development of requirements specifica-
tions such as the Viewpoints framework, local prioritimatiwith regard to a particular viewpoints is the
only available prioritization in many cases. The disagreeinin local priorities of shared requirements
statements often leads inconsistency handling to a dilemma

We presented a prioritized merging-based framework fodliag inconsistency in the Viewpoints
framework in this paper. According to this framework, giveset of inconsistent viewpoints, we con-
structed a globally prioritized requirements specifiaafiom the original requirements collections with
the local prioritization firstly. We then mapped this reguments specification to a set of its consistent
subsets by using a prioritized merging operator. The pized merging operator used in the mapping
provides a relation over all the consistent subsets of tha@imements specification. Moreover, according
to this relation, each consistent subset of the requiresrsgrecification in the prioritized merging result
is optimal. Following this, we derived some proposals fandieng inconsistencies from the prioritized



38 K. Mu et al./Handling Inconsistency in Distributed Softed&equirements Specifications Based...

merging result. These proposals may be considered as theapw®priate ones to handling inconsis-
tency from the global perspective in the sense of orderitagiom used in the prioritized merging. But
we cannot guarantee that these proposals are the most apf@dp each viewpoint involved in inconsis-
tencies. For an individual viewpoint, different proposalay have different impact on the requirements
change with regard to the viewpoint. Therefore, a groupdi@eimaking mechanism such as negotia-
tion for identifying an acceptable common proposal fronséhproposals has also been discussed in this
paper. Moreover, we argue that the local priorities of regaients play a prominent role in identifying
an acceptable common proposal.

We considered two methods for constructing a globally firred requirements specification from a
set of requirements collections with the local prioritizat including the priority vector-based construc-
tion and the merging-based construction. Informally, therjty vector-based construction focuses on
how to get the global priority of each requirements statdrbgintegrating its existing local priorities in
the form of priority vector function. In contrast, mergibgsed construction considers each requirements
collection with the local prioritization as a stratified kmedge base. The requirements specification with
the global prioritization is constructed by merging thesatgied knowledge bases. By using the two
methods, we also provided two special prioritized merdiaged frameworks correspondingly.

If our prioritized merging-based approach is combined wéthniques for translating demands in
nature language to logical formulas, the integration mapvide a basis for automated inconsistency
management in requirements engineering. This will be thia eligection for our future work.
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