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Abstract which it is necessary to maintain multiple conflicting view-
points during requirements modelling.

Multiple viewpoints are often used in Requirements En-  Viewpoints have been widely used in requirements engi-
gineering to facilitate traceability to stakeholders, to struc- neering for a number of different reasons. Primarily, the
ture the requirements process, and to provide richer mod- motivation has been the observation that different stake-
elling by incorporating multiple conflicting descriptions. In  holders will have different views and perceptions of the
the latter case, the need to reason with inconsistent modelsproblem domain. However, viewpoints have also been used
introduces considerable extra complexity. This paper de- to characterize entities in a system’s environment [15], to
scribes an empirical study of the utility of multiple world characterize different classes of users [27], to distinguish
reasoning (using abduction) for domain modelling. In the between stakeholder terminologies [28], and to partition the
study we used a range of different models (ranging from cor- requirements process into loosely coupled workpieces [23].
rect to very incorrect), different fanouts, different amounts A key advantage to the use of viewpoints is that inconsis-
of data available from the domain, and different modelling tencies between viewpoints can be tolerated [8]. Toleration
primitives for representing time. In the experiments there of inconsistent viewpoints is beneficial for three different
was no significant change in the expressive power of mod-aspects of requirements engineering:
els that incorporate multiple conflicting viewpoints. Whilst . . )
this does not negate the advantages of viewpoints during 1. Stakeholder buy-in and traceability. By capturing sep-
requirements elicitation, it does suggest some limits to the ~ arately different stakeholder viewpoints during elicita-

utility of viewpoints during requirements modelling. tion, _stakeholders can identify their contributions, and
requirements can be traced back to a source.

2. Structuring the process. By permitting parallel devel-
1. Introduction opment of separate ‘workpieces’, with no hard con-
straint on consistency between them, the analysis and
specification process can be distributed amongst a

Acquiring and consolidating software requirements from
team of developers.

different stakeholders is a time-consuming and costly pro-
cess. If this process is managed poorly, the specifications 3 structuring the descriptions.  Richer requirements
have to be reworked repeatedly or the runtime system has  models can be obtained by separating out different
to be extensively modified. In viewpoint-based require- concerns, employing multiple problem structures, and
ments engineering, an emphasis is placed on capturing sep-  gelaying resolution of conflicts.

arate descriptions of the viewpoints of different stakehold-

ers, and on identifying and resolving conflicts betweenthem  However, toleration of inconsistency comes with a price.
(e.g. [7,11, 22]). In their survey of viewpoints-based ap- Reasoning about inconsistent requirements models is com-
proaches, Darke & Shanks [3] note that “If different per- putationally expensive. Most existing requirements mod-
ceptions of the same problem domain can exist, then it mayelling and verification approaches assume a consistent
not always be possible, or desirable, to develop a single in-model, and provide little or no support for managing in-
tegrated viewpoint [that] attempts to satisfy the needs of all consistencies. If inconsistency is to be tolerated during
stakeholders”. In this paper we set out to test the extent tomodelling and analysis, then multiple world reasoning is



needed. Such reasoning must be able to identify inconsis4cally, we are exploring how automated reasoning can help

tencies, sort the model into consistent wot|dand com- us to evaluate different models:

pare and evaluate inferences from the alternative worlds.

Computationally this is NP-hafd Even so, practical sys- 1. Which models provide best coverage of a set of goals?

tems can be built to do reasoning over inconsistent theo-

ries for reasonable sized problems. We have explored two

general approaches for this, namely labelled paraconsistent

logics [13] and graph-based abduction [18]. 3. Which models provide best coverage of sets of con-
So, on the one hand, it is clear that multiple viewpoints flicting goals?

play an important role in requirements elicitation. On the

other hand, it is reasonable to assume that eventually a con- ™

sistent specification will be needed as the basis for design

and implementation. At what point should we attempt to 5. \which models obtain the highest score for covering a
combine the multiple viewpoints into a single co.nS|stent set of goals when weights are added to model proper-
model? In the past we have argued that the maintenance {jeg (e.g. size, complexity, readability, etc)
of inconsistent viewpoints during requirements modelling
is important, as the inconsistencies indicate areas of un- The experimentdescribed in this paper addresses the first
certainty, where more stakeholder input is needed [9, 11].of these questions. The experimental results were surpris-
We have even argued that it is possible to leave some in-ing: for the domain studied, multiple worlds provide little
consistencies unresolved in baselined specifications, wheror no extra coverage of the goalset than a single world.
the cost of removal is greater than the risk of misinterpreta-  The framework we use in this paper for exploring multi-
tion3. However, the trade-off between these advantages ancple worlds reasoning is graph-based abduction. Informally,
the computational complexity during analysis has not beenabduction is the inference to the best explanation [24]. More
investigated. precisely, abduction makes assumptions in order to com-
In this paper, we describe an initial experiment in which plete some inference. Mutually exclusive assumptions are
we tested the utility of multiple worlds reasoning for re- managed in separate worlds [19]. That is, given a theory
guirements modelling. Broadly speaking, the requirementscontaining contradictions, abduction sorts those contradic-
process can be seen as a collection of activities including:tions into consistent portions. In this case, the theory is the
(a) eliciting goals from (multiple) stakeholders; (b) building union of the viewpoints of different stakeholders. Queries
domain models that explain and support the goals; (c) usingcan be written to assess the different worlds. Abduction al-
these models to reason about satisfaction of, and interactiotows us to examine the trade-offs between different worlds.
between, the goals; (d) validating the goals and models with  The paper is structured as follows. We first briefly ex-
stakeholders; (e) iterating all of these activities. Different plain our abductive framework, together with the graphi-
requirements engineering methods instantiate this processal notation we use, and show how this framework handles
in different ways, such that the activities are ordered in dif- conflicting viewpoints during requirements modelling. We
ferent ways, supported by different kinds of modelling for- then describe an experiment in which we mutated an ini-
malisms. Our experiments with multiple worlds reasoning tial viewpoint to obtain a range of conflicting viewpoints,
refer only to computational support for activity (c). Specif- and then measured the utility of the multiple viewpoints in
explaining our dataset. In requirements terms, this is the
we distinguish betweemiewpoints which represent individual stake-  equivalent to testing whether multiple world reasoning is
Lo o i e e | sor o o or LSETul i domain modeling i order to capture all of th de-
sistent, they can be represented in a singlé world. If a set of viewpoints sired behgwors. _The eXpe_”m_ent will Sh_O\_N tha_t’ at Iea_St In
contains inconsistencies, we could sort their contents into a minimal num- the domain studied, there is little benefit in using multiple
ber of consistent worlds, such that there need not be any direct corresponworld reasoning. We discuss the implications of this result

dence between a viewpoint and a world. Viewpoints are used to preservefqgy viewpoint-based requirements engineering, and propose
traceability to stakeholders’ contributions, while worlds are used purely to .
facilitate reasoning. some follow-up studies.
Take a set of propositional clauses, C and an algorithm A that gener-
ates the maximal consistent subsets of C. If A returns C then C is consistent ;
(and therefore satisfiable). Hence A is a solution to SAT, an NP-complete 2. Abduction approaCh
problem.
3We observed a simple example in the Shuttle Flight Software Spec-  This section offers an example of requirements engi-

ifications, where an input variable was referred to as taking vatues neering using abduction. The example is |Oose|y based on
andfalse at one point, andn and off at another. Because the program-

ming language accepts either as synonyms, and the cost of correcting thdn€ softgoal and goal-based requirements engineering ap-
specifications was large, the inconsistency was ignored. proaches [20, 21].

2. Which models provide fairest coverage of different
stakeholders’ goals?

Which models obtain the highest score in covering a
set of weighted goals?
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Figure 1. Viewpoints from two experts:
adapted from [20]. Dr. Thick’s and Dr. Thin's
ideas are shown in thick and thin lines re-
spectively. Squares denote and-nodes

explain more known behavior than its competitors. How-
ever, selecting one of these expert viewpoints in preference
to the other may not yield the best solution. It is unlikely
that, for example, Dr. Thick is totally correct and Dr. Thin
is totally wrong. It would be preferable to combine portions
of Dr. Thick and Dr. Thin’s viewpoints. Hence, we begin
Colin, our requirements engineer, has interviewed two our example by combining the viewpoints to generate fig-
software managers, Dr. Thick and Dr. Thin, to create the ure 2. This combined space will be explored, looking for
viewpoints of figure 1. These viewpoints are recorded us- portions that explain a desired set of behaviors.
ing the QCM notation [19]. Squares denard-nodes Experience suggests that if we combine everyone’s
i.e. conjunctions that follow some premise. Each variable ideas, then we should routinely expect our models to in-
has three statesip, downor steady These values model clude different, incomplete, and inconsistent viewpoints
the sign of the first derivative of these variables. There (€.9. disagreements over the relationship betvilesdbility
are two types of dependencies between them, as follows:and maintenanck In classical deductive logic, if we can
Dr. Thin’s direct connection betweefiexibility and flexi- prove a contradiction in a theory, then that theory becomes
ble work patterngdenoted with plus signs) means Dr. Thin useless since anything at all can be inferred from a contra-
would explainflexible work patterndeingup or downus- diction. Consider the case whéusability=down, perfor-
ing flexibility beingup or downrespectively. Dr. Thick's  mance=up)are inputs to Dr. Thin’'s model. We can now
inverseconnection betweefiexibility and maintainability infer two contradictory conclusionflexibility=up andflex-
(denoted with minus signs) means that Dr. Thick would ibility=down. In classical deductive logic, we would have to
explain maintainability being up or down using flexibility declare the model useless. In this case, validating the mod-
beingdownor up respectively. Note that our doctors hold els against a library of behaviors tells us nothing about the
some of the same views, but focus on different aspects ofmodels. The principle advantage of abduction for require-
the system. Note also that they disagree on the connectionments engineering is that it is tolerant of inconsistency.
betweerflexibility andmaintainability Dr. Thin holds the

standard view that future change requests are best manage@.1. Graph-based Abductive Validation
via a flexible system. Dr. Thick takes the opposite view

saying that when developers work in very flexible envi- Graph-based abductive validation [17, 19] allows us to
ronments, their bizarre alterations confuse the maintenanceperform inference on an inconsistent model, and hence
team. check the relative claims of Dr. Thick and Dr. Thin. Graph-
How can we validate Dr. Thick and Dr. Thin’s view- based abductive validation builds explanations (worlds) for
points? One method is to test them against a library of each paikinputs, goals- in the library of known or desired
known or desired behavior. Dr. Thick or Dr. Thin's ideas behaviors. The pairginputs, goals- represent specific be-
are sensible if they can reproduce that behavior. Further,haviors that we would like the model to cover, i.e. start-
one expert’s model is better than others if that model caning from the given set oinputs can thegoalsbe derived



in the model? In general, these pairs might represent use e We can find inconsistencies in the original viewpoints.

cases, observed states of the world, or high level require-
ments expressed as goals. Worlds are built by finding all
possible proofs from goals back to inputs across a directed
graph. Each maximally consistent subset of those proofs
is a world. Worlds are internally consistent. Contradictory
assumptions are stored in separate worlds. Each world is
scored via its intersection with the total number of goals we
are trying to explain. A model is then assessed by comput-
ing the largest score of its worlds. This approach was first
proposed by Feldman and Compton [10], then generalised
and optimised by Menzies [17,19]. Abductive validation
has found a large number of previously unseen errors in
scientific theories taken from international refereed publi-
cations. The errors had not previously been detected and
had escaped peer review prior to publication.

To demonstrate how graph-based abductive validation
allows us to validate a model that is based on multiple
conflicting viewpoints, consider the case where the inputs
areperformance=u@ndusability=down and the goals are
task switching=up, future growth=ugndsharing of infor-
mation=down There are five proofB across figure 2 that
can reach these goals, from those inputs:

e P.1: performance=up, task switching=up

For example, Dr. Thin and Dr. Thicks's edges can
be found in both worlds. Hence, with respect to the
our dataset, (inputgroductivity=up, usability=down)
and goals(future growth=up, sharing of informa-
tion=down, task switching=up)our doctor’s view are
inconsistent.

We can assess the overall merits of different worlds.
This can be achieved through a variety of scoring func-
tions for generated worlds. For example, we might

give world #1 a higher score than world #2 because
world #1 covers all the output goals. More sophis-

ticated scoring functions might give higher scores to

worlds that contain multiple reasons for believing each
each node and that offer explanations for the desired
goals.

Note how Colin has guided our doctors to a point of
collaboration, despite conflicting viewpoints. Rather than
focus on their obvious dispute (the effects of flexibility on
maintenance), Colin has shown our doctors how to work
together using other portions of their viewpoints.

In summary, abductive reasoning builds worlds from
the union of the viewpoints of different stakeholders.

Conflicting viewpoints generate multiple worlds and non-

e P.2: usability=down, flexibility=up, flexible work
patterns=up, task switching=up

e P3: usability=down, future

growth=up

flexibility=up,

e P.4 : usability=down, sharing of information=down

conflicting viewpoints generate one world. This framework
will be used below to assess the utility of multiple world
reasoning for resolving conflicting viewpoints. In particu-
lar, we will assess whether generating multiple worlds pro-
vides greater expressive power than a single world chosen
at random from those generated.

e P.5: performance=up, flexibility=down, flexible work 2 2 Advantages of this approach

patterns=down, sharing of information=down

Note that these proofs contain contradictory assump-

This abductive approach has a number of advantages.

tions; e.g. flexibility=up in P.2 and flexibility=down in

Firstly, unlike existing viewpoints frameworks, it is not nec-

essary for users to enter their requirements into explicitly la-
beled separate viewpoints, which are then assumed to be in-
ternally consistent. Recalling the above example, abduction
can handle inconsistencies within the viewpoint of a single
expert. Further, this approach can check if the explicitly
labeled viewpoints really are in conflict: if they don’t gen-
erate different worlds when they are combined, then they
jare not in conflict.

Secondly, this approach can find composite consistent
models that use portions of each expert's knowledge to
solve some task (see world #1, above).

Thirdly, graph-based abductive validation is not the
Justification-based Truth Maintenance System (JTMS) style
[5] approach used in other conflict recognition and manage-
¢ We can explain all the behaviors in our dataset by com- ment systems (e.qg. [26]). A JTMS searches for a single set

bining portions of the viewpoints of Dr. Thick and Dr.  of beliefs. Hence, by definition, a JTMS can only repre-

Thin. (see world #1). sent a single viewpoint at any one time. Our approach is

P.5. When we sort these proofs into maximal subsets
that contain no contradictory assumptions, we arrive at the
worlds shown in figure 3. Note that world #1 covers all our
output goals while world #2 only covers two-thirds of our
outputs.

The use of viewpoints in requirements engineering is
geared towards gaining stakeholder buy-in and facilitating
discussion as much as it is about selecting the best mode
Hence, this abductive approach does not offer automatic
support for resolving conflicts between different experts.
However, it does support the automatic generation of re-
ports describing the relative merits of the ideas of Dr. Thick
and Dr. Thin as follows:



World 1: assume flexibility=up World 2: assume flexibility=down
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Figure 3. Worlds from figure 2. Ellipses denote the key assumptions that define a world. World

#1 contains the proofs that do not contradict flexibility=up; i.e. P.1, P.2, P.3, p.4 . World #2
contains the proofs that do not contradict flexibility=down i.e. P.1, P.4, P.5 . Dashed lines denote
inferences that should be supported by the original model, but which are contradicted by the current

set of inputs and goals.

more like the Assumption-based Truth Maintenance Sys-traceability back to an authority for each piece of informa-
tems (ATMS) [4] than a JTMS. An ATMS maintains all tion [12]. For the latter, viewpoints can be used to model
consistent belief sets. We believe that an ATMS approachand analyze conflicting information. In this paper, we are
is better suited to conflict management in requirements en-concerned primarily with the modelling and analysis is-
gineering, since the different belief sets (viewpoints) are sues, and in particular the need for multiple world reason-
available for reflection. ing. Viewpoints offer a number of other benefits for require-

Fourthly, one striking feature of other systems that sup- ments modelling, including the use of multiple representa-
port multiple-worlds (e.g. CAKE [26], TELOS [25]) is their  tion schemes, multiple problem structures, and the ability to
implementation complexity. Rich and Feldman especially partition the modelling process itself. However, if there is
comment on the complexity of their heterogenous architec-no inconsistency, then these benefits are essentially presen-
ture [26]. We have found that it is easier to build efficient tation issues: the same benefits could be achieved by taking
implementations [17, 18] using the above graph-based ap{rojections and translations of a single, consistent model.
proach than using purely logical approaches. These toolsThat is not to say that such issues are trivial, but rather that
do not suffer from the restrictions of other tools. For ex- it is the handling of inconsistency that makes viewpoints
ample, while Easterbrook’s SYNOPTIC tool only permits truly interesting for requirements modelling.
comparisons of two viewpoints [6], our approach can com-
pareN viewpoints.

Lastly, the approach is simple enough that we can per-

Our experiments are concerned with the use of view-
points for requirements modelling and analysis. We would

form experiments on the utility of multiple world reasoning expect that if conflict and uncertainty in requirements is

under different circumstances. The remainder of this papersv%nlelosnuprlfzcci’ dounr?n W(rjnu;geflll?r? tg?\; Zﬁgllp;?s Vlreewgtr)(ljrlgzs
describes such an experiment. 9 9 ysIs, reg

of whether they were used to structure the elicitation. As
) . . . we have seen, our abductive framework provides a tool for
3. Looking for Multiple Viewpoints identifying consistent worlds (i.e. viewpoints) in a model
that contains inconsistencies, and indeed, multiple world
In exploring the utility of multiple viewpoints, we have reasoning is regarded as normal in abduction. Kakas et.al.
found it useful to distinguish between use of multiple view- [14] remark that a distinguishing feature of abduction is the
points during elicitation and their use during modelling and generation of multiple explanations (worlds). Researchers
analysis. For the former, viewpoints can be used to rep-into qualitative models often comment on the indeterminacy
resent different stakeholder’s contributions, and to provide of such models (the generation of too many worlds). Clancy



and Kuipers suggest that qualitative indeterminacy is the
major restriction to the widespread adoption of qualitative
reasoners [2].

Curiously, and contrary to the experience of Clancy,
Kuipers, Kakas, et.al, graph-based abductive validation ex-
hibits very little indeterminacy [16]. That is, when we
checked for multiple worlds, we could not find them. This
was such a surprising observation that we proceeded to con-
duct the following experiment. The aim of the experiment
was to try and force graph-based abductive validation to
generate numerous worlds. The experiment took an exist-
ing domain model, and mutated it to obtain a large number
of alternative models, each of which was different from the
original model.

Firstly, as an example domain model, some quantitative
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equations of a fisheries system were taken from Bossel [1]
(pages 135-141) and converted into a QCM-style model, as
shown in figure 4. Note the two variableBange in boat-
Numbersandchange in fishPopulatioriThese change vari-
ables explicitly model the time rate of change of variables.
The simulation data from the quantitative equations offered

state assignments at every year. To handle such tempora'rlal (correct) fisheries model; atutations=1ave are pro-

simulations, the qualitative model was copied, once for ev- cessing a very ||jcorrect f|sh(_er|es model:r_attat|_ons:2..16

ery time tick in the simulation. That is, variables liksh- we are processing progressively worse fisheries models.
Catchwere copied to becon‘rthatch@lfishCatch@z A third mutator changed the amount of validation data
etc. Variables at timéwere connected to variables at time available to our graph-based abduction. The complete set

i+1 using atemporal linking policy(discussed below). of Bossel equations provide values for all variables at all

Once we had a QCM model, we used graph-based a time points. The third mutator threw away some of that data

ductive validation to try and reproduce data sets generateqIO produce data sets with 0,10,..,90 percent of the variables

- - . . unmeasured (denoted Bpercent unmeasured).
from the original quantitative equations. In our modelling A fourth mutator chanaed how the variables were con-
exercise, this was essentially a validation step: does our 9

model capture all the behaviors described in the original nected across t|me._ The XNODE temporal I|nk_|ng policy
equations? connects all the explictedly-marked temporal variables from

Then. t lore th ltinle vi ints i built timei to timei+1; e.g. change in boatNumbers=up@a
eln, 2?“) (t)re N mltJ |F1>090V(|)%V(\;p0|rf\ s_llc?sue,twe ul change in boatNumbers=up@ote that there are only
severaimutatorsto generate ,OU0S of diterent expert- 4, explicit temporal variables in fisheries. It was thought
mental treatments. The generated treatments contained (i

¢ diff t model ing f tt hat, since the number of connections were so few, this
a range of ditrerent mode s_(rangmg rom correct 1o Very ., q artificially restrict world generation. Hence, another
incorrect); (ii) models with different fanouts, (iii) different

ts of dat lable f the d - () diff ¢ time linking policy was defined which made many cross-
amounts o7 dala avariavle from the domain, (i) differen time links. The IEDGE temporal linking policy took all
temporal linking policies.

i _ edges fronAto B in the fisheries model and connecte@i

One _n_]utator added edges to the fisheries model.;, B@i+1. XNODE and IEDGE are compared in the fol-
The ogglnal _model has 12 nodes and 17 edges|gying example. Consider a model with two variables, A
(fanout=17/12=1.4). This mutator added 0, 5, 10, 15, 20, 5nq B, with a direct connection from A to B, and an inverse
25 or 30 new edges at random (checking all the time that . nnection from B to A. Figure 5 shows how the XNODE
the added edges did not exist already in the model). Thatis,;nq IEDGE linking policies expand this model over three
the model fanout was mutated from 1.4 to (17+30/12=3.9). {ime steps.

A second mutator corrupted the edges on the original

fisheries model. This mutator seletdinks at randomin  gossel equations were used to generate 105 pairs of inputs
the fisheries model and flipped the annotatien (to and  4ng outputs. For statistical validity, the following procedure

visa versa). There are 17 edges in the fisheries model. Notgy5¢ repeated 20 times for each of IEDGE and XNODE:
that as the number of edges mutated increases from 0to 17,

the mutated model becomes less and less like the original e 0 to 17 edges were corrupted, once for each value of
model. That is: amutations=0we are processing the orig- U (0,10,..,90). This led to 7200 models (20*2*10*18)

Figure 4. The fisheries model.
from [1] (ppl35-141).

Adapted

The above mutators were combined as follows. The
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Figure 5. Direct(A,B)and inverse(B,Ayenamed
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linking policies. Dashed lines indicate time
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executed over the 105 input-output pairs (7200*105=
756,000 runs).

e 0, 5, 10, 15, 20, 25 or 30 edges were added, once for

each value oW leading to 20*2*10=400 models being
executed 105 times (42,000 runs)

The results are shown in figure 6.
Note the low number of worlds generated. Our read-
ing of the literature (e.g. [2, 14]) led us the expect far more

In other words, the generation of multiple worlds is ex-
tremely sensitive to the choice of modelling constructs, and
some constructs will not generate multiple worlds. Our ini-
tial reaction was that if XNODE does not generate multiple
worlds, then it is less expressive as a modelling language,
and would be poorer at capturing all the behaviors in the
original data. However, our next experiment contradicted
this interpretation.

For the next experiment, we explored whether models
that generated multiple worlds were more expressive. We
modified the graph-based abductive validation procedure,
so that instead of returning the world(s) that explained the
most number of outputs, we returned any single world, cho-
sen at random. The results of that one-world abduction
run were compared to the results gained from full multiple-
world abduction. For this experiment, we used the same test
rig as was used in the edge corruption experiment described
above; i.e. another 756,000 runs. A sample of those results
are shown in figure 7.

In these graphs, the percentage of behaviors found in
the worlds is shown on the y-axis (labellpdrcent expli-
cable. For multiple-world abduction, the maximum per-
centage is shown; i.e. this is the most explanations that the
model can support. For one-world abduction, the percent
of the one-world (chosen at random) is shown. Note that,
at most, many-world reasoning was ten percent better than
one-world reasoning (in the IEDGE graph for U=40 and 10
edges corrupted). The average improvement of many-world
reasoning over one-world reasoning was 5.6 percent. That
is, in millions of runs over thousands of models, there was
very little difference seen in the worlds generated using one-
world and multiple-world abduction.

worlds than those observed here (maximum=5) Also, note ) .
the humpshape in all the results graphs. As we decrease4. Discussion
the amount of data available, there is less information avail-
able to constrain indeterminacy. Hence, initially, less data  There are a number of conclusions we can draw from the
means more worlds. However, after some point (aroundexperiments we have described. Multiple worlds reason-
50 percent unmeasured), another effect dominates and théng is only useful if (i) the worlds are truly different and
number of worlds decreases. We conjecture that relevantii) there is some value in incorporating multiple worlds
envisionments are the cause of the low number of worlds.in a requirements model. We have explored these two is-
World-generation is a function of the number of conflicting sues using our abductive framework. Abduction can check
assumptions made by the reasoner. As the percentage of urif some explicitly named viewpoints are truly different: if
measured variables increases, the size of the input and outthey don't generate different worlds when they are com-
put sets decreases. In total envisionments, this has no effedbined, then they are not truly different. Also, by comparing
on the number of assumptions made since total envision-one-world abductive validation to multiple-world abductive
ments offers assumptions for all variables. However, attain-validation, we can assess the merit of maintaining multiple
able envisionments make fewer assumptions while relevantviewpoints. Experimentally, we have shown here that for a
envisionments make even less. Hence, for low-assumptionrange of problems (different models ranging from correct to
envisionment policies (e.g. relevant envisionments), world- very incorrect, different fanouts, different amounts of data
generation is reduced when the amount of data from the do-available from the domain, different temporal linking poli-
main is reduced. cies) multiple world reasoning can only generate marginally
In summary, only certain interpretations of time (e.g. better results than one-world reasoning (ten percent or less).
IEDGE) generate the multiple viewpoints that we expected. Hence, in the domain explored by these experiments, there
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Figure 6. IEDGE (solid lines), XNODE (dashed lines),
is little or no value in multiple world reasoning. which multiple world reasoning is feasible, it might not be

Before exploring the impact of this finding on require- useful.
ments engineering, we need to consider the limitations of  Thirdly, our experiment assumed that it is possible and
our experiment. The questions we need to address arexppropriate to assess theorth of a viewpoint along the
whether the model we chose is representative of typical re-lines ofwhat percent of known or desired behavior is found
quirements models, whether the results scale, and whethejh that viewpoint? This seems perfectly reasonable for re-
there are important aspects to our model that we have ig-quirements modelling, both for modelling an existing sys-
nored. tem and for modelling the desired behaviors of a new sys-

At first sight, our qualitative modelling language, QCM, tem. A problem here is that in requirements modelling,
may not seem appropriate in requirements engineeringjal’ge datasets describing the desired behaviors may not be
However, our abductive approach merely performs abduc-availablea priori. In this case, the aim of requirements
tive reasoning over a graph. Hence, we would expect themodelling is to generate the data from a model, and have
results to hold for any model that can be represented adhe stakeholders validate the generated data. In this case

a graph of similar shape to those generated in our experi-our results still apply: we would not expect a multiple view-
ments. points model to generate many more behaviors than a single

Secondly, our analysis is based on mutations of a Sin_yiewpoint model. A related problem is that our approach

gle small modelfisheries Perhaps an analysis of larger, ignores other measures of worth of av_lewpomt. For exam-
more intricate models, would offer different conclusions? ple_, an alterr_1at|ve measure of worth might _be the degree to
While we acknowledge this possibility, we note fisheries which including the viewpoint secures buy-in from a stake-
was just the initial model that seeded our mutators. Thou- holder. Our experiment does not consider such glternatlves.
sands of variants on fisheries were constructed, many ofWe pla_n to conduct a number of furthe_r experlments,_to
which were more complicated than fisheries (recall the first deter.mlne whether the feS“'F holds for different gvalu_atlon
mutator added edges into the model). As to larger theori(_}Sfunctlons_, to cover the five different cases described in the
we showed above that multiple viewpoint reasoning is NP- introduction.

hard; i.e. this type of reasoning is will not be possible for  Fourthly, our scoring system for the worth of each view-
very large models. Our approach shares this size restricpoint assumes there is a uniform distribution of gogli-

tion with all other techniques for reasoning over inconsis- ties That is, it measures worth by the number of behaviors
tent models. In other words, for the range of models over explained, and ignores the fact that some behaviors may be
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Figure 7. Multiple-world abduction (solid line) vs one-world abduction (dashed line).

more important than others. This is an incorrect assumptioncal application, the few additional behaviors covered in the

in most requirements processes. The differences in utilitiesmodel might include those saving thousands of lives.

of stakeholders’ goals may be crucial when differences be- In other domains, the utility of multiple viewpoint rea-

tween their viewpoints are considered. We plan to conductsoning will depend on the type of model built. Multiple-

further experiments to test whether our results hold if the world reasoners are hard to build and understand. Our ex-

utilities on goals are varied. periments indicate that there are some domains, or some
So, within these limitations, our experiments appear to parts of the requirements process where single world rea-

show that during requirements modelling, multiple view- soning is sufficient.

point reasoning does not offer much advantage over single Further experimentation is needed to confirm our find-

viewpoint reasoning. This does not mean that viewpoints- ings, and to explore the limitations we have described

based requirements engineering should be abandoned. Thabove. For those domains in which the results hold we may

experiments do not question the utility of viewpoints during wish to modify how viewpoints are applied. For example, if

elicitation. There are obvious benefits for capturing, sepa- viewpoints are used for elicitation, our experiments would

rating and tracing the inputs of different stakeholders. This indicate that it is possible to combine the viewpoints into a

benefit almost certainly varies by domain, and there may besingle (consistent) requirements model earlier than we pre-

domains for which stakeholders have very little impact on viously thought. We would expect that such a model may

software requiremerfts Nevertheless, we expect that for become inconsistent as it evolves. However, where incon-

most types of system, viewpoints offer a practical way of sistencies do arise, we would not expect them to result in

facilitating elicitation from multiple stakeholders. significantly different worlds, or if they do, those worlds
In addition, there may well be domains where truly dif- might not cover many additional behaviors.

ferent viewpoints (of significantly different value) can be

generated during requirements modelling. Also, note that5_ Acknowledgements

in the second experiment, multiple world reasoning did im-

prove the coverage of the desired behaviors by a few per- , , .

cent. In some domains, these few extra percent may be of & would like to thank lain Phillips and Francesca

vital importance to the application. For example, in a medi- Toni of Imperial College for their helpful comments. This
work was partially supported by NASA through cooperative
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