Using Multi-criteria Analysis to Handle Conflicts During Composition
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Abstract. When two or more aspectual concerns with
negative contributions are composed in a match point,
conflicting situations might be triggered. This paper
investigates the possibility of using Multiple Criteria
Decision Making (MCDM) methods to support conflict
resolution in the context of the AORE approach [2, 3].
We have chosen Analytic Hierarchy Process (AHP)
created by Thomas Saaty [9] because: it is a well-known
and accepted method; it is able to use information about
our problem; it has the ability to quantify subjective
Jjudgments; it is capable of comparing alternatives in
relation to established criteria; and it provides means to
guarantee the consistency of the judgments. The final
solution relies on the obtained concern rankings, which
can be used to handle unresolved conflicts that might
occur in a match point.

1. Introduction

This paper builds on previous work on Aspect-Oriented
Requirements Engineering (AORE) [2, 3] and addresses
the well-known conflict management problem, also iden-
tified in other approaches (e.g., [6, 8]). Barbacci et al. [2]
propose three main activities to support AORE: identify
concerns, specify concerns and compose concerns. This
paper concentrates on the composition activity, where
conflicting situations may emerge in a given match
point. A match point identifies specific locations in the
base concerns where other concerns’ behaviour (cross-
cutting or non-crosscutting) should be satisfied [3]. In
this context, a conflict occurs any time two or more
concerns that contribute negatively to each other, and
have the same priority, need to be composed in the same
match point. For example, consider the case where secu-
rity and response time are applied in the same match
point. It is well-known that these two concerns contrib-
ute negatively to each other, meaning that the developer
may not be able to satisfy both with the same degree of
satisfaction.

A solution to handling conflicts at the AORE level
does not exist yet. The contribution of this paper is,
therefore, to propose the use of AHP to support conflict
management. There are several reasons why multi-
criteria techniques are well suited to handle the kind of
problems in hand. In particular, they help guarantee the

logical consistency of many human-based judgments, as
well as synthesizing the wide-range of data in a single
solution. AHP offers the possibility to find, given a set
of alternatives and a set of decision criteria, the best
alternative.

This paper is organized as follows: Section 2 intro-
duces an AORE model. Section 3 gives an overview of
AHP approach. Section 4 shows the application of the
AHP, in the context of the AORE approach, to a case
study. Section 5 discusses related work. Finally, Section
6 summarizes our work and lists some open issues.

2. The AORE Model

The  Aspect-Oriented  Requirements  Engineering
(AORE) model [2, 3] defines three primary tasks, each
one divided in several subtasks (see Fig. 1).
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Fig. 1. The AORE model
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The task, identify concerns, aims at identifying the
concerns of a system, where a concern refers to a matter
of interest which addresses a certain problem that is of
interest to one or more stakeholders. Such a concern can
be defined as a set of coherent requirements, defining a
property that the future system must provide. This can be
accomplished by analyzing the initial requirements,
transcripts of stakeholders’ interviews, etc. Good sources
to guide concern identification are the existing cata-
logues, such as [1, 4].

The task, specify concerns, is composed of several
subtasks whose main goal is to collect several types of
information about a concern, store that information in a
template and to build concern visual models (e.g., UML



use case, interaction and class diagrams [11]). Stake-
holders are a good source for (NFR) concern identifica-
tion. Techniques such as the QAW method [7] can be
used to elicit and specify such concern requirements.

Finally, the task compose concerns, offers the possi-
bility to compose a set of concerns, incrementally, until
the whole system is obtained. Each composition takes
place in a match point in the form of a composition rule.
A match point tells us which concerns (crosscutting or
non-crosscutting) should be composed together. A com-
position rule shows how a set of concerns can be weaved
together by means of some pre-defined operators. In
order to accomplish this, we need to identify crosscutting
concerns (those that are required by more than one other
concern). At this point conflicting situations can be de-
tected — whenever concerns that contribute negatively
between them, have the same priority and need to be
composed in the same match point. The AORE approach
proposes a simple process to handle conflicts: intuitively
allocate different priorities to conflicting concerns (for
more information, see [2, 3]).

3. The AHP Method

AHP is a decision analysis method that ranks alternatives
based on a number of criteria. This method provides a
mathematically rigorous process for prioritization and
decision-making. By reducing complex decisions to a
series of pairwise comparisons and then synthesizing the
results, decision-makers arrive at the best decision based
on a clear rationale.

The AHP method can be described in 5 steps: prob-
lem definition, graphical representation of the problem,
establishment of priorities, synthesis and consistency.

Step 1: Problem definition. In this step we define the
problem goal (objective).

Step 2: Graphical representation of the problem. This
step is divided into three sub-steps: state the objective
(according to goal encountered in step 1), define the
criteria and choose the alternatives. Fig. 2 illustrates an
example of a hierarchical tree.
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| Criterion; | | Criterion, |

Level 1: Overall goal

| Criterion; | Level 2: Criteria

Level 3: Decision

Alternative | | .
| Alternatives

| Alternative; |

Fig. 2. AHP hierarchical tree

Step 3: Establish priorities. Pairwise comparisons are
used to estimate the ratio of relative importance of two
alternatives in terms of the criteria. To accomplish this,
Saaty uses the scale [1..9] to rate the relative importance
of one criterion over another, and constructs a matrix of
the pairwise comparison ratings. If a criterion is less

important than the other, then the inverse preference is
rated in the scale 1, 1/2, 1/3, ..., 1/9. The reason for this
scale is based in psychological theories and experiments
that points to a use of 9 unit scales as reasonable set that
allows humans to perform discrimination between pref-
erences for two items.

Step 4. Synthesis. In this step we calculate the priority
of each alternative solution and criteria being compared.
Several mathematical procedures can be used for synthe-
tization, for example eigenvalues and eigenvectors [9].
However, a simple averaging solution respects better the
symmetry of the problem and is much simpler to apply.

Step 5. Consistency. The quality of the decisions is
guaranteed through a measure of consistency of pairwise
comparison judgments by computing a consistency ratio
(CR):

e
" RCI

where CI represents the consistency index and RCI
gives the random consistency index. RCI is an average
random index derived from a sample of size 500 of ran-
domly generated reciprocal matrices [10, pp. 59] and
depends on the number of elements being compared (see
Table 1).

Cl is calculated using:

Cl = (Ao —m)[(n=1)

where 7 is the number of items or alternatives being

compared and A,y is calculated using:

AW gy
w

where A represents the pairwise comparison matrix, W
the priority vector of alternatives with respect to a cer-
tain criteria and CV the consistency vector. The resulting
vector of 4-W is also known as the weighted sum vector.
Amax 1S obtained from the average of the sum of the val-
ues in vector CV.

CR is designed in such a way that values of the ratio
exceeding 10% are indicative of inconsistent judgement;
in such cases, the decision maker would probably want
to revise the original values in the pairwise comparison
matrix [12].

Table 1. RCI values per number of compared items

N 1|2 3 4 5 6 7 8 9

RCI 0] 0 ]058 |09 [ 1.12] 124 | 132 ] 141 | 145

4. Applying AHP to the AORE Model

This section uses a running example to illustrate the
application of the AHP method to the AORE model [2,
3]. The example we have chosen was inspired on the
Washington subway system.




4.1 The Case Study

To use subway each client must posses a card in which
was credited a certain amount of money. Each card can
be bought and credited at selling machines that are avail-
able at subway stations. To start a journey, passenger
should use his card on an entrance machine. This ma-
chine validates his card and allows passengers having a
valid title to initiate a trip. In a similar way, when a pas-
senger ends his journey, he inserts the card in an exit
machine. At this moment the price to pay is calculated
and debited from card. The price will depend on the
distance travelled. If the card does not have enough
credit to pay the trip, then s/he must credit a certain
amount at any of the available machines on the subway.
The client can request for a refund of the money in
his/her card, by using a selling machine.
As a result of the AORE application on this case
study, the following concerns were identified:
- Non-functional concerns: Accuracy, Compati-
bility, Response Time, Availability, Integrity,
Multi-Access and Fault tolerance.

- Functional concerns: Enter Subway, Validate
Card, Buy Card, Exist Subway, Refund Card,
Credit Card and Calculate Statistics.

To illustrate the use of the AHP process, we will fo-
cus on a single match point, the Enter subway. A tem-
plate for Enter Subway specification is show in Table 2.

Table 2. Enter subway template

Name Enter Subway
Sources Stakeholders, set of initial require-
ments, knowledge of the system
Stakeholders Passenger, System owner, Developer
Description Is responsible for handling the initial
part of a trip
Decomposition <none>
Classification Functional
List of Responsibilities
Responsibilities (1) Register an entrance
(2) Return the card to the client

List of Contributions
<none>
List of Priorities

Passenger: Very Important

System owner: Very Important

Developer: Very Important
List of Required Concerns
Required (1) Response Time
Concerns (2) Accuracy
(3) Integrity
(4) Availability
(5) Validate Card
(6) Multi-access
(7) Fault Tolerance

Stakeholder
Priorities

The contributions (positive and negative) between the
required concerns, with respect to Enter Subway, are
depicted in Fig. 3.

Fig. 3. Contributions between (non-functional) concerns

4.2 Applying the AHP Method

As described in Section 3, the AHP method is composed
of five main steps. The result is a list of concerns, or-
dered by degree of importance in a match point.

Step 1: Problem definition
The goal is to rank the concerns required in the match
point Enter Subway.

Step 2: Graphical representation of the problem

The alternatives represent different available options for
the decision maker. Assuming 4 is a set of alternatives of
a problem, our list is composed of all required concerns
in the Enter Subway match point:

A = {Accuracy, Response time, Availability, Integrity, Multi-

Access, Validate Card, Fault Tolerance}.

The criteria, also referred to as decision criteria, rep-
resent the different dimensions from which the alterna-
tives can be analysed. For our problem, the criteria are a
subset of the fields in the template (Classification, Con-
tribution and Priority) and the Type criterion that states
whether a concern is crosscutting. So, C is the set of
criteria:

C = {Type, Classification, Contribution, Priority}.

By dividing the Priority criterion into sub-criteria it is
possible to use stakeholder judgments as part of the
decision problem. The main reason for the division is
that the relation between concerns and priority is de-
pendent of the judgement of each stakeholder regarding
the variables that are influent in her/his perspective of
the system. Therefore, consider S;...S, to be the list of n
stakeholders identified in the problem. The final set
criteria, C, is:

C = {Type, Classification, Contribution, Prioritys;, Prioritys,,

... Prioritysp}.

The chosen criteria are then used by the AHP method
to rank the list of concerns in a given match point (see
compose concerns task in AORE model). This ranking is
therefore used as a means for solving conflicts and can
also be used as a guide to define the composition rule.



With the identified objective, criteria and alternatives
we can now build the hierarchical tree for our match

point (see Fig. 4).
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Fig. 4. Graphical representation of the enter subway
match point.

Step 3: Establish priorities

AHP uses a pairwise comparison matrix to determine the
ratings of judgements. During this process comparisons
are performed to establish priority measures. Each alter-
native priority measure is obtained by comparing two
alternatives in relation to a certain criteria. The compari-
son of two alternatives is quantified by using a [1..9]
scale. For example, in Table 3, the pairwise comparison
matrix for priority is divided into the three criteria Sys-
tem Owner, Passenger and Developer, where, in this
example, System Owner is three times more important
than Passenger and Developer is two times more impor-
tant than Passenger.

Table 3. Pairwise comparison matrix for stakeholders in
terms of priority criteria

Priority Passenger System Owner | Developer
Passenger 1 1/3 1/2
System Owner 3 1 2
Developer 2 1/2 1

The final task of this step is the creation of pairwise
comparison matrixes that will represent decision maker
estimated priorities for each alternative. In this problem
there are seven alternatives to be evaluated with respect
to each criterion. Based on a criterion, the decision
maker repeatedly compares one alternative decision to
another until all possible pairwise comparisons matrix
are completed. An example for all alternatives based on
Developer Priority criterion is show in Table 4.

Table 4. Pairwise comparison of alternatives based on
criterion Developer Priority for last level in hierarchal
tree

For each matrix the number of required comparisons
is n*(n-1)/2 (where n is the number of alternatives). For
our example, 2" level computation (see Fig. 4), the re-
sulting number of comparisons is 21 per matrix, in a
total of 84 comparisons required for all four criterions
(2™ level in Fig. 4). Also note that 3™ level computation
adds more 63 comparisons.

Given the high total number of required comparisons,
one might think that this process is excessively time
consuming and, therefore, almost useless for large prob-
lems. Nevertheless, there are ways to avoid deriving
priorities for alternatives by means of pairwise compari-
sons, for example by deriving relative weights from
difference comparisons. This would reduce the number
of comparisons to n-1; however, if an error is introduced
in this process, a strong negative impact will be felt in
the final result [10, pp. 86]. Fortunately, there are auto-
matic tools, such as Expert Choice, Rank Master and
Descriptor, to support the AHP process, facilitating its
use and speeding up the calculation process.

Step 4: Synthesis

After creating all pairwise comparisons it is now possi-
ble to calculate the priority of each alternative in terms
of each criterion. As described before, there are several
ways of obtaining the synthesized priorities. In our case,
we will use simple averaging. In this step we determine
priority vectors with relative priorities for each alterna-
tive with respect to a certain criterion. First we must
calculate the normalized pairwise comparison matrix by
dividing each element of the comparison matrix by the
sum of each column. Then we find the estimate relative
priorities by calculating the average of each row of the
normalized matrix. At the end of this step we have the
priority matrix, where each column is a priority vector.
Table 5 shows all priority vectors for each alternative in
terms of each criterion'.

Table 5. Priority matrix (each column is a priority vector
for a criterion)

Q

> =

o = s

Priority § Z = > |l 2 8
(Developer) S| &al| = ERER IR 2
B3I BE|E| 2 |58|5%| 5

< |®E| < | F <|>8| 8

Accuracy 1 2 1 1 1 1 1
Response time | 1/2 1 1/2 1/2 1/2 1/2 1
Availability 1 2 1 1 1 1 1
Integrity 1 2 1 1 1 1 2
Multi-access 1 2 1 1 1 1 2
Validate card 1 2 1 1 1 1 2
Fault tolerance 1 1 1 1/2 1/2 1/2 1

Criteria T Classifica- Contri- Priorit
Alternatives ype tion bution nonty
Accuracy 0.143 0.067 0.071 0.134
Response Time 0.143 0.067 0.058 0.157
Availability 0.143 0.067 0.097 0.134
Integrity 0.143 0.067 0.149 0.138
Multi-access 0.143 0.067 0.168 0.182
Validate Card 0.143 0.600 0.288 0.139
Fault Tolerance 0.143 0.067 0.168 0.116

To be able to calculate the final ranking, we need to
determine the criteria priority vector that will be multi-
plied by the priority matrix (Table 5). The criteria prior-
ity vector (Table 7) is obtained by normalizing the pair-
wise comparison matrix in Table 6 and calculating the
row average.

! Due to lack of space, we only give a simple explanation of
the calculations needed to obtain these values.



Table 6. Pairwise comparison matrix for the criteria in
respect to goal

GOAL Type | Classification | Contribution | Priority
Type 1 1 1/5 1/7
Classification 1 1 1/5 1/7
Contribution 5 5 1 1
Priority 7 7 1 1

Table 7. Criteria priority vector (2" level)

Type 0,072
Classification 0,072
Contribution 0,392
Priority 0,464

The results in Table 7 show that according to the
preferences established on Table 5, the most important
criteria are Priority and Contribution. The remaining
criteria are relatively less important in terms of the over-
all goal (which is to handle conflicts in the match point
Enter Subway).

The computation to determine the final ranking can be
performed by multiplying the priority matrix by the
criteria priority vector. The final ranking is illustrated in
Table 8.

Table 8. Final ranking for the Enter Subway match point

Alternative Overall Priority Rank
Validate Card 0.231 1
Multi-access 0.166 2
Integrity 0.137 3
Fault tolerance 0.135 4
Availability 0.115 5
Response Time 0.111 6
Accuracy 0.105 7

Therefore, for our Enter Subway match point (where
negative contributions were found between several con-
cerns, as shown in Fig. 3) we were able to rank all the
potential conflicting concerns with different priorities.
However, if this was not the case, a solution could be
achieved either by changing the criteria or the stake-
holder weights. In any of these cases, the process should
be reapplied from Step 3.

This ranking can be used to support the architects and
designers’ solution choices and decisions. For example,
this means that in the Enter SubWay match point the
architecture design choice will be determined by the
concerns ranked higher (at the top of Table 8) given less
importance to those ranked lower down. This means that
the importance of each concern in determining the type
of architecture is proportionally greater the higher its
rank in the table. This may mean, at the limit, that it may
not be possible to satisfy some of the lower-ranked con-
cerns at all.

Step 5: Consistency

AHP provides means to evaluate the consistency of the
judgements that the decision maker demonstrated during
the pairwise comparisons. This reduces any possible

error that might have been introduced during the judge-
ment process. This value is calculated automatically for
all the pairwise comparison matrices?. In our case, the
consistency rate obtained for the example in Table 4 was
0.01. This is a good indication that consistent judgments
were made on pairwise comparisons.

4.3 Discussion of the Results

Based on the results obtained by applying the AHP
method, it is possible to use rankings to solve conflicting
situations that might occur in a match point. Based on
the obtained rankings, decisions can be taken to handle
unresolved conflicts (see discussion in Step 4).

The situations that can influence negatively the results
of the application of the AHP method fall into two do-
mains: problem and multi-criteria. From the problem
domain, we should be able to guarantee that the ques-
tions below are answered during the initial activities of
the AORE model:

- Have all the concerns been identified?

- Were all the stakeholders considered?

- How correct is the stakeholder knowledge about
the problem?

- At what level of decomposition should AHP be
applied?
In what concerns the MCDM domain, we should re-
member that:
- there may never be a single MCDM method that
can ensure that the derived ranking of the alter-
natives is the correct one, and

- human judgements are not error free, even if the
consistency level is below 10%, judgements are
always subjective. Consistency only tells that
the judgements are valid in a logical perspec-
tive. However, the reasoning used to achieve
those values is subjective and may not reflect
the best alternatives.

As the reader can appreciate, the application of the
method can be time consuming and certainly error prone,
mainly if all the calculations are done by hand. This
technique has been proved useful in all the case studies
we have solved so far. However, automatic tools should
be used to reduce the overhead introduced in the AORE
model. To facilitate the application of the AHP method,
we have programmed it in Excel.

At the time this paper is being written, we are experi-
menting the Expert Choice tool as a means to computer-
ize our final concern ranking. The comparison has not
been done in detail, since Expert Choice uses a combina-
tion of techniques to obtain the final raking. However,
we could already confirm that the final rakings do not

2 All the matrices calculated during the application of the AHP
method have been automatically handled in Excel.



present a significant variation from those obtained using
AHP.

5. Related Work

The need to deal with conflicting situations has become
a critical area in aspect-oriented requirements engineer-
ing. Several authors have detected the need to handle
conflict resolution in requirements engineering (for ex-
ample [6, 8]) and the topic appears regularly in the Early
Aspects workshop series. However, the existing work
does not offer means for systematic conflict detection or
trade-off analysis, yet. For example, [4] proposes a rea-
soning schema to detect and solve conflicting situations
between non-functional concerns. However, this process
does not support means for a rigorous consistency
checking neither does it offer a systematic trade-off
analysis technique.

Yen presents a formal framework that facilitates the
identification and the tradeoff analysis of conflicting
requirements [13]. Yen’s approach describes a system-
atic approach for analyzing the tradeoffs between con-
flicting requirements using the techniques in decision
science. This approach is based on a fuzzy set theoretic
foundation for representing imprecise requirements. Our
approach differs from this by offering a mathematical
process to compute the consistency of priorities in order
to minimize the errors during decision making. More-
over, AHP requires less computational resources to
achieve its goal and solves conflicting situations without
using complex operations.

Goal-oriented approaches have detected priority as
the base attribute to handle conflicting goals. Formal
techniques and heuristics are proposed for detecting
conflicts and divergences from specifications of
goals/requirements and of domain properties [5]. The
major difference with respects to our work is that consis-
tency of judgements is not guaranteed.

6. Conclusions and Future Work

This paper presented a rigorous technique to support
conflict management at the aspect-oriented requirements
engineering level. It represents an advance over existing
approaches, offering, for the first time, a formal instru-
ment to handle conflicts that can be integrated to the
existing AORE body of knowledge.

The AHP method is used to find, given a set of alter-
natives and a set of decision criteria, the best alternative
for a given problem. Such a technique is not only useful
in the context we have described here, but it looks very
promising as a tool to support architectural choices dur-
ing the software architecture design. Based on specific
conflict handling characteristics, the AHP is a valid
option because:

- it offers an interpretation/analysis of the prob-
lem with low complexity;

- it uses deductible and systematic procedures as
another way of reducing complexity of the
analysis of the problem in the perspective of
AHP;

- it permits tradeoffs in conflicting situations by
changing parameters (for example, by changing
the weights of the criteria) of the analytical
model;

- it allows estimating the level of satisfaction of
each alternative and to obtain the order of im-
portance for each concern that is the main goal
of using AHP model;

- it calculates the judgements logical consistency;

- its final result is based in the synthesis of the
different judgements.

Currently we are working on how to simplify the
overhead caused by the necessary pairwise comparisons.
In the near future we will investigate how derivation of
relative weights from different comparisons or duality
approaches for eliciting comparisons can be used. We
are also interested in optimizing the use of different
linguistic scales (currently we are using Saaty’s scales).

In the near future we plan to decrease the level of
granularity, by handling conflicts at the responsibility
level. Currently, some of the concerns are too coarse
grained (e.g. availability, response time) and, apart from
the possibility of having different interpretations for
different contexts, it may well be that certain conflicting
situations will disappear when handled at a lower ab-
straction. The decomposition of non-functional concerns
will play a fundamental role in this process.

There are other fields from the AORE template (in
Table 2), such as responsibilities, that have not been
used in the decision process. We plan to explore if they
can be useful, given that most of the existing AORE
approaches use a similar concept.
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