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Abstract. This paper focus on concern interactions and tradeoffs in the context 
of an approach to build an aspect-oriented software architecture from an aspect-
oriented requirements specification. This approach, the Requirements Engineer-
ing to Software Architecture Framework, is composed of several activities, 
where the first two address the problem domain and constitute the main body 
for this paper. These two activities will be described and exemplified by means 
of a case study. 

1 Introduction 

As Aspect-Oriented Software Development (AOSD) evolves and matures, its main 
concepts slowly travel up the software development lifecycle and new proposals for 
Requirements Engineering, Architecture Design and Detailed Design appear. This 
happened for other paradigms (e.g. structured and object-oriented), and currently is 
being repeated for AOSD. Several approaches have been proposed for Aspect-
Oriented Requirements Engineering (AORE) [3, 4, 6, 10, 12] and for Aspect-
Oriented Software Architecture (AOSA) [9, 11, 13]. As identified in [2], it becomes 
more and more important to present solutions to fill the gaps between AORE and 
AOSA. The Requirements Engineering to Software Architecture Framework 
(RESAF) is our first attempt to develop a framework to support the derivation of an 
aspect-oriented architecture design from an aspect-oriented requirements specifica-
tion. 

This paper discusses concern interactions and tradeoffs at the problem domain 
level, in the context of RESAF. This constitutes a minimal basis to identify main is-
sues that will constrain the architecture design at the solution domain. The paper 
starts by explaining the first two activities of RESAF, in Section 2. Section 3, applies 
these two activities to a case study and Section 4 finalizes by drawing some conclu-
sions and highlighting open issues that need to be addressed in the near future. 



2 Analyse Requirements and Tradeoffs 

The main steps of the two first activities, “Analyse Requirements” and “Analyse 
Tradeoffs for each Scenario”, of RESAF are illustrated in Fig. 1. 
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Fig. 1. RESAF activities “Analyse Requirements” and “Analyse Tradeoffs for each Scenario”. 

Fig. 2 shows how those two activities interact, and, for each one, its main behav-
ioural components. These activities are explained in detail in the following two sub-
sections. 
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Fig. 2. “Analyse Requirements” and “Analyse Tradeoffs for each Scenario” activities’ interac-
tions. 

2.1 Analyse Requirements 

The activity “Analyse Requirements” starts by identifying the problem requirements 
and structuring those requirements into concerns (identifying concerns). These con-
cerns are classified into functional and non-functional. The next step is to develop 
scenarios from the stakeholders’ perspective [8] and analyse how they interact with 
the concerns [3, 4, 12]. 

As illustrated in Plan 1 of Fig. 1, the process of developing scenarios, identifying 
concerns and their interactions with scenarios is iterative. The initial number of sce-
narios is small, and therefore each one might address complex functionalities. The 



end result is that each scenario interacts with a small number of concerns at a higher 
level of abstraction. This is good to start with, but might lead to situations where most 
of the concerns cut across most scenarios. However, it may well be that when analys-
ing these interactions at a lower level of granularity, the number of crosscutting rela-
tionships is in reality a lot smaller. The next step is therefore to refine both the scenar-
ios and the concerns. Scenarios are not difficult to refine, but non-functional concerns 
might be. A good source of information is the Non-Functional Requirements (NFR) 
Framework [5]. This refinement process is continued until each scenario addresses a 
single functionality and each non-functional concern is divided into concrete con-
cerns with available specific solutions. 

Finally, the last task is to analyse contributions between non-functional concerns 
[5, 12] to determine the possible contributions (positive or negative) between the non-
functional requirements specified, and to create the negative contributions graph (see 
example in Fig. 3.a). NFR catalogues, such as those offered by the NFR Framework 
[5], can help building this graph. 

2.2 Analyse Tradeoffs for each Scenario 

RESAF’s second activity is applied to each scenario. The idea is to identify tradeoffs, 
classify non-functional concerns, create the tradeoffs graph and finally build a deci-
sional concerns queue (see Plan 2 of Fig. 1). 

As illustrate in Fig. 3.b the identification of tradeoffs is achieved by creating, for 
each scenario, a sub-graph of the negative contributions graph built during the activ-
ity “Analyse Requirements”. Now, for each scenario, we are able to classify the non-
functional concerns into decisional or operational as they appear, or not, in the nega-
tive contributions sub-graph, respectively. For instance, in the scenario S1 shown in 
Fig. 3.b the concerns C1, C2 and C4 are decisional. The operational concerns re-
enforce the operationalization behaviour of the scenario and can be achieved without 
any negotiation. In contrast, decisional concerns contribute negatively to one or more 
non-functional concerns in a scenario. This requires a compromise between the vari-
ous decisional concerns. This compromise must be obtained through stakeholders’ 
negotiations and will, in general, require prioritisation of the decisional concerns. 
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Fig. 3. Tradeoffs prioritization steps for scenarios S1 and S2 of a system represented in a). 

A tradeoffs graph is created for each scenario by extending its negative contribu-
tions graph (see Fig. 3.c), with a new type off edge ( ) connecting the tradeoff 
concerns (adjacent concerns linked by an edge in a negative contributions graph). 
The new type of edge represents the relative importance between two concerns in-



volved in a tradeoff. To create a tradeoffs graph it is necessary that the stakeholder 
establishes the relative importance between all decisional concerns in the negative 
contributions graph of its scenario. 

With this new kind of edge, a tradeoffs graph can be seen as a directed acyclic 
graph (DAG) [7]. So, to create a decisional concerns queue (decisional concerns pri-
oritized) from a tradeoffs graph (see Fig. 3.d), an adaptation of the usual algorithm of 
topological sorting [7] is proposed. The input of the Topological Sorting Adaptation 
is a tradeoffs graph TOG and the output is a decisional concern queue DCQ. 

 Topological Sorting Adaptation (TOG, DCQ) 
 DCQ  {} 
 r  1 
 AQ  {} 
 For each node n of TOG without incoming edges 
  insert n into AQ 
  insert (n, r) into DCQ 
  associate r with the node n 
 while TOG has any edge not visited yet 
  r  r + 1 
  if AQ is empty 
   throw error exception 
  remove a node n from AQ 
  for each node m with an edge e not visited from n to m 
   mark e has visited 
   if m has no other incoming edges not visited 
    insert m into AQ 
    insert (m, r) into DCQ 
    associate r with the node m 

Table 4 shows a simulation of this algorithm applied to a scenario of our case 
study. The end result of this activity is a table with all the scenarios and concerns, 
where each cell indicates the type of concern with a ranking (as in Table 5). From 
here the order of composition of concerns in a given scenario can be derived. For 
each scenario S, with one functional concern f, the operational concerns o
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meaning that f is the base concern over which all the operational concerns o
i
 can be 

applied; only then the decisional concerns can be handled according to their ranking. 
Notice, however, that composition order cannot always be derived automatically, as it 
might depend on the nature of the concerns. For example, no matter how low is the 
priority of authentication access in a system, it might need to be guaranteed before 
other more important concerns in that system, such as auditing or information re-
trieval. 

Being able to separate the concerns that can be operationalized from those that are 
involved in tradeoffs is a first step towards supporting informed decisions before the 
architecture design is derived. Moreover, if we know the relative importance of the 
decisional concerns, we can select, from the various possible architectural choices, 
the combination that best satisfies the stakeholders’ goals, or expectations. 

3 Case Study 

Let’s apply the ideas described above to the Portuguese automatic toll collection sys-
tem case study [1]. 



In a road traffic pricing system, drivers of authorized vehicles are charged at toll 
gates automatically. The gates are placed at special lanes called green lanes. A 
driver has to install a gizmo in his/her vehicle. The registration of vehicles includes 
the owner’s personal data, bank account number and vehicle details. The gizmo is 
sent to the client to be activated using an ATM. The toll gate sensors read a gizmo. 
The information read is stored, and used to debit the respective account. When an 
authorized vehicle uses the system, a green light is turned on, and the amount being 
debited is displayed. If an unauthorised vehicle passes through it, a yellow light is 
turned on and a camera takes a photo of the plate number. There are three types of 
toll gates: single toll, where the same type of vehicles pay a fixed amount, entry toll 
to enter a motorway and exit toll to leave it. 

The following list of use cases were obtained as a result of applying the activity 
“Analyse Requirements” to our example: 
• Register Vehicle: registers vehicle and owners data. It includes the return payment 

information from the bank and the gizmo activation. 
• Pass Single Toll: handles usages in a single point toll gate. If the vehicle is regis-

tered a light is turned green, the amount to be debited in the owner’s account is 
displayed and the passage is stored. Otherwise, the light is turned yellow and the 
vehicle plate number is photographed. 

• Enter Motorway: handles entrances in a motorway. If the vehicle is registered, a 
light is turned green and the entrance data is stored. Otherwise, the light is turned 
yellow and the vehicle plate number is photographed. 

• Exit Motorway: handles exits of the motorway. If the vehicle is registered and en-
tered correctly, a light is turned green, the amount to be debited is displayed and 
the passage is stored. Otherwise, the light is turned yellow and the vehicle plate 
number photographed.  

• Pay Monthly Bill: bills the system users’ monthly. Payments are achieved through 
bank transfers from the vehicle owner’s account. 

From this set of use cases, several scenarios can be derived. We will use the six 
scenarios listed in Table 1 for illustration purposes. By applying the iterative process 
of scenarios development to our initial scenarios, the concerns are identified and clas-
sified into functional and non-functional. For instance, “Exit Motorway Authorized” 
scenario requires the functional concerns: Identification (identify automatically the 
vehicle), Billing (calculate the amount to debit), History (record information needed 
when vehicle passes an exit motorway) and Feedback (show green light and the 
amount to debit). This scenario also requires concerns that can assure some quality 
criteria’s to these functionalities. In fact, the “Exit Motorway Authorized” scenario 
requires the non-functional concerns: Security and Multi Access (for Identification, 
Billing and History), Response Time and Availability (for all other scenario’s func-
tionalities) and Compatibility (for identification). 

As we can see in Table 1, the initial scenarios address a large number of functional 
concerns. Furthermore, the non-functional concerns cut cross almost all scenarios, 
and therefore need to be refined. 



Table 1. Initial subset of scenarios and classified concerns interactions for the green lane sys-
tem. 
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S1 Register Vehicle F F F F F F NF NF
S2 Pass Single Toll Authorized F F F F NF NF NF NF NF
S3 Enter Motorway Authorized F F F NF NF NF NF NF
S4 Exit Motorway Authorized F F F F NF NF NF NF NF
S5 Pass Toll Unauthorized F F F F NF NF NF NF NF
S6 Pay Monthly Bill F F F NF

LEGEND:    F - FUNCTIONAL    NF - NON-FUNCTIONAL   

In order to exemplify the iterative process of scenarios development we choose to 
refine the scenarios responsible for handling a vehicle passage in a toll gate (scenarios 
S2 to S5 of Table 1). Table 2 describes the scenarios and classified concerns interac-
tions after refinement of the scenarios. These refined scenarios were found by subdi-
viding the functionalities of each of the original scenarios S2 to S5 of Table 1 and by 
refining the non-functional concern Security using the NFR Framework catalogue. 
The scenarios responsible for handling a vehicle passage in a toll gate were refined as 
follows: 
• “Pass Single Toll Authorized” was refined into scenarios a, b, d and e; 
• “Enter Motorway Authorized” was refined into scenarios a, b and d; 
• “Exit Motorway Authorized” was refined into scenarios a, c, d and e; 
• “Pass Toll Unauthorized” can be refined into scenarios a, f and g. 

Table 2. Scenarios and concerns interactions after refining the scenarios S2 to S5 of Table 1. 

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14 C15 C16 C17 C18
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a Authorize Vehicle F NF NF NF NF NF NF NF
b Record Vehicle Entry F NF NF NF NF
c Record Vehicle Exit F NF NF NF NF
d Show Green Light F NF NF
e Show Amount to be Debited in Owner's Account F F F NF NF NF NF NF
f Show Yellow light F NF NF
g Take and Record Vehicle's Plate Photographs F F NF NF NF NF NF NF  

In the following iterations, scenarios e and g (of Table 2) need to be further re-
fined, so that each refined scenario only handles one functional concern. Besides, we 
can see that for scenario “Authorize Vehicle”, for instance the non-functional concern 
Security was refined into the sub-concerns Authenticity of the vehicle’s gizmo, and 
Integrity and Confidentiality of the data transmitted between the gizmo and the toll 
gate. 

Further iterations of the “Analyse Requirements” activity led us to identify 25 sce-
narios, 9 functional concerns and 9 non-functional concerns. These concerns are 
listed in Table 3. 



Table 3. Concerns description for the green lane system. 

ID CONCERN DESCRIPTION
C1 Registration Users register their vehicle in the system
C2 Billing System calculates the amount to be debited in the users account
C3 Identification Vehicles must be automatically identified by the system
C4 History Users' and banks' interactions with the system must be registered
C5 Feedback System must give appropriated reply information to vehicle drivers
C6 Legal Issues System takes unhautorized vehicle's plates photos and sends information to legal authorities
C7 Payment System must provide automatic money transactions
C8 Web Registration System provides a web interface for users' registration
C9 Validation System must validate clients' information
C10 Precision Photographic camera sensor should be accurate to identify the vehicles' plates
C11 Response Time System should be able to handle many vehicles in a short time span
C12 Correctness System should guarantee correct calculations
C13 Availability System has to be on 24/7
C14 Integrity System must ensure correct data transmissions
C15 Confidentiality System must ensure that information is accessible only to those authorized to have access
C16 Authenticity System must verify the identification of their users
C17 Multiple Access System must handle a large number of users simultaneously 
C18 Compatibility System must ensure the ability to communicate with gizmos and banks  

The last task of the activity “Analyse Requirements” is to identify contributions 
between non-functional concerns. From here, we can then build the negative contri-
butions graph for our case study, as illustrated in Fig. 4. 
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Fig. 4. Negative contributions graph for the green lane system. 

We are able now to apply the activity “Analyse Tradeoffs for each Scenario”. 
Based on the negative contribution graph for green lane, sub-graphs are built, one for 
each scenario, to address each set of potential tradeoffs at a time. Fig. 5.a shows the 
negative contribution graph for the “Authorize Vehicle” scenario. 
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Fig. 5. a) “Authorize Vehicle” negative contributions graph; b) “Authorize Vehicle” tradeoffs 
graph. 

This allows us to classify concerns, for each scenario, into decisional (if they are 
involved in a tradeoffs graph) or operational (if they are not). So, for instance, the 



concerns Authenticity, Multi Access, Confidentiality, Response Time, Integrity and 
Availability are classified as decisional concerns for the “Authorize Vehicle” sce-
nario, since they are nodes of the negative contribution graph. 

Decisional concerns for each scenario can be now prioritized. The prioritization of 
decisional concerns is achieved by creating the scenario tradeoffs graph and applying 
it to the Topological Sorting Adaptation. Table 4 illustrates the resulting simulation 
by applying the tradeoffs graph of the “Authorize Vehicle” scenario to the algorithm, 
where the variables DCQ represents the “Decisional Concern Queue”, r represent the 
ranking counter, AQ represent the queue with the concerns with edges to be visited, 
and n represent the actual concern edges to be visited. 

Table 4. Topological Sorting Adaptation simulation for scenario “Authorize Vehicle”. 
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For the scenario “Authorize Vehicle”, the concerns Integrity and Authenticity are 
the most important decisional concerns with ranking 1, followed by Response Time in 
3rd, Multi Access in 4th, and finally Availability and Confidentiality in 5th position. 

The application of the activity “Analyse Tradeoffs for each Scenario” to our ex-
ample results in a table representing the interactions between scenarios and concerns 
(see Table 5), where decisional concerns are ranked. Notice that the ranking of the 
decisional concerns only depends on the relative importance that was given to each 
one by the stakeholders in each scenario. 



Table 5. Scenarios and concerns interactions with prioritization of the decisional concerns. 

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14 C15 C16 C17 C18
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S1 Authorize Vehicle F D 3 D 5 D 1 D 5 D 1 D 4 O
S2 Record Vehicle Entry F D 2 D 4 D 1 D 3
S3 Record Vehicle Exit F D 2 D 4 D 1 D 3
S4 Show Green Light F D 1 D 2
S5 Calculate Bill F D 4 D 1 D 3 D 1
S6 Record Bill F D 4 D 3 D 1 D 2
S7 Show Amount Bill D 1 D 2
S8 Show Yellow Light F D 1 D 2
S9 Take Photographs F O D 4 D 1 D 1 D 1 D 5

S10 Record Photographs F O
S11 Calculate Monthly Billing F O O
S12 Make Bank Transaction of Monthly Billing F O O O O
S13 Record Bank Transaction F O
S14 Send Client Monthly Billing F O
S15 Record Monthly Billing F O
S16 Client Send Registration Data F D 1 D 1 O D 3 O
S17 Validate the Registration Client's Data F O D 1 D 2
S18 Send Payment Information of Registration F D 1 D 2
S19 Send Validation Error F D 1 D 2
S20 Client Make Registration Payment F O D 1 D 1 O D 3 O
S21 Bank Sends Payment Information F D 1 D 1 D 3 O
S22 Record Payments Received from the Bank F D 1 D 1 D 3
S23 Activate the Gizmo with Client Data F O O O
S24 Record Gizmo Activation F O
S25 Send Gizmo to Client by Mail F O

LEGEND:    F - FUNCTIONAL    O - OPERATIONAL    Dr  - DECISIONAL WITH RANKING r  

Analysing the contents in Table 5, it is possible to extract the composition rules for 
each scenario. For example, for the scenario “Authorize Vehicle” we have: 

     S1 = D (F (Identification) + O (Compatibility),  
        Integrity, Authenticity, Response Time, Multi Access, Availability, Confidentiality) 

4 Related Work 

Tradeoffs between conflicting concerns have been previously addressed in [3, 4, 12]. 
The innovation here is the systematic process to classify and rank concerns that con-
tribute negatively to each other. The Aspectual Software Architecture Analysis 
Method (ASAAM) [14] introduces explicit mechanisms of interaction between con-
cerns, based on developing scenarios to identify architectural aspects and their related 
tangled components. However ASAAM does not identify the tradeoff interactions be-
tween concerns. 

The NFR framework [5] uses Softgoal Interdependency Graphs to represent sof-
goals decomposition. Tradeoffs between requirements are analyzed. We reuse some 
of these ideas, applying them in the context of AOSD and proposing a systematic 
process to rank conflicting concerns, which is not offered by the NFR framework.  



5 Conclusions & Future Work 

Our approach studies interactions between concerns and proposes a classification that 
takes into account the type of concern being studied. Decisional concerns, those in-
volved in tradeoffs, are ranked using a systematic process. Based on this, the order of 
concerns’ composition can be derived. This approach provides a better understanding 
of the interactions between all the elements of a system.  

We are currently investigating how to generate a set of architectural solutions, 
supporting traceability between the problem and the solution domain. In the near fu-
ture we need to focus on how to verify the satisfaction of the quality criteria and to 
define composition rules for crosscutting architectural concerns. 
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