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agents should also be supported more explicitly. As alluded to before, the tactics should also be
refined to handle multiple criteria and extended to form a rich body of rules; in particular, goal
conflict resolution strategies need to be carefully investigated. (The problem of interfering goals is
well-recognized as being a difficult one to tackle, see, e.g., [Wal77].)  Ultimately, tactics will have
to be formalized for use by the acquisition assistant we are designing. In parallel with the reuse
tactics suggested in this paper, we are also working on analogical acquisition techniques where
requirements about similar systems are retrieved and transposed [Dbi92].
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 Some experience with real requirements documents has convinced the authors that higher-level
abstractions such as "goal", "operationalization", "ensuring action", "agent", "responsility" or
"alternative assignment" are found informally and explicitly in the requirements of non-toy
systems. The formal framework proposed here can be seen as a preliminary attempt to reason more
formally in terms of such higher-level concepts. Meta-level constraints and rules of inference
based on temporal logic allow formal checking of requirements and formal derivation of goal-
directed strengthenings of them.  It is encouraging to see that others have independently recognized
the need for reasoning about system goals, their category and their reduction or interference links
[Myl92].

The strategy discussed in this paper amounts to a goal-directed traversal of the meta-model
graph; specific tactics are applied at each node to acquire the corresponding requirements
fragments. Another salient feature here is the reuse of both meta-level and domain-level
knowledge.  The principle of a rich meta-model to guide the acquisition process was inspired from
work on machine learning; in some learning strategies, the acquisition process is guided by abstract
knowledge about what should be acquired [Dav82], [Ben85].  The KAOS meta-model may appear
to be rather complex; this is the price to pay for meta-level guidance during acquisition. The more
domain-independent knowledge the meta-model provides, the more guidance the acquisition
strategy can provide. On another hand, our experience in acquiring requirements for a variety of
resource management systems (library systems, airline reservation, warehouse processing, hospital
management) and transportation systems (lifts, trains, metros) has given us much confidence in the
power of reusing generic descriptions. Such descriptions are retrieved in a domain knowledge base
and then  instantiated, specialized and adapted to the system considered. Beside the usual benefits
of reuse, the matching of such descriptions against the requirements already acquired often results
in detecting problems which otherwise can be very hard to detect - notably, inadequacies,
incompletenesses and contradictions.

The requirements fragments given in the paper come from a rational rederivation of the
requirements for a university library system currently in use. It may be worth to compare these
fragments with the simplistic requirements of the classical library problem [Win88] to see how
some of the informal requirements stated there are derived in our approach.

We have argued that requirements acquisition languages need much richer abstractions than
those supported by traditional specification formalisms such as, e.g., state-based or algebraic ones.
The latter are, however, needed but at a later stage where more sophisticated formal checking is
undertaken on the specification of the automated subsystem. Acquisition languages and (design)
specification formalisms may thus play complementary roles. Based on this, we have developed a
set of rules for transforming KAOS objects and actions into Z data and operation schemas [Spi89].

Other components of the KAOS meta-model, not discussed in the paper, provide the basis for
defining other strategies - like agent-directed strategies where the meta-model is traversed from
the views agents have about the composite system, or scenario-directed strategies where typical
usage scenarios are elaborated first. Our current belief, however, is that a goal-directed strategy is
the best one to establish that the system objectives will be achieved by proper cooperation of
responsible agents.

There are some weak facets in our approach, on which we plan to work in a near future. The
declaration part of the acquisition language should clearly have a graphical concrete syntax that
would reflect the various concepts and links supported by the meta-model. The assertion sub-
language should incorporate deontic logic extensions to support a deeper level of formal reasoning
about agent capabilities and responsibility assignment. Cooperation and communication among
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The following tactics can be used to help in deciding between alternative candidates.

1) Do not make effective assignments that would prevent other constraints from being met. For ex-
ample, deciding that the CheckOut action is allocated to the Borrower agent can prevent the
SameLibraries consistency constraint from being met; the Borrower agent has indeed no respon-
sibility link with the latter constraint. (The formal expression of this constraint was given in Sec-
tion 2.9. In fact, the RectifyDatabase restoration action and its specializations are not in the capa-
bility list of the Borrower agent.)  The rational decision is thus to allocate the CheckOut  action to
the Staff agent. In that case, the Staff agent actually has the CheckOutTransaction action under su-
pervision as well because he/she is also responsible for the SameLibraries constraint.

2) Reuse relevant Performs links between generic agents and actions. Generic Performs links are
retrieved in the domain knowledge base; the links considered are those which link the generic
agents retrieved in step 2 to the generic actions retrieved in step 5. The retrieved links are then con-
sidered for specialization and adaptation to the specific composite system being modeled.

3) First assign Performs links for actions ensuring constraints that operationalize the highest pri-
ority goals. Using this tactics, one would assign the CheckOut or PutKeywords actions (with Load
values being increased correspondingly) before the action of issuing a list of recent book acquisi-
tions.

4) Do not make effective assignments that would be conflicting with PrivateGoals.  If a human
agent is assigned an action ensuring constraints that operationalize goals in conflict with his/her
private goals, the agent will not be very motivated to guarantee satisfaction of that constraint. The
assignment of the Return action to the Borrower agent would be rejected on that ground.

5) Maximize reliability. If there is a choice among several agents, select the agent with the highest
reliability. Using this tactics, one would retain the ResearchStaff agent for the PutKeywords action
that operationalizes the AccurateKeywordsAssigned constraint above.

6) Avoid overloading agents. An excessive load of actions to ensure constraints can seriously de-
grade the overall system performance.

7) Minimize cost of performance. If there is a choice among several agents, select the agent with
the lowest performance cost.

Note that these tactics refer to one single meta-attribute/relationship. This kind of hill climbing
search for local optima may not reach a global optimum; ideally all criteria should be considered
together. Multicriteria analysis techniques might be of great help in this context [Zel82]. (The same
remark holds for the other tactics in the previous steps.). For example, the eventual decision of
choosing the alternative where the LibraryDatabaseManager agent is allocated a number of trans-
actions that automate their manual counterpart will be governed by a combination of tactics inte-
grating goal achievement,  reliability, cost and load reduction.

4. Conclusion
This paper has proposed a meta-model for capturing initial requirements and a strategy for
conducting the requirements acquisition process. The requirements considered here refer to the
entire composite system - that is, the part to be automated, its physical environment, and the way
both parts have to co-operate. A salient feature of the approach is the importance given to system-
level goals and their operationalization through constraints. This contrasts with some traditional
technology for formal or semi-formal specification, where all requirements are supposed to be
captured in terms of "data" and "operation" abstractions.
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ity links are retrieved in the domain knowledge base; the links considered are those which link the
generic agents retrieved in step 2 to the generic constraints retrieved in step 3. The retrieved links
are then considered for specialization and adaptation to the specific composite system being mod-
eled. The process is similar to the one suggested in steps 1 through 3.

 Let us suggest a few examples for some of the constraints introduced before in the paper. The
LimitedBorrowingPeriod constraint is assignable to the Borrower agent or to the Staff agent; both
agents have the Return and IssueReminder actions in their capability list, and they both could en-
force the corresponding strengthenings on these actions to ensure the constraint. (The strengthen-
ing amounts to a strengthened postcondition for Return and to a trigger condition for IssueRemind-
er.) The Borrower agent has a LongBorrowingPeriod PrivateGoal which conflicts with the Regu-
larAvailability goal and LimitedBorrowingPeriod constraint operationalizing this goal. (See
Figure 3 and the formal expressions given in Sections 2.7 and 2.8.)  Therefore, the values for Mo-
tivation and Reliability in the corresponding Responsibility links are very low for Borrower while
being high for Staff.  Automated counterparts for the Return and IssueReminder actions were iden-
tified in step 2 and defined as specialization of these actions; the inherited LimitedBorrowingPeri-
od constraint refering to the automated representations of the corresponding objects is assignable
to the LibraryDatabaseManager agent since the latter can enforce the constraint through corre-
sponding strengthenings.

 Similarly, the LimitedBorrowingAmount constraint is assignable to the Staff agent or to the Bor-
rower agent; both can enforce the strengthening on the CheckOut action derived in Step 5 to ensure
that constraint.  For the alternative Responsibility link involving Borrower,  the values of Motiva-
tion and Reliability are very low because there is a conflict with the AsManyBooksAsNeeded pri-
vate goal.   The automated counterpart of LimitedBorrowingAmount is assignable to the Library-
DatabaseManager agent which can enforce the corresponding strengthened precondition on the
CheckOutTransaction action.

As a last example, consider the AccurateClassification leaf goal appearing in Figure 3. This goal
is operationalized through two constraints, namely, AccurateShelfMark and AccurateKeywordsAs-
signed. The former can be assigned to the Staff agent or to a shelf-mark allocation program; the
latter can be assigned to the SecretaryStaff agent with low Reliability or to the ResearchStaff agent
with high Reliability.

Step 7 - Assign Actions to Responsible Agents

WHAT:  Performs links are effectively assigned to agents for the various actions elaborated in
steps 2 and 4 on the basis of the alternative Responsibility links established in step 6. The allocation
of actions to processors implies, in particular, that the Performing agents selected are contractually
committed to satisfy the Responsibility Axiom (see Section 2.8).

The agent Load values are gradually updated as the assignment of Performs links to the agent
proceeds. (An agent can initially have a non-null load if it has assignments in other composite sys-
tems.)  Backtracking on assignment decisions may take place when an agent becomes overloaded;
some Performs links are then undone.

WHY:  The eventual assignment of actions to agents under commitment to the Responsibility ax-
iom guarantees that the constraints operationalizing system goals will be met through appropriate
behaviour of the agents.

HOW:  An action is assigned to an agent only if the agent has been determined to be among the
alternative candidates for taking responsibility over the constraints the action ensures. (See step 6.)
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is derived from theAchieve[BorrowerNotified] instantiation of theAchieve[UserNotified] constraint intro-
duced in step 3 above.

 New actions to restore soft constraints can be derived using the same general principle. (E.g.,
theIssueReminder action introduced in Section 2.5 is acquired to restore theLimitedBorrowingPe-
riod constraint; theRectifyLibraryDatabase action mentioned in Section 2.3.2 is acquired to re-
store the Maintain[SameLibraries] constraint introduced in Section 2.9.)

Tactics can also be used to help in the derivation ofEnsuring links.

1) Reuse relevant generic actions and strengthenings by specializing/instantiating their descrip-
tion. GenericEnsuring links are retrieved in the domain knowledge base; the links considered are
those which ensure the generic constraints retrieved in step 3. The retrieved links and their associ-
ated strengthenings are then considered for specialization and adaptation to the specific composite
system being modeled. The process is similar to the one suggested in steps 1 through 3.

2) Choose an alternative Ensuring link that minimizes the restrictions on the Ensuring actions.
Strengthened conditions defined on actions restrict the agents’ behavior  (see theResponsibility ax-
iom in Section 2.8); therefore, it is often preferable to define an alternativeEnsuring structure
which imposes as few restrictions as possible.

Step 6 - Identify Alternative Responsibilities
WHAT:  In this step the analyst acquires the AndOrResponsibility structure linking the agents to
the constraints. For each constraint obtained in step 3, the various possibleResponsibility links  are
identified; the identification is based on the capabilities of the agents determined in step 2. The ac-
quisition ofResponsibility  links includes the determination of values for theCost, Motivation and
Reliability attributes attached to theResponsibility meta-relationship.The various automation al-
ternatives being considered are thus made explicit at this stage. PrivateGoals and Wish links (if
any) are also acquired for the human agents identified in step 2.

WHY:  The information acquired in this step is needed in the next step to make the right decisions
about which processor (human agent or program) to assign to which action - so that all constraints
operationalizing the system goals are guaranteed to be met.

HOW:  The acquisition is guided by meta-constraints on theResponsibility meta-relationship. (See
Section 2.8.)  A constraint  is assigned to one agent in each alternative assignment considered. An
agent is a possible candidate provided (i) the actionsEnsuring the constraint are in the capability
list of the agent, and (ii) the agent can behave according to the requirements put on the actions -
precondition, postcondition, trigger condition and their respective strengthenings attached toEn-
suring links. (In other words, theResponsibility axiom must be satisfied.)

PrivateGoals and Wish links are acquired by interaction between the analysts and the clients.
Values for theCost, Motivation andReliability meta-attributes attached toResponsibility links are
also determined through such interactions; cost estimation models can be integrated here. In gen-
eral, costs will depend upon both the agent and the actions being involved to meet the constraint.
Motivation can be partially estimated from the potential source of conflict or mutual support be-
tween the private goals of the agent and the leaf goal(s) operationalized by the constraint. The mo-
tivation of the agent for controlling actions to meet the constraint is expected to be low in case of
conflict and high in case of mutual support.

The following tactics can also be used to help in the identification of alternativeResponsibility
links.

Reuse relevant Responsibility links between generic constraints and agents.   GenericResponsibil-
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that the constraints obtained in step 3 will be met. In this step, strengthened actions and objects are
derived to ensure that all required constraints are satisfied. The strengthenings are put on precon-
ditions, postconditions and invariants; trigger conditions are introduced for some actions; new ac-
tions can still be introduced to yield state transitions involved in the formulation of constraints; res-
toration actions are defined for soft constraints. In other words, instances of theEnsuring meta-
relationship are elaborated under the meta-constraints specified in the meta-model; they link ac-
tions and objects to the constraints theyEnsure. Note thatEnsuring is an AndOr relationship (see
Figure 2 and Section 2.8); as a frequent case, a constraint can beEnsured by a combination of ac-
tions and objects in the physical subsystem or alternatively by some counterpart of this combina-
tion in the automated subsystem.

WHY: Ensuring links are necessary to identify which actions and objects are going to contribute
to the satisfaction of which constraint and to show how those actions and objects are contributing
to constraint satisfaction.  Action strengthening has an impact on the possible behaviour of the
agent allocated to the action; the information acquired in this step is therefore taken into account
in the next steps when responsibilities are identified and assigned.

HOW:  Trigger conditions and strengthenings on pre-, postconditions and invariants are derived
from the formal expression of constraints. Each action is matched against each constraint to check
whether the state transitions defined by the action meet the constraint. The match may reveal sub-
sidiary conditions for the action to meet the constraint; if this is the case,  these conditions are taken
as strengthenings on the action. The principle is similar for objects and their invariants. To make
this process more precise, we illustrate it by giving some inference rules for three general patterns
of constraints. (A full calculus for deriving strengthenings is out of the scope of this paper.)

Let Cons denote the pattern of the constraint,Pre andPost the patterns of the action’s pre- and
postcondition,StrPre andStrPost the required strengthenings onPre andPost, respectively, and
Trig the required trigger condition (if any). The rules of inference are the following.

 Cons: £ [ C ∧ ( P1∧ o P2  ⇒  Q1∧ o Q2 ) ] , Pre: P1, Post: P2

StrPre: Q1, StrPost: Q2

    Cons: £ [ C ∧ [ P1∧ o P2  ⇒  Q1∧ o Q2 ) ] ,  Pre: P  with P⇒ ¬ Q1   or Post: Q  with Q ⇒ ¬ Q2

StrPre: ¬ P1 or  StrPost: ¬ P2

           Cons: £ P ,  Pre: P1, Post: P2 , ¬ [ P∧ P1  ⇒  o (P∧ P2) ]

StrPre: Q1,StrPost: Q2 such that   P ∧ P1 ∧ Q1  ⇒  o (P∧ P2 ∧ Q2)

Cons: • P1∧ P2   ⇔  o Q  , Post: Q

Trig: • P1∧ P2

The first rule was applied to derive the strengthenings on theGoToFloor action from theDoor-
sClosedWhileMoving constraint in Section 2.8. The second rule was applied to derive the strength-
enings on theOpenDoors action from that constraint. The third rule was applied to derive the
strengthening# {bc | Borrowing(bor, bc)} < Max(bor) on the precondition of theCheckOut action to en-
sure theLimitedBorrowingAmount constraint also formalized in Section 2.8. The fourth rule of in-
ference is used to derive the trigger condition

• ¬ (∃ bc: BookCopy ) (Copy(bc, b)∧ bc ∈ lib.available)

  ∧  (∃ bc: BookCopy ) (Copy(bc, b)∧ bc ∈ lib.available)∧ Requesting (bor, b)

to be attached to theSendAvailabilityNotice action revealed in step 4 above; this trigger condition
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predicates.)  The instantiation of the genericUser, Repository, ReturnableResource andResourceUnit con-
cepts toBorrower, Library, Book, andBookCopy, respectively, yield an instantiated constraint proposed
to the analyst for possible adaptation.

A more general form of reuse could be supported at the process level. The knowledge base might
contain a set of domain-specific operationalization rules that could be applied for a variety of sim-
ilar goals [Mos83].  The operationalization process would then be replayed as done in some deri-
vational analogy systems [Vla91a]. This promising approach has not been explored yet.

 2) Use goal reduction tactics transposed to constraints. As seen in Section 2.8, constraints are
operational system objectives; theOperationalization meta-relationship propagates all features of
the GOAL meta-concept to the CONSTRAINT meta-concept - i.e.,Reduction, Conflict, Category,
etc. Some commonsense tactics used in step 1 can thus be used for goal operationalization and
constraint reduction, e.g.,choose an alternative operationalization and/or reduction that
minimizes Ensuring costs, choose an alternative operationalization and/or reduction with as few
conflicts as possible, and so forth.

3) Choose an alternative operationalization that minimizes the need for Restoration actions. If the
soft constraints chosen to operationalize a given leaf goal need complex restoration actions, then
an alternative way of operationalizing the leaf goal should be considered - an alternative where the
constraints are violated in fewer situations or where less and/or simpler restoration actions are re-
quired.

Step 4 - Refine Objects and Actions
WHAT:  The constraints obtained in step 3 can involve new objects and new actions;  entities, re-
lationships, events, agents and state transitions not identified in steps 1 and 2 can emerge from the
operational formulations.  Also, new features of concepts already identified can be referred to (e.g.,
new domain-specific attributes of objects).  In this step the analyst defines the objects and actions
newly identified and completes the description of objects and actions already identified; new do-
main-specific attributes and new elements of invariants and pre- and postconditions are thereby in-
troduced.

WHY:  The refined descriptions of objects and actions form the basis for the subsequent acquisi-
tion steps. Invariants and pre- and postrconditions will be strengthened to ensure the constraints.
They are also needed to identify theResponsibility links.

HOW:  The process of acquiring additional requirements fragments about objects and actions from
constraints is similar to the process of acquiring initial ones from goals, see steps 1 and 2.

For example, theAchieve[UserNotified] constraint above once instantiated toAchieve[Borrow-
erNotified] yields an implication whose consequent is

 (∃ ntb: NoticeSentToBorrower) [ Occurs (ntb) ∧ ntb = (b, bor, ’message’)]

A new object of EVENT meta-type is thus involved.  A preliminary description of this event might
include an invariant capturing its condition of occurrence. According to a meta-constraint on the
EVENT meta-type, a new action must be acquired therefrom - that is, theSendAvailabilityNotice
action havingNoticeSentToBorrower as output; a pair of elementary pre- and postconditions for
that action should thus be acquired.  The acquisition process can be based on reuse of generic de-
scriptions, as shown before.

Step 5 - Derive Strengthened Actions and Objects to Ensure Constraints
WHAT: The descriptions of actions and objects completed in step 4 do not necessarily guarantee
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Step 3 - Operationalize Goals into Constraints
WHAT:  The leaf goals in the goal structure elaborated in step 1 are transformed into system ob-
jectives formulated in terms of objects and actions available to some agent identified in step 2. In
other words, instances of the CONSTRAINT meta-concept andOperationalization meta-relation-
ship are elaborated under the constraints specified at the meta-level. A constraint definition can
lead to the identification of new objects and actions involved in the constraint.

WHY: The system objectives need to be made operational in order to (i) derive new and/or
strengthened actions and objects which will support them (steps 4 and 5) and (ii) assign responsi-
bilities (steps 6 and 7).

HOW:  Like the elaboration of goals, the transformation of goals into constraints is a non-trivial
task. Several alternative operationalizations can implement the same goal, just like several alterna-
tive programs can implement the same specification. In such situations, a best operationalization
should be retained. The following tactics may be used to guide the analyst in carrying out the trans-
formation.

1) Reuse relevant generic operationalizationsby specializing/instantiating their description.  Ge-
neric constraints are retrieved in the domain knowledge base; the constraints considered are those
which operationalize the generic goals retrieved in step 1. The retrieved constraints and their re-
duction (if any) are then considered for specialization and adaptation to the specific composite sys-
tem being modeled. The process is similar to the one suggested in steps 1 and 2.

For example, theMaintain[LimitedBorrowingPeriod] constraint was seen in Section 2.8 to op-
erationalize theRegularAvailability goal. This constraint could have been obtained by instantiation
of the following constraint found in the domain knowledge base to operationalize theUnitsAvail-
able generic goal - at the specialization level where theReturnableResource concept is defined.

SoftConstraint  Maintain [LimitedPeriodOfUse]
 FormalDef   (∀ u: User, ru: ResourceUnit )

            £ [ Using (u, ru)∧ • ¬ Using (u, ru)⇒   ◊Nw ¬ Using (u, ru) ]

As another example, consider theAvailabilityNotified goal introduced in Section 2.7. This goal
is an instantiation of the following generic goal:

Systemgoal  Achieve [AvailabilityNotified]
           InstanceOf  InformationGoal

 Concerns   User, Repository
    FormalDef   (∀ rep: Repository, u: User, res: ReturnableResource, ru: ResourceUnit)

          Requesting (u, res)
           ∧ • ¬ (∃ ru: ResourceUnit ) (Unit (ru, res)∧ ru ∈ rep.available)
           ∧   (∃ ru: ResourceUnit ) (Unit (ru, res)∧ ru ∈ rep.available)

            ⇒ ◊ Knows (u, rep.available)

This goal is known in the domain theory to be operationalizable into the following constraint:

SoftConstraint  Achieve [UserNotified]
          InstanceOf  InformationGoal

Concerns   User, Repository
   FormalDef   (∀ rep: Repository, u: User, res: ReturnableResource, ru: ResourceUnit)

          Requesting (u, res)
           ∧ • ¬ (∃ ru: ResourceUnit ) (Unit(ru, res)∧ ru ∈ rep.available)
           ∧  (∃ ru: ResourceUnit ) (Unit(ru, res)∧ ru ∈ rep.available)

            ⇔  o (∃ ntu: NoticeSentToUser) [ Occurs (ntu) ∧ ntu = (res, u, ’message’)]

In this constraint,NoticeSentToUser is an event with appropriate attributes that captures the re-
quired user notification. (This constraint exhibits a standard pattern of operationalizingKnows
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lysts. All the agents eventually required in the composite system are not necessarily identified at
this stage, however. For example, aCounter device agent could be required to ensure that no book
copy is improperly removed without being checked out; the need for such an agent might arise later
in step 6 whenResponsibility links are identified for theAvoid[LostCopies] constraint operation-
alizing theRegularAvailability goal.

Also remember that agents can be organized into specialization hierarchies like any other do-
main-level concepts. A specialized agent then inherits all capabilities of the more general agents it
specializes; in addition it may have specific capabilities (e.g., theResearchStaff agent has all capa-
bilities of theStaff agent plus specific ones such as ordering new book copies).

The following tactics may be helpful in identifying agents and capabilities.

1) Reuse relevant generic agents and capabilities by specializing/instantiating their description.
Generic agents are retrieved in the domain knowledge base; the agents considered are those objects
Concerned by the generic goals retrieved in step 1 which are of the AGENT meta-type. The re-
trieved agents and the generic actions they are capable of are then considered for specialization and
adaptation to the specific composite system being modeled.

For example, in case the genericResourceRequestSatisfied goal has been reused in the more spe-
cific context of theReturnableResource concept, the User agent is retrieved with theGetResource
andReturnResource actions from its capability list. The following partial description of, e.g., the
GetResource action is then proposed for instantiation and specialisation:

  Action GetResource
Input  ResourceUnit {Arg: ru}, Repository {Arg: rep}, User {Arg: u};

      Output  Repository {Res: rep}, Using
   PreCondition  ru ∈ rep.available

     PostCondition  ¬  (ru ∈ rep.available)∧  ru ∈ rep.used∧ Using (u, ru)

The process of instantiating, specializing and adapting generic descriptions follows the same line
as suggested for step 1. The outcome in this simple case is the description of theCheckOut action
given in Section 2.5.

2) For each action in the capability list of a human agent, consider the relevance of an automated
agent with a corresponding action in its capability list.  This tactics is the basic one for introducing
new devices and programs as candidates in the space of alternative agent assignments (see step 6).
If the introduction of an automated action appears to be relevant, this action and the objects in-
volved in it can be defined asIsA specializations of the action and objects already defined; in par-
ticular, pre- and postconditions on the corresponding image-objects are thereby inherited as fea-
tures of the automated action.  Instances of theRepresentation meta-relationship must then be in-
troduced to link concepts and their automated counterpart. (See Section 2.9.)  Most often new goals
have then to be introduced; such goals are in theConsistencyGoal category. For example, aCheck-
OutTransaction action might be identified as a possible capability of an automatedLibraryData-
baseManager agent; it is defined asIsA a specialization of theCheckOut action. Corresponding
image-objects are then identified and defined in a same way (e.g., theLibaryDatabase entity intro-
duced in Section 2.9). An object and its corresponding image must both be instances of the OB-
JECT meta-type; however, they need not necessarily be instances of the same specialized meta-
type (e.g., the automated counterpart of the Borroweragent will be a BorrowerRecordentity which
will record relevant information about borrowers).   One of the ConsistencyGoals required in this
example should concern theLibrary andLibraryDatabase entities; this goal is operationalized in
theMaintain[SameLibraries] soft constraint given in Section 2.9. The use of this tactics allows one
to avoid confusions between the physical and automated parts of the composite system; such con-
fusions are frequently made in specifications [Win88].
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tained. (A fair value for the number N of weeks before return might emerge as a compromise during
negotiation [Rob89].)

 As mentioned before, the various objects Concerned by goal descriptions are given partial char-
acterizations. For example, the RegularAvailability goal concerns the Library object (see Sec. 2.7);
moreover an "available" attribute of this object appears in the expression of the goal. At this stage
one might recognize the Library object as being an instance of the ENTITY meta-concept, intro-
duce an additional "checkedOut" attribute and write a partial invariant "lib =  available∪ checkedOut";
the "lost" attribute might be introduced later in step 3 when the constraint Avoid [LostCopies]is
acquired as one of the ways to operationalize the RegularAvailability goal. Similarly, the Borrow-
ing object is concerned by the BookRequestSatisfied goal; it meets the criterion for being a RELA-
TIONSHIP instance (see Section 2.4), and the objects it links appear from the expression of the
BookRequestSatisfied goal - namely, Borrower and BookCopy. A partial invariant recognized at
this stage might be "Borrowing(bor,bc) ⇒ bc ∈ lib.checkedOut".

In case generic goals have been reused according to the first tactics above, the features of the
generic objects Concerned by these goals are specialized/instantiated correspondingly. For exam-
ple, the generic Repository and Usingobjects are instantiated to Library and Borrowing, respec-
tively; the partial invariants of the Library and Borrowing objects suggested above can then be ob-
tained as instantiations of the following generic invariants:

rep =  available ∪ used  ,    Using (u, ru) ⇒  ru ∈ rep.used

(In these assertions, available and used are generic attributes of the Repository entity; their domain
is known to be SetOf [ResourceUnit].)

Step 2 - Identify Potential Agents and their Capabilities
WHAT:  A preliminary identification is made of the agents that could be available in the composite
system, together with their category (human agent, physical device, program) and the actions they
are capable of performing on the objects involved in goal descriptions.  In other words, goal-direct-
ed instances of the AGENT meta-concept, Capability meta-relationship and ACTION meta-con-
cept are acquired under the constraints specified at the meta-level. For each action appearing in the
capability list of an agent, a pair of basic precondition and postcondition is specified; this pair must
capture the state transitions produced by application of the action on the objects identified in step 1.

WHY:  Such preliminary information about agents potentially available is needed to determine
when the reduction process can terminate (step 1) and to guide the operationalization process (step
3).

HOW:  The various objects appearing in the goal descriptions elaborated in step 1 are reviewed to
determine those which can control state transitions of the others. For each agent obtained thereby,
the actions corresponding to these state transitions are identified and the elementary pre- and post-
conditions describing these transitions are written down. For example, the Borrower agent is iden-
tified from the description of the BookRequestSatisfied goal introduced in Section 2.7. This object
is an agent because it can control state transitions of the Borrowing object appearing in the formal
expression of that goal; the two possible transitions are "Borrowing → ¬ Borrowing" and "¬ Borrowing

→ Borrowing" ,  from which Return and CheckOut actions are identified together with their elemen-
tary pre- and postcondition (e.g., Borrowing (bor, bc) and ¬ Borrowing (bor, bc) for Return).  Similarly,
the Passenger object referenced in the SafeTransportation goal is identified as an agent because it
can control transitions such as being in and then out of the lift or getting the doors open and then
closed.

Additional agents and capabilities are acquired by interaction between the clients and the ana-
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text. Note that areduction into three generic subgoals is also proposed. TheUnitsAvailable subgoal
and its formal expression could even be more specific if theBook concept is declared as aIsA spe-
cialization of a more specific concept than theResource concept, namely, theReturnableResource
concept; theUnitsAvailable subgoal becomesRegularAvailability in this case, and the formal ex-
pression of that goal in Section 2.7 is obtained as a straightforward instantiation of it.  (The reader
should be convinced that the same process can be replayed for theBedRequestSatisfied goal in a
hospital management system.)

The reuse process is under control of the analyst, of course. At any time it is possible to adapt
proposed goals, to reject them or to provide new specific ones. The more abstract and general the
reused concept description is, the more important the required adaptation might be. For example,
theAvailabilityNotified goal in Section 2.7 could be seen as an adapted specialization of the fol-
lowing very abstract goal.

 Systemgoal  Achieve [UserInformedOfStateChange]
           InstanceOf  InformationGoal

 Concerns   User, SystemComponent
    FormalDef  (∀ ���������
	���
��������
���������
������������������������
������ • comp ⇒ ◊ Knows (u, comp) ]

Other tactics can be used during acquisition of the goal structure such as the following ones.

2) Stop reducing a goal when it can be operationalized. The sooner a goal description can be
translated into an operational form, the better; formal reasoning can then take place to ensure
constraints through appropriate actions and to assign responsibilities to agents. (Remember that
operational constraints can themselves be reduced.)  For example, theBookRequestSatisfied  goal
was seen in Section 2.7 to require further reduction as it could not be operationalized; its
RegularAvailability  subgoal requires no further reduction because it can be operationalized into
theLimitedBorrowingPeriod constraint defined in Section 2.8.

3) Reduce goals into subgoals so that the latter require co-operation of fewer potential agents to
achieve them.  This tactics is the basic one to ensure that the reduction process makes progress to-
wards a stage where all goals are operationalizable. Its use requires that some progress has already
been made in step 2 since information about potential agents and their capabilities need to be avail-
able. Thus, step 1 and step 2 are working like coroutines.

 4) Choose an alternative reduction that minimizes costs. Costs are taken in a broad sense here
(e.g., cost of achieving a goal by means of a human agent vs. cost of achieving it by means of a
program to be developed or to be acquired for that purpose, cost of purchasing the resources
concerned by the goal, etc.)  When it can be anticipated that a goal will be too costly to achieve, it
might be necessary to find cheaper alternative reductions. The problem with this heuristic is that
cost evaluation is a very complex task; moreover it is normally handled later whenResponsibility
Costs are evaluated, prior to assigningPerforms links to agents. Nevertheless, we don’t need
complex evaluation functions to detect goals which appear from the beginning to be very costly.

 For example, theAsManyCopiesAsNeeded subgoal introduced in Section 2.7 as one alternative
reduction of theBookRequestSatisfied goal would be rejected using this tactics - at least in the case
of large libraries with many potential borrowers.

5) Choose an alternative reduction with as few conflicts as possible.

6) Resolve conflicts according to the relative priority among goals. The conflicts with the highest
priority goals should be resolved first. Higher priority goals should obviouly be favoured. For ex-
ample, theLongBorrowingPeriod goal described in Section 2.7 was seen to conflict with theReg-
ularAvailability goal; the latter is of much higher priority so that it is most likely the one to be re-
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objects which are relevant to goals are under consideration.

HOW: The identification and reduction of goals is a non-trivial, but critical, task. Analysts and cli-
ents must interact a lot at this stage. The following tactics help the analyst to refine the goal struc-
ture.

1) Reuse relevant generic goals and reductions by specializing/instantiating their description.  Ge-
neric goals are retrieved in the domain knowledge base; the indexing scheme for retrieval is based
on goal category, goal pattern, and IsA links between the Concerned objects already identified and
their generalizations in the domain models available. The retrieved goals and their reductions are
then considered for specialization and adaptation to the specific composite system being modeled.

For example, the BookRequestSatisfied introduced in Section 2.7 was handled in that way. This
goal was classified in the "SatisfactionGoal" category and was declared to have an Achieve pattern;
the Concerned Borrower and Book objects were declared to be IsA specializations of the generic
User and Resource objects in the resource management domain model, respectively. The following
requirements fragment is then retrieved in the domain knowledge base on that basis:

   SystemGoal  Achieve [ResourceRequestSatisfied]
    InstanceOf  SatisfactionGoal

Concerns   User, Resource, Using, ...
FormalDef  (∀ u: User, res: Resource, rep: Repository)

           Requesting (u, res) ∧  InScope (res, rep)
              ⇒ ◊ (∃ ru: ResourceUnit ) (Unit (ru, res) ∧ Using (u, ru))

         ReducedTo  EnoughUnits, UnitsAvailable, AvailabilityNotified

The generic concept names are then instantiated to their library-specific counterpart, and the ge-
neric InScope predicate has to be specialized in an appropriate fashion to the library-specific con-
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1) Acquisition of Goal structure and identification of Concerned Objects.
2) Preliminary identification of potential Agents and their Capabilities.
3) Operationalization of Goals to Constraints.
4) Refinement of Objects and Actions.
5) Derivation of strengthened Actions and Objects to Ensure Constraints.
6) Identification of alternative Responsibiliies.
7) Assignment of Actions to responsible Agents.

In this strategy, the steps are ordered but some of them may overlap (notably, steps 1 and 2). More-
over, backtracking is possible at every step. For example, information acquired during the respon-
sibility identification step (step 6) may induce changes to the results of the operationalization step
(step 3). The changes made to the latter step must then be propagated through the succeeding steps.

To understand the proposed strategy, we must address three questions for each step: What tasks
are done during the step? Why those tasks are necessary? How the tasks  are carried out? We must
also identify which components of the meta-model are involved in the step. (In Figure 2, we can
trace the acquisition path from the GOAL node back through the meta-model graph.)

Step 1 - Acquire Goal Structure and Identify Concerned Objects
WHAT: The system goals given by the client are incrementally refined into an overall goal-sub-
goal structure - an AND/OR graph. In other words, instances of the GOAL meta-concept and Re-
duction meta-relationship are acquired under the constraints specified at the meta-level.  The leaf
goals of this structure are primitive goals which can be made operational through constraints in step
3. A portion of a possible goal structure related to borrower goals in a library system is visualized
in Figure 3.

The elaboration of the goal structure consists of three substeps:

(i) Identify SystemGoals, their category and their pattern, and associate them with the parent
goal(s) they Reduce;  formalize refined subgoals according to their specified pattern as soon as they
become concrete enough. (In general abstract goals near roots of trees cannot be formalized.)

(ii) As the reduction proceeds, identify the objects concerned by the goals and elaborate a prelim-
inary definition of their features - e.g., basic domain-specific attributes that appear in goal descrip-
tions, preliminary invariants to be attached to them.

(iii) Identify possible conflicts among system goals; that is, define instances of the Conflict meta-
relationship. For each conflict being detected, assign priorities to the conflicting goals. (Those pri-
orities define a partial order on goals.)

The three substeps above are not sequential; they are intertwined. When conflicts are identified, it
may be necessary to find an alternative reduction that has fewer conflicts. As a result, new goals
may be identified.

WHY: The reduction of system goals into primitive goals is necessary because global goals usually
cannot be directly translated into constraints; only simple, primitive goals can be operationalized.
Moreover, the system-wide goal structure records the history of the acquisition process. This struc-
ture is important because:
- it ties specification components to their rationale (i.e., goal descriptions);
- it will be used in case negotiation is required to resolve goal conflicts [Rob89];
- it can be used to replay some part of the acquisition process in other circumstances where similar
portions of the goal structure are recognized.

The preliminary identification and characterization of objects from goals ensures that only those
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- TheView ternary meta-relationship links agents, concepts (playing the role ofmaster concept)
and concepts (playing the role offacet concept). This allows domain-level concepts to be visible
by agents under restricted facets only; conflicting views can also be thereby recorded for later
resolution. For example, theProceedingsCopy entity can be seen by theBorrower agent as a
BorrowableProceedings entity structured as a pair (title, set of papers)  whereas it could be seen
by theStaff agent as aLocatableProceedings entity structured as a triple (title, date, location in
shelves) .

- TheRepresentation meta-relationship is a reflexive one on OBJECT or ACTION; it is used to
specify requirements about the links between the objects and actions in the automated part of the
composite system and the corresponding objects and actions in the “manual” part of it. For
example, the constraint of consistency between the library database and the physical library is
captured as follows.

Entity  LibraryDatabase
    IsA  Library % inherits features ofLibrary, e.g., theavailable attribute, invariants, etc. %
    ... % specific features %

SoftConstraint  Maintain [SameLibraries]
InstanceOf  ConsistencyConstraint

        FormalDef  (∀ libdb: LibraryDatabase, lib: Library)
 Representation(libdb, lib)⇒
     £ [ libdb.available = lib.available∧  libdb.checkedOut = lib.checkedOut  ∧  libdb.lost = lib.lost ]

For more details, see [Vla91c].

3. A Goal-directed Acquisition Strategy
In a learning-by-instruction framework ([Dav82], [Swa83], [Ben85]), requirements about the
composite system are acquired as domain-specific instances of elements of the conceptual meta-
model. Such instances must satisfy the meta-constraints specified once for all - like, e.g., the
cardinality constraints on meta-relationships (see Figure 2) or the various meta-constraints made
explicit all along Section 2. The requirements gradually acquired are expressed in the acquisition
language which closely reflects the structure of the meta-model, as suggested in the examples
introduced in Section 2.

Acquisition processes  are guided by strategies and domain models.Strategies define specific
ways of traversing the meta-model graph to acquire instances of its various nodes and links. Each
step in a strategy is itself composed from finer steps like question-answering, input validation
against meta-constraints, application of tactics to select preferred alternatives for the various
AndOr meta-relationship instances that arise during acquisition, deductive inferencing based on
property inheritance through specialization links, or analogical reuse of domain models.Domain
models are described in the same acquisition language as requirements are. They are organized as
IsA inheritance hierarchies in the domain knowledge base; one finds various levels of
specialization of goals, constraints, objects, actions and agents involved in resource management
systems, transportation systems, communication systems, and so forth. Ultimately the acquisition
assistant's knowledge base should include a rich variety of domain models, strategies and tactics.
During the acquisition process, the critical decisions are made by the analyst based upon the
knowledge and guidance provided by the assistant.

The strategies considered so far differ by the meta-concept(s) around which they are centered;
goal-directed, view-directed and scenario-directed strategies have been identified.  The strategy of
interest in this paper is the goal-directed one. It is made of the following steps. (Upper case letters
are used to refer to meta-level concepts.)
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goal in Section 2.7 might be operationalized through two constraints:HighCoverage and
LimitedBorrowingAmount. The formal definition of the latter is

(∀ lib: Library, bor: Borrower, bc: BookCopy)
         £ [ # {bc | Borrowing (bor, bc)∧ bc ∈

���������
	���
�� ��	����

% Max (bor) defines an upper limit for the number of borrowed copies as a function on borrowers %

Following a same line of reasoning as above, one may derive a strengthened precondition to be
attached to theEnsuring instance linking that constraint and theCheckOut action; after
determination of responsibility links and acquisition of values for theCost, Reliability and
Motivation attributes, one might get the following requirements fragment:

Constraint  LimitedBorrowingAmount
 Operationalizes  EnoughCopies

   FormalDef  ... (see above)
EnsuredBy  CheckOut  {StrengthenedPre:  # {bc | Borrowing (bor, bc)} < Max (bor)}}
UnderResponsibilityOf  Borrower {Reliability: low, Motivation: low, Cost: low}

 or UnderResponsibilityOf  Staff {Reliability: high,Motivation: high,Cost: low}

From this fragment one would most probably decide that thePerforms link for the CheckOut action
will be assigned toStaff rather thanBorrower; the decision can be based on negotiation or use of
tactics, see step 7 in Section 3.

 The difference between theResponsibility and Performs meta-relationships is important.
Responsibility is defined between agents and constraints. It capturesalternative assignments of
constraints to agents. On the other hand, performance is defined between agents and actions. It
captures thedecisions of actual assignment of actions to agents; as a consequence, additional
restrictions are imposed upon the agent’s behavior, that is, the strengthenings of the conditions.

The CONSTRAINT meta-concept has two specializations (not represented in Figure 2).
HardConstraints may never be violated;SoftConstraints may be temporarily violated. For
example, “no planes on same portion of air corridor” is aHardConstraint. Another example of a
meta-constraint built into the meta-model is that "domain-level constraints in theSafetyConstraint
category always areHardConstraints".

SoftConstraints need specific actions to restore them. This knowledge is captured in the meta-
model by introducing theRestoration meta-relationship, defined by

Restoration (act, C)   iff
          actionact contributes to re-establishing soft constraintC.

Restoration has a meta-cardinality1:N for theRestoredBy role; every soft constraint must have at
least one restoration action associated with it. This meta-constraint is a source of acquisition of new
requirements fragments; e.g., theIssueReminder action introduced in Section 2.5 was acquired
from the fact that theLimitedBorrowingPeriod constraint shown at the beginning of this Section is
declared as aSoftConstraint.

2.9. Other Features of the KAOS Meta-model

The KAOS meta-model incorporates other meta-concepts and meta-relationships that are not
directly related to the goal-directed strategy discussed in Section 3. Here is a short list of them.

- TheStructuring and Composition meta-relationships are used to structure complex objects and
complex actions into components according to various structuring modes.

- TheSCENARIO meta-concept is linked to the ACTION meta-concept through aCombination
meta-relationship to support sequential, parallel, alternative and repetitive compositions of
scenarios; the latter can then be discussed with clients to validate requirements.



- 19 -

combinations of strengthenings, Ensuring is an AndOr relationship. It is defined between the
ACTION or OBJECT meta-concepts on one hand and the CONSTRAINT meta-concept on the
other. The precise definition is as follows.

Ensuring (act, C)   iff
    the application of action act under strengthened conditions
    Pre ∧ StrengthenedPre,  Trig ∧ StrengthenedTrig,  Post ∧ StrengthenedPost

                            guarantees that constraint C holds in the initial and final states of act.

Ensuring (obj, C)   iff
   the restriction of ob states to the strengthened condition
 Inv ∧ StrengthenedInv

   guarantees that constraint C holds in the initial and final states of any action on ob.

The combination of Operationalization and Ensuring links at the domain level provides
explanations about the rationale of requirements on actions and objects with regard to system-level
or organizational goals; it can be seen as a refinement of the notion of operationalization used in
explanation-based learning [Mos83], [Ell89].

Constraints operationalizing goals must be assigned to agents that will be in charge of the
strengthened actions. This is captured by the Responsibility meta-relationship.  Since a constraint
can in general be assigned to several alternative agents, Responsibility is an AndOr relationship. It
is defined by

Responsibility (ag, C)  iff
   agent ag is among the candidates to enforce constraint C

                              through some appropriate behaviour  prescribed by Ensuring links.

The Responsibility relationship is more precisely characterized through the following
Responsibility Axiom which is a strengthened version of the Performance Axiom in Section 2.6.

     (∀ ag: AGENT, c: CONSTRAINT)
                    Responsibility (ag, c) ⇒
                       (∀ act: ACTION)
                               Ensuring (act, c) ∧ Performs (ag, act) ⇒
                                              {?Pre ∧ StrPre, !Trig ∧ StrTrig} [ag, act] {Post ∧ StrPost}

Constraints may thus restrict the behaviour of responsible agents, in a way similar to [Fea87] (note,
however, that no distinction is made in [Fea87] between nonoperational goals and operational
constraints).

Beside the fact that a constraint is assigned to exactly one agent in each alternative assignment
considered (see the cardinality in Figure 2), Responsibility  is subject to two other meta-constraints:

     (∀ ag: AGENT, c: CONSTRAINT, act: ACTION)
 Performs (ag, act) ∧ Ensuring (act, c) ⇒  Responsibility (ag, c)

     (∀ ag: AGENT, c: CONSTRAINT, act: ACTION)
 Responsibility (ag, c) ∧ Ensuring (act, c) ⇒  Capability (ag, c)

The Responsibility meta-relationship has optional meta-attributes like the Cost for the agent to
take responsibility over the constraint, the Reliability of the agent with respect to the constraint,
and the Motivation of the agent to control the system behaviour so as to meet the constraint. Values
for such meta-attributes at the domain level are used in tactics for selecting among several
alternative responsibility assignments.

For example, the EnoughCopies goal that appeared as a reduction of the BookRequestSatisfied
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to enforce the constraints through these restricted and/or new actions need to be identified before
most appropriate ones can be selected. TheEnsuring andResponsibility meta-relationships are
introduced for that purpose. (See Figure 2.)

To introduce the definition ofEnsuring, it is important to recognize that constraint satisfaction
may require:
- the strengthening of PreConditions, TriggerConditions and PostConditions of several actions,

andof Invariants of several objects,
- the acquisition of new specific actions and objects,
- the acquisition of new specific features for actions and objects already acquired.

To make that point more precise, consider theSafeTransportation goal introduced in Section 2.7.
For a lift system, this goal might be operationalized by theDoorsClosedWhileMoving constraint
formally defined by

 (∀ l: Lift, d: Doors, f, f’: Floor)
                PartOf (d, l)⇒  £ [ LiftAt (l, f) ∧ o LiftAt (l, f’) ∧

�����

     ⇒  d.State = 'closed'∧ o (d.State = 'closed') ]

Assume the specifications of theGoToFloor andOpenDoor actions have already been acquired
under the following form.

Action GoToFloor
 Input  Lift { arg: l}, Floor {arg: f, f’}, Passenger {arg: p};  Output  LiftAt

            PreCondition  LiftAt (l, f) ∧ Requesting (p, f’) ∧
�����

            PostCondition  LiftAt (l, f’)

Action OpenDoors
            Input  Lift { arg: l}, Doors {arg: d}; Output  Lift { res: l}, Doors {res: d}
            PreCondition  PartOf (d, l)∧ d.State=’closed’
            PostCondition  d.State =’open’

To meet theDoorsClosedWhileMoving constraint above, one can make the following derivations.
(i) From the formal expression of the constraint and the pre- and postconditions of theGoToFloor

action, one derives that the predicated.State = 'closed' must hold both in the initial and final states
where GoToFloor is applied; a strengthening of the PreCondition and PostCondition of
GoToFloorwith the assertion

        < d.State = 'closed' >

is thus required.
(ii) From the formal expression of the constraint and the pre- and postconditions of theOpenDoors

action, one derives that the antecedent in the constraint must be false in the initial states of
OpenDoors (because the consequent is then false), that is, the predicateLiftAt(l,f) must holdboth
in the initial and final states whereOpenDoors is applied; a strengthening of the PreCondition
and PostCondition ofOpenDoorswith the assertion

        < LiftAt (l, f) >

is thus required.
(iii) From the formal expression of the constraint, one derives that another action is required to

yield transitions from states such that¬ (d.State = 'closed’)to states such thatd.State = 'closed'- the
latter conditions define a PreCondition and a PostCondition for a new action that might be
namedCloseDoor.

The Ensuring meta-relationship thus has the following meta-attributes attached to it:
StrengthenedPre, StrengthenedTrig, StrengthenedPost andStrengthenedInv. Their values at the
domain level represent constraint-oriented preconditions, trigger conditions, postconditions and
invariants, respectively. Since a constraint can in general be met by several alternative
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will be assigned preferably to that agent - e.g., staff agents will be in charge of the constraint
operationalizingAvoid [LostCopies]; an agent is not assigned a constraint operationalizing a goal
that conflicts with its private goals - e.g., theBorrower agent would not be in charge of the
LimitedBorrowingAmount constraint that operationalizes theEnoughCopies goal above.

 2.8. Constraints
A constraint is anoperational objective to be achieved by the composite system. As opposed to

goals, a constraint is formulated in terms of objects and actions available to some agent in the
system; that is, it can be established through appropriate state transitions under control of one of
the agents.

For example, theLimitedBorrowingPeriod constraint might be captured by the following
requirements fragment.

SoftConstraint  Maintain [LimitedBorrowingPeriod]
 FormalDef   (∀ bor: Borrower, bc: BookCopy )

    £ [ Borrowing (bor, c)∧ • ¬ Borrowing (bor, c) ⇒   ◊Nw ¬ Borrowing (bor, c) ]
     ...

This constraint is operational in that it can be achieved by application of actions available to some
agent in the system. TheBorrower agent has theReturn action in its capabilities; the latter has
Borrowing(bor, c) in its precondition and¬ Borrowing(bor, c) in its postcondition. The constraint can
thus be established through appropriate state transitions under control of theBorrower agent.

Goals are made operational through constraints. The link between goals and constraints is
captured in theOperationalization meta-relationship defined as follows:

Operationalization (C, G)   iff
      meeting constraintC is among the operational ways to achieve goalG.

A constraint operationalizing a goal thus amounts to some abstract “implementation” of this goal.
In general a goal can be operationalized through several alternative combinations of constraints;
like Reduction, Operationalization is an AndOr relationship.  A meta-constraint here is that a goal
operationalized into constraints may not be reduced further.

Coming back to theRegularAvailability goal, one can verify from its formal definition and from
the definitions of theLibrary entity andBorrowing relationship that theLimitedBorrowingPeriod
constraint above is among the operational ways to achieve it. TheNoLostCopies constraint is
another way to make the goal operational. The description above would thus be complemented as
follows:

Systemgoal  Maintain [RegularAvailability]
Concerns   ...

   FormalDef ...
   OperationalizedBy  LimitedBorrowingPeriod, NoLostCopies

TheOperationalization meta-relationship propagates all features of the GOAL meta-concept to
the CONSTRAINT meta-concept (see Figure 2).  Thus, constraints can be AND/OR-reduced in
the same way that goals are; they can be conflicting, may have assigned priorities and may be
wished; they concern objects and are classified by pattern and by category.  Moreover, conflicts
and   categories are propagated throughOperationalization links at the domain level as well; that
is, contraints that operationalize conflicting goals are conflicting as well, a SatisfactionGoal is
operationalized into a SatisfactionConstraint, and so forth.

A goal can be achieved provided the constraints operationalizing it can be met. To meet these
constraints, appropriate restrictions may be required in turn on the actions and objects already
identified; new actions and objects might also be required. Also, the possible agents that are able



- 16 -

Systemgoal  Maintain [RegularAvailability]
 Concerns   Library

    FormalDef  (∀ lib: Library, bc: BookCopy)
         bc ∈ lib  ⇒ £ [ ¬ (bc ∈ lib.available)⇒  ◊Nw  bc ∈ lib.available) ]
   %N is a system parameter%

  ...

Systemgoal  Achieve [AvailabilityNotified]
           InstanceOf  InformationGoal

 Concerns   Borrower, Library, ...
    FormalDef   (∀ lib: Library, bor: Borrower, b: Book, bc: BookCopy)

          Requesting (bor, b)
           ∧ • ¬ (∃ bc: BookCopy ) (Copy (bc, b)∧ bc ∈ lib.available)
           ∧ (∃ bc: BookCopy ) (Copy (bc, b)∧ bc ∈ lib.available)
             ⇒ ◊ Knows (bor, lib.available)

   %TheKnows predicate was introduced in Sec.2.6%
 ...

The Reduction meta-relationship allows one to capture goals that contribute positively to other
goals. Goals can also contributenegatively to other ones; this is captured in theConflict
relationship. The latter is defined as follows.

Conflict (g1, g2)   iff   goalsg1, g2 cannot be achieved together.

Suppose, for example, that the following private goal has been acquired from borrowers:

PrivateGoal  Maintain [LongBorrowingPeriod]
     InstanceOf  SatisfactionGoal

Concerns   Borrower, Borrowing
FormalDef  (∀ bor: Borrower, b: Book, bc: BookCopy)

                                  £ [ (Borrowing (bor, bc)∧ Copy (bc,b)∧ o Need (bor, b)
                  ⇒  o Borrowing (bor, bc) ]

    ...

This goal can clearly be seen to conflict with theRegularAvailability  goal above (see the formal
definitions of these goals and the invariants attached to the Library entity and the Borrowing
relationship). The  description ofLongBorrowingPeriod is therefore complemented with

  ConflictsWith   RegularAvailability

Thus, conflicts between goals can be made explicit. Recording such conflicts is required to
support subsequent conflict resolution through evaluation and negotiation.  In that prospect, a
Priority meta-attribute is also attached to the GOAL meta-concept. Its values can be used for
conflict resolution and for agent responsibility assignment.   (Priorities take values in the range 0
to 1; the latter value being the highest priority.)  A meta-constraint here is that SafetyGoals always
are of highest priority.

Finally, aWish meta-relationship is introduced between the HumanAGENT specialization of the
AGENT meta-concept (not shown on Figure 2) and the GOAL meta-concept; it is defined by

Wish (ag, G)   iff   human agentag wants goal G to be achieved.

For example, theLongBorrowingPeriod goal above is clearlyWished by Borrower agents;  the
system goalAvoid [LostCopies]  is Wished by Staff agents who do not want copies to disappear
improperly.

The introduction of private goals andWish links provides useful information at the domain level
for making decisions among alternative responsibility assignments and conflict resolutions. (See
Section 3.) For example, private goals have lowPriority values and therefore will often be dropped
in case of conflict; if an agent wishes some system goal, the constraint operationalizing that goal
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- InformationGoals concerned with getting agents informed about object states,
- RobustnessGoals concerned with recovering from foibles of human agents or from breakdowns

of automated agents,
- ConsistencyGoals concerned with maintaining the consistency between the automated and

physical parts of the composite system,
- SafetyGoals and PrivacyGoals concerned with maintaining agents in states which are safe and

observable under restricted conditions, respectively.

The specific category of a domain-level goal is declared by an InstanceOf clause which makes the
goal inherit all features of the corresponding goal category.

As another example, the objective of safe transportation in a lift system  might be captured by
the following requirements fragment:

SystemGoal  Maintain [SafeTransportation]

    InstanceOf  SafetyGoal
Concerns   Passenger
InformalDef  ...

Note again that his objective is nonoperational because as formulated it cannot be established by
the MakeRequest, GetIn, GetOut actions available to the Passenger agent nor by the OpenDoors,
CloseDoors, Stop, GoToFloor actions available to the LiftController agents. One difference with
the previous example is that the SafeTransportation goal is even more abstract than the
BookRequestSatisfied goal; it cannot be direcly formalized. Goals can thus be described formally
or informally. Abstract/informal goals need to be refined into concrete/formal ones; the latter may
also need to be further refined in order to obtain subgoals that can be more easily made operational
through constraints. (The notions of formality and operationality should not be confused.)

The Reduction meta-relationship is thus introduced for goal refinement. Since a goal can be
reduced into several alternative combinations of subgoals, Reduction is an AndOr meta-
relationship; it corresponds to the classical problem reduction operator in problem solving [Nil71].
The precise definition is as follows.

Reduction (G, g)  iff  achieving goal g possibly with other subgoals
             is among the alternative ways of achieving goal G.

At the domain level, goals are thus structured as AND/OR graphs (a goal node can have several
parent nodes as it can occur in several reductions, see the corresponding cardinality in Figure 2).

 Let us come back to the BookRequestSatisfied goal above. The predicate Borrowing(bor,bc) will
eventually become true from states where Requesting(bor b) holds provided the precondition
bc∈lib.available of the CheckOut action becomes true sooner or later. This could be achieved either
by (i) having a reasonable amount of relevant book copies in the library, (ii) guaranteeing the
regular availability of such book copies and (iii) notifying borrowers in case of requested book
copies being returned, or by guaranteeing that a copy of any book is available for any borrower at
any time. (The latter alternative would probably be later rejected due to the cost of ensuring the
constraint operationalizing it, see below). These possible refinements would be captured during
acquisition as follows.

SystemGoal  Achieve [BookRequestSatisfied]
     InstanceOf  ...

Concerns   ...
   FormalDef  ...
   ReducedTo  EnoughCopies, RegularAvailability, AvailabilityNotified
  or ReducedTo  AsManyCopiesAsNeeded
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eventually satisfied; requests should be made by registered borrowers and refer to books relevant
to the subject area covered by the library. This objective might be captured by the following
requirements fragment:

SystemGoal  Achieve [BookRequestSatisfied]

     InstanceOf  SatisfactionGoal          %declaration of goal category%
 Concerns   Borrower, Book, Borrowing, ...
 FormalDef  (∀ bor: Borrower, b: Book, lib: Library)

       Requesting (bor, b)∧ b.subject ∈ lib.coverageArea
               ⇒ ◊ (∃ bc: BookCopy ) (Copy(bc, b)∧ Borrowing(bor, bc))

This objective is nonoperational in that it cannot be achieved by application of actions available to
some agent.  For example, aBorrower agent cannot establish the objective by application of the
MakeBookRequest, CheckOut andReturn actions it is capable of;  theCheckOut action can make
the predicateBorrowing(bor, bc) become true, but the preconditionbc∈lib.available for that action
cannot be made true by application of actions available to that agent. (As it will be seen in Section
2.8, such a goal needs to be "implemented" by operational constraints; the latter can be established
through state transitions under control of some agents.)

As seen in Figure 2, theConcerns meta-relationship links the GOAL and OBJECT meta-
concepts. Explicit links can thereby be established at the domain level between a goal and the
objects the goal refers to; these links are used during acquisition to get object descriptions from
goal descriptions. (See Section 3.)  For example, the formulation of theBookRequestSatisfied goal
above requires the introduction and later description of theBorrower agent and theBorrowing and
Requesting relationships.

A goal taxonomy is defined at the meta-level to support guidance during acquisition, reuse of
goal descriptions and formal checks. Goals are classified according to their pattern and their
category.

 The pattern of a goal is based on the pattern of its formal definition. Five patterns can be
identified:

Achieve: pattern   P⇒ ◊ Q
Cease: pattern   P⇒ ◊ ¬ Q
Maintain: pattern   P⇒ £ Q
Avoid: pattern   P⇒ £ ¬ Q
Optimize: pattern Maximize (objective function) or  Minimize (objective function)

These patterns have an impact on the set of possible behaviours of the system;Achieve andCease
goals generate behaviours,Maintain and Avoid goals restrict behaviours, andOptimize goals
compare behaviours [And92]. Goal patterns are declared by making the pattern name precede the
goal name, see the example above.

Goals found in requirements documents can be of differentcategories.  At the meta-level, such
categories are organized into a specialization hierarchy. (Only the top level of this taxonomy is
shown in Figure 2.) A first distinction is made between SystemGoals and PrivateGoals.
SystemGoals are application-specific goals thatmust be achieved by the composite system; e.g.,
theBookRequestSatisfied goal above is declared as a SystemGoal.PrivateGoals are agent-specific
goals thatmight be achieved by the composite system; e.g., the goal of keeping borrowed copies
as long as needed would be private to theBorrower agent. (We will come back to private goals
below.) System goals are specialized into several categories. The categories considered so far
include:

- SatisfactionGoals concerned with satisfying agent requests,



- 13 -

As shown in Figure 2, the AGENT meta-concept has two meta-relationships with ACTION:
Capability andPerforms. They are defined as follows.

Capability (ag, act)  iff  agentag is capable of performing actionact.
Performs (ag, act)  iff  agentag is a processor allocated toact.

An agent is thereby partly defined by two sets of actions: the set of actions it can perform and the
set of actions it must perform after assignment decisions have been made (see Section 2.8 and
Section 3). An obvious meta-constraint here is that

(∀ ag: AGENT,act: ACTION) (Performs (ag, act) ⇒ Capability (ag, act) )

The Performs relationship is more precisely captured through the following meta-level
Performance Axiom:

            (∀ ag: AGENT,act: ACTION)  (Performs (ag, act) ≡  {?Pre,!Trig} [ag, act] {Post})

The right-hand side of this equivalence has the following meaning:
“if agentagactually performs actionact, it must guarantee to startif the trigger condition ofact becomes true and

only if the precondition ofact is true, to yield a state satisfying the postcondition ofact” .

In terms of the FOREST notations [Fin87], the Performance Axiom can be stated as

 (∀ ag: AGENT,act: ACTION)
         (Performs (ag, act) ≡  (Pre -> [ag, act] Post) & (Trig & Pre -> obl (ag, act)))

A last meta-relationship which will be used below is theKnows meta-relationship between the
AGENT and OBJECT meta-concepts. This meta-relationship is defined by

Knows (ag, ob)  iff  the states of objectob are made observable to agentag.

Note thatPerforms(ag, act) means thatag can actually control the state transitions associated
with act whereasKnows(ag, ob) means thatag can actually observeob states. Also note thatob
can be an object of any kind. In particular, the state of an agent can thereby be made observable to
other agents.

Often the interface through which an agent can observe object states should be made precise in
the requirements [Doe91]. AnInterface meta-attribute attached to theKnows meta-relationship is
introduced for that purpose; its values are references to other objects - and, in particular, to other
agents.

To illustrate these various notions, one could get the following description at some stage during
acquistion:

Agent Staff

    Has  competenceArea, ... %declaration of domain-specific attributes%
Invariant  (∀st: Staff) ( InstanceOf (st, ResearchStaff)∨ InstanceOf (st, SecretaryStaff) )
Load ...
CapableOf   AddCopy, RemoveCopy, BiblioQuery, CheckOut, Return, IssueReminder, ...

  Performs  AddCopy, RemoveCopy, ...
  Knows  Borrowing {Interface: BorrowingSheet}, ...

2.7. Goals
A goal is a nonoperational objective to be achieved by the composite system.Nonoperational
means that the objective is not formulated in terms of objects and actions available to some agent
in the system; in other words, a goal as it is formulated cannot be established through appropriate
state transitions under control of one of the agents.

For example, a standard objective for a library system would be to have any book request
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The ACTION meta-concept is linked to OBJECT through the Input/Output meta-relationships
and to EVENT through the Cause/Stop meta-relationships. They are defined as follows. Letact,
ob andev denote instances of the ACTION, OBJECT and EVENT meta-concepts, respectively.

Input (act, ob)  iff  ob is among the types making up the domain ofact
Output (act, ob)  iff  ob is among the types making up the codomain ofact
Cause (ev, act)  iff  ev instances are among those causing applications ofact
Stop (ev, act)  iff  ev instances are among those causing abortions ofact

Two specializations of ACTION are distinguished in the meta-model, viz. INSPECT and
MODIFY actions. For a modification actionact, Output(act, ob) means that instances of objectob
are created, are deleted or have their features updated.  The Input and Output meta-relationships
have optionalArgument and Result meta-attributes, respectively, to declare instance variables
referenced in the assertions attached to the corresponding action.

The examples below suggest how these meta-relationships and meta-attributes are reflected in
the acquisition language.

Action CheckOut

   Input  BookCopy {Arg: bc}, Library {Arg: lib}, Borrower {Arg: bor}

   Output  Library {Res: lib}, Borrowing

   PreCondition  bc ∈ lib.available

   PostCondition  ¬ (bc ∈ lib.available)∧ bc ∈ lib.checkedOut∧ Borrowing (bor, bc)

   ...

Action IssueReminder

   Input  Borrower {Arg: bor}, BookCopy {Arg: bc}

   Output  Reminder

   TriggerCondition
  ´>2w Borrowing (bor, bc)  ∧  ¬♦≤1w (∃ r: ReminderIssued) [Occurs (r)∧ r = (bor, bc, -)]

   PostCondition ...

The trigger condition above states the condition and frequency under which reminders must be
produced. (TheReminderIssued event was introduced before.)  This example also shows the use
of real-time temporal constructs [Koy83], [Dub91]; e.g., “´>2w” means “in every past state from
the current one up to more than 2 weeks”.

2.6. Agents
An agent is an object which is a processor for some actions; agents thus control state transitions.
As opposed to the other kinds of objects (i.e., entities, relationships and events), agents have choice
on their behaviour [Fea87].  Examples of agents are human beings, physical devices, or programs
that exist or are to be developed in the automated part of the composite system.

Agents have states like any other kind of object. They inherit all features that may characterize
objects. In paricular, they can be strucured from other agents through theTuple type constructor;
agent refinement into finer ones can thereby be supported.

In addition to the features inherited from the OBJECT meta-concept, the AGENT meta-concept
has aLoad meta-attribute, whose values denote occupation rates of the corresponding agents. The
load of an agent will increase progressively during requirements acquisition as responsibility
assignments are made. Initially it might be non-null if the agent already has assignments in another
composite system. The process according to which loads are evaluated is outside the current scope
of our approach. The Load attribute acts as a placeholder where values resulting from cost analysis
can be integrated; such values are used in the tactics for responsibility assignment, see Section 3.
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Relationship Borrowing
Links Borrower {Role Borrows,Card 0:N}

     BookCopy {Role BorrowedBy,Card 0:1}
                         %Borrowers may have no copy borrowed, and may borrow several copies at same time;
                            copy may be not borrowed, and may be borrowed by at most one borrower%
Invariant  (∀ lib: Library, bor: Borrower, bc: BookCopy)
                    [ Borrowing (bor, bc)∧ bc ∈ lib  ⇒  bc ∈ lib.checkedOut ∧ ♦Requesting (bor, bc) ]
                  ...

 end Borrowing

An event is an instantaneous object; that is, its instances exist at the instance level in one state
only. Again, theExists meta-attribute inherited from the OBJECT meta-concept is renamed; in the
acquisition language, the expressionOccurs(ev) is used instead of ev.Exists =true.

For example, the event of a reminder being sent for a borrower to return a book copy might be
expressed as follows.

Event ReminderIssued
Has ToWhom: Borrower, What: BookCopy, Message: TEXT
Invariant  (∀ rs: ReminderIssued) (Occurs (rs)⇔ (∃ p: Staff) (Performs (p, IssueReminder))
...

 end ReminderIssued

(We will come back to this example later when theIssueReminder action andPerforms meta-
relationsip will be introduced.)

The EVENT meta-concept has specific meta-attributes in addition to those inherited from
OBJECT. Among them, theFrequency meta-attribute can be used to express the time interval
between repeating instances of the event. Specific meta-relationships are introduced to model the
fact that events may cause the application of actions or are produced by such applications, as shown
below.

2.5. Actions
An action is a mathematical relation over objects. (If the action is deterministic, this relation
reduces to a function.) Action applications define state transitions.

In addition toName andInformalDefinition, the primary meta-attributes of the ACTION meta-
concept include

- PreCondition, whose values at the domain level are the weakestnecessary conditions on initial
states for application of the corresponding action;

- TriggerCondition, whose values at the domain level are the weakestsufficient conditions on
initial states for application of the corresponding action;

- PostCondition, whose values at the domain level are the strongest conditions on final states that
describe the net effect of applying the corresponding action.

The pair (PreCondition, PostCondition) captures thestate transition produced by application of the
action. This pair often has a pattern(P ∧ ..., ¬ P ∧ ...)  or (¬ P ∧ ..., P ∧ ...).

Note the difference between a precondition and a trigger condition. An action can only be
applied if its precondition holds whereas it must be applied if its trigger condition becomes true. A
meta-constraint here is that the action’s precondition must be logically implied by the trigger
condition taken in conjunction with the invariants on the objects referred to in the precondition.

Other attributes, such asStopCondition orDuration, can be attached to ACTIONs. See [Vla91c]
for more detail.
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- Invariant, whose values at the domain level are assertions that restrict the class of possible states
for the corresponding object. An invariant is implicitly universally quantified over the object
states.

As seen in Figure 2, the OBJECT meta-concept is involved in a number of meta-relationships.
These will be defined later when the other meta-concepts involved in them will be defined. In
addition to those inherited from the meta-level, new domain-specific attributes can be attached to
objects at the domain level (e.g., a “Title” attribute for the “Book” concept).

The ENTITY, RELATIONSHIP, EVENT and AGENT concepts are specializations of the
OBJECT meta-concept and inherit all its features.

An entity is an autonomous object; its instances may exist independently from other object
instances. Examples of entities are "Borrower", "Book", "BookCopy", "Library", and so forth. In
the acquisition language, one might write

Entity Library
Has available, checkedOut, lost: SetOf [BookCopy]
        coverageArea:SetOf [Subject]  %declaration of domain-specific attributes%
Invariant  (∀ lib: Library) (lib =  available∪ checkedOut∪ lost

∧  available∩ checkedOut = ∅  ∧ available∩ lost = ∅  ∧ checkedOut∩ lost = ∅)
   ...

 end Library

The acquisition language can be seen to have a two-level structure: an outer level fordeclaring
domain-level concepts in terms of meta-model components, and an inner level for expressing
assertions as values for some meta-attributes. The outer declaration level has an entity-relationship
structure which yields the structure of the requirements database; static semantics checking can
thereby be performed through entity-relationship queries [Vla88]. The inner assertion level
corresponds to typed temporal first-order logic.

A relationship is a subordinate object; the existence of its instances depends upon the existence
of the corresponding object instances linked by the relationship. If OB1 through OBn denote the
linked objects, its structure is

TUPLE (OB1, ..., OBn).

The Exists meta-attribute inherited from the OBJECT meta-concept is renamed; in the
acquisition language, the expression

                                                 R (ob1, ..., obn)
is used rather than
                                                     [R (ob1, ..., obn)].Exists = true.

Since a relationship links objects, the RELATIONSHIP meta-concept has a specific meta-
relationship with the OBJECT meta-concept (see Figure 1 and Figure 2): theLink meta-
relationship.  In this meta-relationship, the meta-role “Links” is played by RELATIONSHIP with
���������
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by OBJECT with meta-cardinality 0:N (that is, an object does not necessarily participate in
relationships). The Link meta-relationship has two meta-attributes:Role andCardinality. Values
for these meta-attributes yield roles and cardinalities for relationships at the domain level. (The
reader now may understand why the “meta” prefix is used: meta-roles and meta-cardinalities of a
meta-relationship should not be confused with theRole andCardinality meta-attributes of theLink
meta-relationship.)  For example, the Borrowing relationship might be partially described in the
acquisition language as follows.
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“A constraint that may be temporarily violated must have a restoration action meta-linked to it."

A possible instantiation of it at the domain level might be
“The RectifyLibraryDatabase action must be introduced with appropriate conditions to restore the constraint of

consistency between the library database and the library shelves” .

Figure 2 summarizes the portion of the meta-model of relevance to this paper; a detailed
description of the complete meta-model can be found in [Vla91c]. We proceed now from the more-
or-less classical concepts, which already appear in some form in existing specification languages,
to the new concepts which have been introduced in KAOS. (The order of presentation thus does
not correspond to the order in which instances must be acquired at the domain level; the latter issue
will be addressed in Section 3.)   In the sequel, where no ambiguity arises we will say “a C” instead
of “an instance of meta-concept C”.

2.4. Objects, Entities, Relationships and Events
An object is a thing of interest which can be referenced in requirements. Instances of objects may
evolve from state to state (because of applications of actions, see Section 2.5). Thestate of an
object instanceOb at some time is defined as a mapping fromOb to the set of values at that time
of all features ofOb.

In addition toName andInformalDefinition, the primary meta-attributes of the OBJECT meta-
concept include

- Exists, with values’true ’ at the instance level if the corresponding object instance exists in the
current state, and’false’ otherwise;
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As a result, features of C2 are inherited by C1 according to the inheritance mode specified; a
feature is uninheritable, instance inheritable, type inheritable, or fully inheritable (for more details,
see [Vla91c]). A concept may be linked to several others through IsA relationship instances; thus
multiple inheritance is supported.  As first shown by Greenspan [Gre86], specialization hierarchies
are of great benefit in the development of conceptual requirements models.

2.3.2. Defining concepts,  relationships and attributes
At the meta and domain levels, model components are characterized as follows.

A concept C is defined by a set of features; aconcept feature is either an attribute of C or a
relationship involving C.  For example, the "Agent" meta-level concept in Figure 1 could have a
"Load" attribute and is involved in the "Performs" relationship; the "Book" domain-level concept
could have a "Title" attribute and is involved in the "Copy" relationship.

A relationship R is also defined by a set of features; arelationship feature is either an attribute
of R or the ordered list of concepts linked by R together with their respective role and cardinality.
For example, the "Performs" meta-level relationship in Figure 1 could have a "Reliability" attribute
and links the "Agent" and "Action" meta-level concepts; the "Borrowing" domain-level
relationship could have a "DateOfCheckOut" attribute and links the "Borrower" and "BookCopy"
domain-level concepts.

An attribute Att is defined by a set of characteristics like its name, informal definition, domain
of values, and unit of values. A domain is either elementary or compound. Anelementary domain
is a set of atomic values; this set can be simple, linearly ordered, orIsA-structured (e.g., the
"Keyword" domain isIsa-structured). Acompound domain is built from other domains through the
Union, Tuple, SetOf or SequenceOf domain constructors, or through abstract syntax domain
constructors [Kah83]. The latter are used for those attributes attached to concepts or relationships
which have formal assertions as values.

Formal assertions as attribute values. At the domain level, formal assertions can thus be attached
to domain-specific concepts; they are values for attributes inherited from the meta-level, like the
Invariant attribute that can be attached to objects, thePreCondition, PostCondition,
TriggerCondition andStopCondition attributes that can be attached to actions, or theFormalDef
attribute attached to goals or constraints (see Sections 2.4, 2.5 and 2.8). The assertion sub-language
used for writing such attribute values is a typed temporal first-order logic equipped with real-time
temporal constructs [Koy83]; it is inspired from ERAE [Dub91]. The primary notations used in the
examples below are summarized as follows. For a well-formed formula P,

   P    means “propertyP holds in thecurrent state”
o P   means “propertyP holds in thenext state”
◊ P   means “propertyP holds incurrent or some future state”
£ P   means “propertyP holds incurrent and all future states”
• P   means “property P holds in theprevious state”
♦ P   means “propertyP holds incurrent or some previous state”
´ P   means “property P holds incurrent and all previous states”

Inheritance mode. An additional characteristic that may be attached to a relationship or an
attribute is its inheritance mode throughIsA specialization hierarchies (with "uninheritable",
"instance inheritable", "type inheritable", or "fully inheritable" as possible values, see above).  All
features of meta-concepts and meta-relationships are fully inheritable by each corresponding
instance at the domain level. Similarly, constraints on model components at the meta-level are
correspondingly instantiated at the domain level. For example, consider the following meta-
constraint.
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2.3. Characterizing Model Components
Models at the meta level and at the domain level were already seen to consist ofconcepts,
relationships linking concepts, andattributes attached to concepts or relationships (see Section
2.1.) This style of model definition is close to the one used in semantic data models [Che76],
[Hul87] or structured object representations [Bra85]. What is meant by attribute and relationship
is now made more precise; next we will see how meta-level and domain-level concepts,
relationships and attributes are characterized.

2.3.1. Terminology
Attributes. An attributeAtt of a concept or relationship T is defined as a function

Att: T → D
where D is called thedomain of values for the attribute.

Relationships. A n-ary relationshipR over concepts C1 through Cn is defined by
 R = TUPLE (C1, ..., Cn)

where TUPLE denotes the tuple type constructor (that is, any instance of R is a tuple of
corresponding instances of Ck). Sometimes therole played by Ck in R is given an explicit name.
The cardinality of R is defined by a sequence of pairs {mink: maxk} �����, where mink and maxk
denote the minimum and maximum number of instances of R, respectively, in which every
instance of Ck must participate. Cardinalities allow various kinds of constraints on relationships to
be expressed. For example, the cardinality of theCopy relationship that links theBookCopy and
Book concepts in Figure 1 is {1:1, 1:N}. This expresses that a book copy must be a copy of one and
exactly one book whereas a book may have a number of copies ranging from one to an arbitrary
numberN. Cardinality constraints for a number of relationships in the KAOS  meta-model are
depicted in Figure 2.

AndOr relationships. AND/OR graph structures [Nil71] need to be introduced if one wants to
support the tracking ofalternative requirements options at the domain level. For example, a goal
can be refined into several alternative combinations of subgoals, a goal can be made operational
through several alternative combinations of constraints, a constraint can be under responsibility of
several alternative combinations of agents, and so forth.  AndOr relationships are introduced at the
meta-level for that purpose. (Instances of such relationships will be declared in the acquisition
language using the corresponding logical connectives.)  An AndOr relationship R over concepts
C1 and C2 is a compound binary relationship defined as follows:

                                               R = AndRo OrR                           ( "0" denotes relation composition)

with OrR =TUPLE (C1, AltR), AndR =TUPLE (AltR, C2),

that is, any instance of R is a pair of concept instances (c1, c2) such that there exists an alternative
alt for which (c1,alt) and (alt, c2) are instances of OrR and AndR, respectively. (AltR thus
represents the set of possible alternatives to link C1 and C2 - in AND/OR graph terminology,
instances of AltR correspond to AND-nodes whereas instances of C1 and C2 correspond to OR-
nodes.)
AndOr relationships have aSelected attribute with 'yes' and 'no' as possible values to record which
alternative is eventually selected during acquisition. These values must be updated in case of
backtracking to explore another alternative.

IsA relationship. Subclass specialization is captured through the binaryIsA relationship over
concepts. This relationship is defined by

                      IsA (C1, C2)  iff  every instance of C1 is also an instance of C2.
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management, telephone network, etc.) and to the type of task considered (e.g., transaction
processing, history tracking, etc.). This level is made ofconcepts that are instances of meta-level
abstractions (e.g., for the library management subdomain, the “Borrower” concept which is an
instance of the “Agent” meta-concept, the “CheckOut” concept which is an instance of the
“Action” meta-concept, the “Copy” concept which is an instance of the “Relationship” meta-
concept, etc.). Domain-level concepts are linked throughinstances of the meta-relationships
linking the corresponding meta-level concepts they are an instance of (e.g., BorrowerPerforms
CheckOut, CopyLinks Book and BookCopy). Domain-level concepts must also satisfy
instantiations of the meta-constraints on the corresponding meta-level concepts they are an
instance of  (e.g., the constraint of “limited borrow time” can be violated and must thus have a
restoration action associated with it - such as sending a reminder). The requirements model to be
acquired is thus structured from such domain-level concepts according to instances of the
corresponding meta-relationships inherited from the meta level. The domain knowledge which
can be reused during acquisition is structured in a similar way.

• Theinstance level refers to specific instances of domain-level concepts (see Figure 1).

A similar distinction between object and meta-levels has been used before for requirements
modeling, see [Gre84]. The meta, domain and instance levels are thus made from meta-types, types
and type instances, respectively.   The KAOS meta-model is a conceptual model for the meta level,
thus consisting of meta-level concepts, relationships, attributes and constraints.

2.2. Role of the Conceptual Meta-Model
In the context of requirements acquisition, the KAOS meta-model fills several roles.

(i) As seen before, the components of a requirements model are acquired as domain-specific
instances of meta-concepts, linked by instances of meta-relationships, characterized by instances
of meta-attributes, and constrained by instances of meta-constraints.

(ii) As a consequence of (i), the meta-model determines the structure of the acquisition language.

(iii) As another consequence of (i), the components of a requirements model inherit all the features
defined once for all for the corresponding meta-level abstractions they are an instance of.

(iv) The meta-model drives the acquisition process as in learning-by-instruction systems. For
example, with the goal-directed strategy presented in Section 3, theGoal meta-concept is the first
to be considered; instances of it are acquired throughReduction andIsA specialization links (see
Figure 2); the objectsConcerned by the goals acquired are also preliminarily defined. Then the
Agent and Capability meta-level abstractions are considered to identify relevant instances of them.
Next theConstraint meta-concept is considered; instances of it are acquired from goals through
Operationalization links, and so forth. It is important to recognize thatthe more domain-
independent knowledge is attached to these meta-concepts and meta-relationships under the form
of meta-attributes and meta-constraints, the more knowledge-based guidance can be provided in
the acquisition process.

(v) The various components of the meta-model yield criteria for measuring conceptual similarity
when a learning-by-analogy strategy is followed [Dbi92]. Analog requirements fragments are
retrieved in the domain knowledge base and mapped to the target requirements from similarities
that are evaluated between goals, constraints, actions, agents, events and the like.

(vi) The meta-model determines the structure of the requirements database where the requirements
model is gradually elaborated; similarly, it determines the structure of the domain knowledge base
where model fragments can be retrieved during acquisition and reused. As shown in [Vla88], meta-
models provide a basis for defining generic environment architectures where tools know nothing
about domain-level concepts; they know just about meta-level concepts.
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Requirements fragments from a library system are also provided there to illustrate the use of the
acquisition language. The strategy itself and its various associated tactics are then discussed in
Section 3. Section 4 then concludes by discussing achievements and open issues.

2. A Conceptual Meta-model for Requirements Acquisition
The three levels involved in our approach to requirements acquisition are first clarified in Section
2.1. The central role played by the model at the meta level is then discussed in greater detail in
Section 2.2. Section 2.3 introduces some background material used in the sequel to define the
meta-model components. The remainder of Section 2 is devoted to a tour through the portion of
the meta-model relevant to this paper (Sections 2.4 to 2.9).

2.1. The Meta, Domain and Instance Levels
As shown in Figure 1, our approach to requirements acquisition involves three levels of modelling.
(In the sequel, the “meta” prefix will be used wherever felt necessary to avoid confusions between
levels.)

• Themeta level refers to domain-independent abstractions. This level is made ofmeta-concepts
(e.g., “Agent”,  “Action”, “Relationship”, etc.),meta-relationships linking meta-concepts (e.g.,
“Performs”,  “Input”, “Link”, “IsA” specialization, etc.),meta-attributes of meta-concepts or
meta-relationships (e.g., “Load” of “Agent”,  “PostCondition” of  “Action”, “Cardinality” of
“Link”, etc.), andmeta-constraints on meta-concepts and meta-relationships (e.g., “a constraint
that can be temporarily violated must have a restoration action meta-linked to it”).

• The domain level refers to concepts specific to the application domain (e.g., resource
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Figure 1: The Meta, Domain and Instance Levels



- 4 -

inheritance through specialization links, analogical inferencing based on knowledge about similar
systems, or conflict resolution between multiple views of human agents involved.

(iii) The acquisition assistant is aimed at providing automated support in following one
acquisition strategy or another. It is built around two repositories: a requirements database and a
requirements knowledge base. Both are structured according to the meta-model components. The
requirements database maintains the requirements model built gradually during acquisition; the
latter can be analyzed using query facilities similar to those provided by project database systems
[Vla88]. The requirements knowledge base contains two kinds of knowledge.Domain-level
knowledge concerns concepts and requirements typically found in the application domain
considered. As in [Ben85], [Reu91], this knowledge is organised into specialization hierarchies;
requirements fragments for a particular class of systems known to the assistant (e.g., library
management, airline reservation, telephone network) are thereby inherited from more general
applications (e.g., resource management, transportation, communication) and from more general
tasks (e.g., transaction processing, history tracking, device control). Besides,meta-level
knowledge concerns properties of the abstractions found in the meta-model (e.g., “a constraint that
can be temporarily violated needs to be restored by some appropriate action”) and ways of
conducting specific acquisition strategies. The latter aspect includes tactics that can be used within
strategies (e.g., “prefer those alternative refinements of objectives which split responsibility among
fewer agents ”).

In this overall framework, the objective of this paper is to present a significant portion of the
KAOS meta-model together with one specific acquisition strategy associated with it. The part of
the meta-model considered relates to the refinement of system objectives, their operationalization
through constraints, the specification of objects and actions to satisfy such constraints, and the
assignment of agents like human beings, devices or programs to constraints and actions.  The
acquisition strategy considered in the paper is a learning-by-instruction one. The meta-model graph
is traversed backwards from the Goal node through adjacent links. Instances of the Goal node that
are acquired represent objectives to be achieved by the composite system (like, e.g., satisfy as
many book requests as possible, provide bibliographical knowledge in relevant domains, or
maintain privacy about user interests).  At each node on the path prescribed by the strategy the
corresponding meta-level knowledge is used for guiding instance acquisition.

A distinguished feature of the approach presented in the paper is the importance given to high-
level goals as opposed to their operationalization into constraints to be ensured by agents through
appropriate actions. Instead of starting directly from lower-level process- or action-oriented
descriptions as usually done in current requirements engineering methods, the approach starts from
system-level and organisational objectives from which such lower-level descriptions are
progressively derived.

Goals are important in several respects. They lead to the incorporation of requirements
components which should support them. They justify and explain the presence of requirements
components which are not necessarily comprehensible to clients. They may be used to assign the
respective responsibilities of agents in the system; more precisely, they may provide the basis for
defining which agents should best perform which actions to fit prescribed constraints (according
to their capabilities, reliability, cost, load, motivation, and so forth). Finally, they provide basic
information for detecting and resolving conflicts that arise from multiple viewpoints among human
agents [Rob89].

The remainder of the paper is organized as follows. Section 2 describes the various abstractions
involved in the portion of the meta-model relevant to the goal-directed acquisition strategy.
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agents and responsibilities; such concepts are not found in the final formal specification given to
the designers.

- Requirements acquisition relies more on knowledge about the application domain (e.g., library
management or aircraft control) whereas formal specification relies more on knowledge about
the sophisticated formalism being used (e.g., modularization or import mechanisms).

- The basic processes involved in requirements acquisition and in formal specification are rather
different. Requirements acquisition involves learning [Vla91a] and negotiation [Rob90],
whereas formal specification involves data/operation refinement and structuring, assertion
strengthening and weakening, and so forth [Dub87], [Fea89].

The focus of this paper is on the requirements acquisition task. Our aim is to present elements
of a general approach to requirements acquisition we have developed in the context of the KAOS
project. (KAOS stands for Knowledge Acquisition in autOmated Specification [Vla91b].) The
driving forces of this approach are the reuse of domain knowledge and the application of machine
learning technology [Vla91a]. Two learning strategies have been adapted to the context of
requirements acquisition:learning-by-instruction, where the learner conducts the acquisition
process by using meta-knowledge about the kind of knowledge to be acquired [Dav82], [Swa83],
[Ben85], andlearning-by-analogy, where the learner retrieves knowledge about some "similar"
system to map it to the system being learned [Hal89].

The overall approach taken in KAOS has three components: (i) a conceptual model for acquiring
and structuring requirements models, with an associated acquisition language, (ii) a set of
strategies for elaborating requirements models in this framework, and (iii) an automated assistant
to provide guidance in the acquisition process according to such strategies. To introduce the
context of this paper, we first outline these three components briefly.

(i) The conceptual model provides a number of abstractions in terms of which requirements
models have to be acquired; it is thus ameta-model. It is aimed at being sufficiently rich to allow
both functional and non-functional requirements forany kind of composite system to be captured
in a precise and natural way. Work on knowledge representation [Bra85] has already been shown
to be highly relevant in this context. For example, RML proposes abstractions such as the "entity",
"activity" and "assertion" concepts together with the "subclass specialization" link type [Gre86]. It
was felt, however, that a richer set of abstractions is needed if one wants to also capture objectives
of the system under consideration, constraints that make such objectives operational, agents like
human beings or programs that control the system’s behaviour according to such constraints,
events that cause the application of actions on entities, and so forth. Also, other structuring link
types are needed beside subclass specialization, like (alternative) refinement links between
objectives or between constraints, (alternative) assignment links between agents and constraints,
and so forth. The meta-model for requirements acquisition can be represented as a conceptual
graph where nodes represent abstractions and edges represent structuring links. (Figure 2 illustrates
a portion of this graph.)

(ii) An acquisition strategy in this framework defines a well-justified composition of steps for
acquiring components of the requirements model as instances of meta-model components.  In other
words, a strategy corresponds to a specifc way of traversing the meta-model graph to acquire
instances of its various nodes and links. For example, the meta-model can be traversed backwards
from the objectives to be fulfilled by the composite system, or backwards from the agents available
in the system and their respective views, or backwards from client-supplied scenarios for
combining actions. Each step in a strategy is itself composed from finer steps like, for example,
question-answering, input validation against known properties of meta-model components,
application of tactics to select among alternatives, deductive inferencing based on property
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operational costs, responsibilities, interaction with the external environment, reliability, integrity,
flexibility, and so forth.  The limited scope of current formal specification languages results from
the restricted set of built-in abstractions in terms of which the requirements must be captured. For
example, in state-based languages requirements must be expressed in terms of typed entities and
operations on them; in algebraic languages they must be expressed in terms of abstract data types.
(Such languages thus appear to be more appropriate in the design phase that follows requirements
analysis.) To overcome these limitations language designers have proposed richer constructs, in
particular for expressing temporal requirements (e.g., [Gre86], [Ghe89], [Dub91], [Han91]) and
for capturing requirements about agents and their behaviour in the composite system under
consideration [Fea87], [Fin87]. (In the sequel, the termcomposite system will be used to refer to
the automated system together with the relevant part of its environment [Fea87], [Doe91].)

-The acquisition problem: To formalize the requirements, one must first know what these
requirements are. Requirements acquisition and elicitation is not an easy task. Often the clients are
unable to formulate all relevant requirements explicitly and precisely, the analysts have limited
knowledge about the environment in which the system will be used, different automation
alternatives arise so that a most suitable one must be selected, and so forth. Surprisingly, very little
attention has been paid so far to the requirements acquisition process. The role of knowledge about
the application domain and about similar systems has been recognized [Fic88]. For example,
requirements clichés available in domain-specific libraries can be instantiated and/or specialized
[Reu91]. Preliminary models for acquisition dialogues to support multiple viewpoints, negotiation
and cooperative elaboration of requirements have also been proposed [Fin89], [Rob90].

In this context, we view requirements analysis as being made of two co-ordinated tasks,
requirements acquisition and formal specification.

• In requirements acquisition a preliminary model for the specification of the entire composite
system is elaborated and expressed in a “rich" language. This language needs a variety of built-
in concepts to structure requirements about the composite system in terms of the kind of
abstractions usually found in requirements documents, such as objectives and constraints to be
met by the composite system, entities, relationships, events and actions taking place in it, agents
controlling the actions, responsibilities assigned, possible scenarios of system behaviour, and so
forth. The language should also provide facilities for capturing multiple automation alternatives
in a form amenable to evaluation and negotiation between the analysts and the clients.  (In the
sequel, the termrequirements model will be used to refer to the preliminary model elaborated
during acquisition; the language used to express this model will be calledacquisition language).
The acquisition language should be formal enough to provide some formal basis for elicitation
of requirements; on the other hand its use should not require too much hard coding by the
analysts, and the preliminary model being sketched must be made visible to the clients.

• In formal specification a specific automation alternative that emerged during acquisition is
considered, and the part to be automated in the corresponding composite system is retained; the
preliminary specification obtained for the data and operations of that sub-system is refined and
made more precise using a formalism suitable for detailed formal proofs and prototype
generation.

Requirements acquisition and formal specification are not necessarily sequential tasks; from a
process programming perspective, one could see them as coroutines. We justify this decomposition
into two tasks by making the following observations.
- Formal specification needs some input to start with.
- The acquisition of knowledge about the composite system involves concepts such as objectives,
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Abstract
Requirements analysis includes a preliminary acquisition step where a global model for the specification of the

system and its environment is elaborated. This model, called requirements model,  involves concepts that are currently
not supported by existing formal specification languages, such as goals to be achieved, agents to be assigned,
alternatives to be negotiated, etc. The paper presents an approach to requirements acquisition which is driven by such
higher-level concepts. Requirements models are acquired as instances of a conceptual meta-model. The latter can be
represented as a graph where each node captures an abstraction such as, e.g., goal, action, agent, entity, or event, and
where the edges capture semantic links between such abstractions. Well-formedness properties on nodes and links
constrain their instances -  that is, elements of requirements models. Requirements acquisition processes then
correspond to particular ways of traversing the meta-model graph to acquire appropriate instances of the various
nodes and links according to such constraints.  Acquisition processes are governed by strategies telling which way to
follow systematically in that graph; at each node specific tactics can be used to acquire the corresponding instances.
The paper describes a significant portion of the meta-model related to system goals, and one particular acquisition
strategy where the meta-model is traversed backwards from such goals.  The meta-model and the strategy are
illustrated by excerpts of a university library system.

1. Introduction
Requirements analysis is a highly critical step in the software lifecycle. A great variety of

problems can arise during this step, e.g., inadequacies, incompletenesses, contradictions,
ambiguities, noises, forward references, or overspecifications [Mey85], [Rom85], [Win88]. Such
errors and deficiencies can have disastrous effects on the subsequent development steps and on the
quality of the resulting software product. Therefore, it is essential that requirements engineering be
done with great care and precision. Formal methods, supported by automated tools, enable
engineers to capture and specify the software requirements carefully and precisely.

Recently, researchers have devoted considerable effort to the design of formal specification
languages. The use of such languages allows the requirements specification to be manipulated
formally. The specification can be checked against a set of desired properties, can be used to
generate a prototype implementation, and so forth. Specification languages differ mainly by the
particular specification paradigm used. For example, Z [Spi89] and VDM [Jon90] supportstate-
based specifications; INFOLOG [Fia86] and ERAE [Dub91] supporthistory-based specifications;
STATECHARTS [Har87] supportstransition-based specifications;  languages like LARCH
[Gut86], ASL [Ast86] and PLUSS [Gau86] supportalgebraic specifications; PAISLEY [Zav82]
and GIST [Bal83] supportoperational specifications.  In using such languages to formalize the
requirements for complex systems, requirements engineers face two difficulties - the limited scope
of the languages and the preliminary acquisition of relevant requirements.

-Thescope problem: Most existing specification languages focus onfunctional requirements -
that is, requirements about what the software system is expected to do. Non-functional
requirements are most often left outside of any kind of formal treatment [Myl92]. Such
requirements form an important part of real requirements documents [Kel90]; they refer to
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