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Abstract. To enable the development of automated support for the dynamics of design
processs, a challenge is to model and analyse such dynamics in a formal manner. This
paper contributes a dedarative, logical approach for spedfication of dynamic properties of
design processes, supported by a formal temporal |anguage which hasa high expressvity.
This language @n be used to spedfy dynamic properties at the level of a design processas
awhole, or of parts thereof. At the most detailed level, in an exeatable sublanguage also
simulation models are spedfied in a dedarative, logical manner, which allows to use these
spedfications in logical analysis as well. The approach is illustrated by an example
component-based agent-system design process

1. Introduction

Providing automated support to manage the dynamics of a design processis in most cases far
from trivial. For example, in (Corkill 2000 some of the requirements put forward are that (1) a
complete design process representation is neaded, (2) with sufficient detail to allow for direct
execution. Also by (Brown and Chandrasekaran 1989 Heler and Westfechtd 2003 Baldwin and
Chung 1995 Gero and Kannengiesser, 2009 it is put forward that supporting the management of
the dynamics of a design processis an important challenge to be addressed. Thisindead istheaim
of the current paper.

The type of design considered is the design d component-based (e.g., software) systems for
dynamic applications. In such application areas often components can be (re)used for which the
(dynamic) properties are known. By composing a number of such components in a component-
based design, the required owerall dynamics is aobtained. If the dynamics required is na that
simple, it is nat straightforward haw such dyramics relates to avail able reusable components and
their dynamic properties.

As hdds for many design processes, designing component-based systems can be a rather
complex and dyramic process for which a number of tasks play arole, for example:
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maintaining d specifications of properties of (reusable) components

2. maintaining d requirements on the overall system to be designed (usually in close cortact
with a representative of the party that asked for the design process a stakehdder)

3. refinement of requirements to more specific requirements (usually in cooperation with the
stakeha der)

4. revision d requirements on the basis of the processthis far (usually in cooperation with
the stakehd der)

5. determination d proper reusable components on the basis of their properties, in arder to
find (a description d) a component-based system that satisfies the requirements

6. checking whether (a design doject description d) a component-based system, with knowvn
properties of its components, satisfies the requirements

7. revision d adesign doject descriptionthat does nat fully satisfy the requirements

8. coordination d the diff erent processes within the design task

Some of these tasks only concern requirements gecification and specification and evaluation
of dynamic properties of design oljed descriptions (DODs); in particular, the first, secondand
sixth task. These tasks abstract from the dynamics of the actual design processas a whde; they
have been addressed in (Jonker, Treur, and Wijngaards 2002. The other tasks essentially deal
nat with (required) dynamics of design objeds but with thedynamicsof designas a pocess The
analysis of this design processdynamics is the subject of the current paper.

During a design process two important concepts play a role: a design problem statement and
a solution specification. A design problem statenent consists of:

e asa of requirements in the form of dynamic properties on the overall system behaviour
that have to be fulfill ed

e apartial description d (prescribed) system architecture that has to be incorporated

e apartia description d (prescribed) dynamic properties of dements of the system that
have to be incorporated; e.g., for components, for transfers, for parts, for interactions
between parts.

A solution spedfication for a design problem is a specification d a design dyject (both
structure and behaviour) that fulfils the imposed requirements on owerall behaviour, and includes
the given (prescribed) descriptions of structure and behaviour. Here ‘fulfilling the overall
behaviour requirements means that they are implied by the dynamic properties for components,
transfers and interactions between parts within the specification.

In this paper, Section 2 a formalisation d design processdynamics will be discussed in terms
of design states and dksign traces. Section 3 addresses ome dynamic properties of design
processs. Section 4 gives an owerview of an example design process In Section 5, a reevant
requirement will be given for the example system to be designed. It will be shown haw this global
requirement for the overall system can be refined to local requirements for parts of the system. In
Section 6, based onthe adopted design problem, an example design trace is discussed. After that,
Section 7 will describe a simulation modd of the example design process whereas Section 8
discusss ome example simulation traces. In Section 9 the example design processis analysed in
terms of dynamic properties. In particular, it discusses results of automated checks of these
dynamic properties against the example simulation traces discussed in Section 8. Section 10
shows ome of thelogical relationships between these dynamic properties. Finally, Section1lisa
discusson.



2. Describing Design ProcessDynamics

To analyse dynamics of a design process a formalisation is needed of such dyramics. Such a
formalisation is introduced in this sction, based on(Treur, 1989 Jonker and Treur, 2002. This
formali sation uses the nations of design state and design trace, where design states and design
traces are composed o a part for requirements and a part for design dject descriptions, an
approach adopted from (Treur, 1989; see also (Gavrila and Treur, 1994 Brazier, Langen,
Ruttkay, and Treur, 1994 Brazier, Langen and Treur, 1996.

States of a Design Process
The state of a design process at a certain time point is described as a combined design state
consisting d two states, § = < Sy, S2> with:

S1 reguirements state (including the current requirements set)
S» designobject desciption state (including the current design doject description)

A particular design process fiows a sequence of states of requirements sts and d design dject
descriptions over time. A design state ontology ont includes ontology for design dject
descriptions and for requirements. The set of ground state atoms over ont is denated by
GSTATOMS(Ont). A design state S over a design state ontology ont (including antology for design
objects and requirements) is a mapping assgning truth values to the ground atoms S :
GSTATOMS(Ont) - { true, false, undefined }. The set of al possble states over ont is denated by
STATES(Ont).

Traces of a Design Process

Design traces are time-indexed sequences of such design states. To describe such sequences a
fixed time frame T is assumed which is linearly ordered (e.g., the real or natural numbers). A
tracey over adesign state ontology ont andtime frame T isamappingy: T - STATES(Ont), i.€., a
sequence of statesy, t [ 1) in sTATES(Ont). The set of all traces over state ontologyont is denated
by TrRacEs(ont). Dependng onthe application, the time frame T may be dense (eg., the real
numbers), or discrete (e.g., the set of integers or natural numbers or afiniteinitial segment of the
natural numbers), or any aher form, aslongasit has a linear ordering.

3. Dynamic Properties of Design Processes

Specification d dynamic properties of a design processhas at least two dfferent aspects of use.
First, modds for the dynamics can be specified to be used as a basis for simulation, also called
executable modds. These types of modds can be used to perform (pseudo-) experiments. Second,
specification d dynamic properties of a processcan be dorein arder to anadyse its dynamics, for
example to find ait how certain properties of a design processas a whae relate to properties of a
certain subprocess or to verify or test a design mood.

3.1 Spedfying Dynamic Properties of a Design Process

To formally specify dynamic properties that express characteristics of dynamic processes (such
as design) from a temporal perspective an expressve language is nealed. To this end the
Temporal Trace Languag TTL is used as a tod; cf. (Jonker and Treur 2002. This language
can be clasdfied as a predicate-logic-based reified temporal language; see(Galton, 2003 2006.
Other classes of temporal languages are the modal temporal logics auch in (Barringer & al.,
1996 Goldblatt, 1992 Fisher, 2005. These languages usually have epressvity limited to
prositional logic. Thelanguage TTL is briefly defined as foll ows.



TheLanguage TTL for Dynamic Properties

To start, an arder-sorted predicate logic ontology ont to describe state properties is assumed,
consisting d sorts, subsort relations, constants in sorts, and functions and rdations over sorts;
e.g., (Manzano, 1996. Moreover, in TTL traces y, time points t and state properties p can be
used as first classcitizens in sorts TRACES, TIME and sTATPROP, respectively. The set of dynamic
properties bynNPROP(Ont) iS the set of temporal statements that can be formulated with respect to
traces based onthe state ontology ont in the following manner. Given atrace y over state ortology
ont, a certain state during a design processat time point t is denated by state(y, t). These states can
be related to state properties via the formally defined satisfaction relation denated by the infix
predicate |=; here state(y, t) |= p dendtes that state property p hdds in trace y at time t. This
predicate is comparable to the Holds-predicate in the Situation Calculus and Event Calculus; cf.
(Reiter, 2001, Kowalski and Sergat, 1986. Notice that here state properties are represented
(reified) by terms to denate them as objects in the TTL language. Based onthese statements,
dynamic properties can be formulated in a formal manner in a sorted first-order predicate logic
with sorts TiMe for time points, TRaces for traces and statprop for state formulae, using
guantifiers and adering rdations over time and the usual first-order logical conrectives sich as
-,&, 00,00

The Language LEADST O for Exeautable Dynamic Properties

To be able to perform some automated experiments with design processes, a simpler temporal
logcal language to specify simulation modds has been used. This language LEADSTO enables
to modd direct temporal dependencies between two state properties in sucoessve states, as occur
in specifications of a simulation modd (for example, if in the current state, state property p hdds,
then in the next state, state property q hdds). This language is exectuable and therefore enables
the automatic generation o simulated traces; for other executable temporal languages based on
modal logc, see(Barringer e al., 1996. This sction briefly introduces the logical format used
for these LEADSTO simulation modds. This executable format is defined as follows. Let a and
3 be state properties of the form ‘ conjunction d ground atoms or negations of ground atoms'. In
the leads to language the natationa — | B, means:

If state property o holds for a certain time interval with duration g
then after some celay (between eandf) state property 3 will hold
for acertaintimeinterval of length h.

For aformal definition d the leads to language in terms (as a sublanguage) of the language TTL,
see(Jonker, Treur, and Wijngaads 2003.

3.2 Dynamic Propertiesat Different Lewes of Aggregation

Based ontheir different levels of aggregation (or by consideringin haw far they cover the process
as a whde or only part of the process, two different types of dynamic properties can be
distinguished: Local Properties and Global Properties.

L ocal Properties

Local properties only concern the smallest steps (taken into account in the conceptualisation d
the procesg in the processunder analysis. An example Local Property of a design processmight
be (simplified, and in semi-formal natation):

At every point in time,
if areguirement r isimposed on the objed to be designed,
and thisrequirement can be refined into sub-requirement g
then at the next point in time, sub-requirement g will beimposed on the objed to be designed



Global Properties
In contrast, a global property is anortlocal property that concerns the overall process(taken into
acoount) in the processunder analysis. An exampleis:

Eventually there is a committed requirement set R and
adesign objed description D such that, for each requirementr in R,
the design ohjed description D satisfiesrequirement r

More complex Local and Global dynamic properties for design processes and their formali sations
will be presented in subsequent sectiors.

4. An Example Design Process

To address in more detail the analysis of design process dynamics, an example design process
was taken. The analysis approach is described and evaluated for this example design process
The example design process concerns the design d a cogperative information gathering agent
system (seeSection 4.2). The design approach is by requirements refinement (seeSection 4.1).

4.1 Designing by Requirements Refinement

A design process of a complex system (eg., a software system) usually starts by specifying
requirements for the overall system behaviour. They expressthe dynamic properties that should
‘emerge’ if appropriate components are designed and combined in a proper manner. Given these
requirements on owrall system behaviour, the system is designed in such a manner that the
requirements are fulfill ed.

Between dyramic properties at diff erent levels of aggregation within a complex system (to be)
designed, certain interlevd relationships can be identified; overall behaviour of the design doject
can be related to dyramic properties of parts of the design doject and properties of interaction
between these parts via the foll owing pattern:

dynamic properties for the parts &
dynamic propertiesfor interaction between parts [
dynamic properties for the design ohjed

Thus, if for a design problem, requirements in the form of dynamic properties for the overall
system behaviour are given, this sheme shows that to fulfil these overall dynamic properties,
dynamic properties for certain parts and for interaction between these parts are neaded that
together imply the overal behaviour requirements. The process to identify new, refined
requirements for behaviour of parts of the system and their interaction is called requirements
refinement. Subsequently, the required dyremic properties of parts can be refined to dyramic
properties of certain components and transfers, making use of the pattern:

dynamic properties for components &
dynamic propertiesfor transfer between components [
dynamic propertiesfor a part.



4.2 An Example Design Problem

As a case study, the process of designing a multi-agent system for cogperative information
gathering (Jonker and Treur 2002) will be analysed in more detail. To get the idea, asume the
system to be designed has to comsist of three agents: A, B and C; see Figure 1. The resulting
behaviour of the system nust be as follows: agent A and B are ableto dosome investigations and
make up a report on some topic, and communicate that to the third agent C. Both A and B have
acoessto useful sources of information, but this differs for the two agents. By co-operation they
can bengfit from the exchange of information that is only accesdble to the other agent. If both
types of information are combined, conclusions can be drawn that would nd have bee
achievable for each o the agents sparatdly. Why could such a co-operation fail ? First of all, one
of the agents, say A, may na be pro-active in itsindividual search for information. This might be
compensated if the agent B is pro-active in asking the other agent for information, but then at
least A hasto bereactive (and na entirely inactive in information search). Some other reasors for
failure are, for example, one of the agents may na be willi ng to share its acquired information, or
nore of them is able or willing to combine different types of information and deduce new
conclusions. Thus, agent properties sich as information acquisition pro-activeness and
conclusion pro-activenesscould be desirable requirements for parts of the system to be designed.

To make the eample more precise the example agent modd is composed o three
comporents. two information gathering agents A and B, agent C, and environment component E
representing the external world, seeFigure 1. In this figure the ovals denate the threeagents. The
arrows depict channels for flow of information (socall ed information links). Each o the agentsis
able to acquire partial information from an external source by initiated dbservations. Initiated
observations are moddl ed by an arrow from the agent to E, transferring information on vhat is to
be abserved, and by an arrow back transferring information onthe results of the observation. For
communication the arrows (information links) between the agents are used.

For reasons of presentation, this by itsdf quite common situation for co-operative information
agents is materialised in the following more concrete form. The world situation consists of an
object that has to be clasdfied. One agent can dbserve only the bottom view of the object, the
other agent only the side view. By exchanging and combining doservation information they are
able to classfy the object. An agent may be ableto draw a conclusion onthe object typeif it has
input on the two views onthe object, in the sense that, e.g., if the agent knows that theviews are a
circleand a square, it is concluded that the object is a cone.

Figure 1. The Example Agent System to be Designed



In most multi-agent systems it is common that each agent has its own characteristics or
attitudes. In the current system to be designed, the agents used as components in the design can
differ, for instance, in their attitudes towards observation and communication: an agent may or
may na be pro-active, in the sense that it takes the initiative with respect to ore or more of:;

e peforming doservations

e communicate its own dbservation results to the other agent

e ask the other agent for its observation results

» draw conclusions about the classfication d the object
Moreover, an agent may be reactive to the other agent in the sense that it responds to a request
for observationinformation:

» by communicating its observation result as soonas they are avail able

» by startingto doserve for the other agent

The succesdulnessof the system to be designed will depend onthe combination d attitudes of
the agents. For example, if both agents are pro-active and reactive in al respects, then they can
easily come to a conclusion. However, it is also posdble that one of the agents is only reactive,
and till the other agent comes to a conclusion. Or, an agent that is only reactive in reasoning and
in information acquisition may come to a conclusion due to pro-activenessof the other agent. So,
succesgulness can be achieved in many ways and dgpends on subtle interactions between pro-
activeness and reactiveness attitudes of both agents. The analysis of the ekamplein the following
section provides a detail ed picture of these posshilities.

5 Reguirements of the Example Design Problem

In this sction the example agent system to be designed as discussed in the previous sction is
further daborated in terms of rdevant requirements. First, Section 5.1 presents the design
problem statement, consisting d the requirements on the overall agent system behaviour, which
includes the dynamic properties for transfer, and the dynamic properties for the environment.
Section 5.2 describes a number of variants of a systematic design process (by requirements
refinement) to dbtain ore or more design solutions.

5.1 Design Problem Statement

The design problem statement of this agent system design problem consists of the overall agent
system behaviour requirement, interaction dyramics (transfers), and prescribed behaviours for
the component E. The main requirement imposed onthe current agent system is whether or nat a
result will be generated. This requirement is called DODGP (Design Object Description Global
Property):

DODGP Succesgulness
For any traceof the system, there exists a paint in time such that in thistrace atha pointin time agent
Cwill receve acorred condusion, either from A or from B (or from both).

As part of the design problem statement, the behaviour of E is prescribed by the following
environment property for each agent X from the set { agent A, agent B} :

DODEP(X) Information provision effediveness
If E recavesan information acquisitioninitiation by X
then E will generate the corred relevant information for X



Furthermore, the behaviour about information transfer between agents is prescribed by the
following Transfer Property for several combinations of components X and Y from the set { agent
A, agent B, agent C, External World E}:

DODTP(X,Y) Information Transfer
If X generatesinformationfor Y
then Y will recave this information

Thus, it is prescribed that all information generated by an agent for ancther agent (but no aher
information) is automatically transferred, without any time duration.

5.2 Design Process Refining Reguirements

In virtue of which combination d dynamic properties of the agents can success be achieved? In
other words, which dyramic properties for the agents imply the property succesfulness? How
can the requirement on the overall agent system behaviour be refined to requirements on agent
behaviours? Such a requirements refinement process can be managed more dfectivdy if the
overal requirements are nat directly related to agent behaviour requirements, but one or more
intermediate levels are created. The idea is that for the agent system to be successul it is neaded
that:

*  both information sources within the environment E are addressd,
o if they are addressed, they provide the rdevant information, and
» if therdevant informationis provided by the information sources, a conclusionis drawn.

This first requirements refinement (see top leve of Figure 2) provides the dynamic properties
DODGP1, DODGP2, DODGP3:

DODGP1 Information request effetiveness
At some pointsintime A and B will start informaion agyuisition to E.

DODGP2 Information source efediveness
If at some paointsintime A and B start informaion aguisition to E,
then E will generate al the arred relevant information for both.

DODGP3 Concluding effediveness
If at some paintsintime E generatesall thecorrect elevant information,
then C will recave acorred condusion.

These properties are logcally related to DODGP (seealso Figure 2) by the impli cation:
DODGP1 & DODGP2 & DODGP3 O DODGP

A next step in the requirements refinement processis to relate each o the dynamic properties
DODGP1, DODGP2 and DODGP3 to agent behaviour properties. The complete refinement of



these properties is elaborated in Appendx A. Bdow, we only present the tree with logcal
relationships between dyramic properties, without showing the exact definitions of the properties.

DODGP

DODGP1 DODGP2 DODGP3

e e e DODI1(A) DODI1(B)

DODI2(X,Y) DODI3(X,Y,C)

DODEP(A) DODEP(B) DODBP3(X)
DODBPI(A) DODBPI(X) DODBP2(A) DODTP(A E) DODTR(B,E) DODTR(Y,X)
DODBPI(B) DODBP2(X) DODBP4(A) DODTR(E X)
BPDODA4(Y) DODBP2(B) DODTP(X,C)

DODTP(X,Y) DODBPA4(B)

DODTP(A,B)

DODTR(BA)

DODBPS(Y) DODBP2(X)
DODTR(E,Y) DODBPS5(Y)
DODTP(X,Y)
DODTR(E,Y)

Figure 2. Overview of all possble requirement refinements

In Figure 2, in the form of and AND/OR tree(correspondng to upward logical implications)
an owerview is shown o all possble refinements as discussed. Here X and Y are variables over
the set {agent A, agent B}, where X # Y. Note that the different alternative branches are
indcated by the names B1 to B5. Conjunctions of branches are indicated by arcs conrecting
them.



6. An Example Design Trace

To illustrate how such a design processworks, for the design problem discussed in the previous
sections, a simple example designtrace is presented (in an informal format) in Table 1.

TABLE 1. Example Design Trace

Step | Informal Desciption Effed

1 Initial design processobjectivesare given. “A design solution for the example design
problem has to be found”

2 Initial requirements are identified. Reguirement Set (1):
{DODGP}

3 Using refinement knowledge, the Reguirement Set (2):

requirements are refined into requirements

for components and interactions (transfers) | {DODBP1(A), DODBP1(B),
between components. DODBP3(X), DODBP&(Y),

DODEP(A), DODEP(B),
Refinement knowledge, for example, can be | DODTP(A,E), DODTP(B,E),
based on strict logical relaionshipsbetween | DODTP(Y,X),

dynamic properties but it canalso beof a DODTP(E,X), DODTP(E,Y),
more heuristic nature. DODTP(X,C)}

4 Components (from the library) are identified | DOD(1):
that satisfy the component requirements
obtained, and they are included in the {c2a, c2b, c3a, ew}
design object description state.

The library indicates for each component
which of the propertiesit has (e.g.,
component ¢2s satisfies property
DODBP1(A)).

5 The connections are made according tothe | DOD(2):
transfer requirements and included in the
design object description state. {c2a, c2b, c3a, ew, 11, 12, 13}

This can also make use of the library, or can
be done in a standard manner.

6 It is evaluated whether the owerall “All requirements eval uated”
requirements hold for the design object
description, based on the log cal

rel ationships.
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7. A Simulation M odel for the Example Design Process

Making use of the formal approach described in the previous section, the dynamics of an example
design processcan be simulated. This particular example concerns the design d the agent system
for cooperative information gpthering presented earlier. To be able to simulate the dynamics of
such a design, several kinds of domain-specific information (in particular, the logcal
relationships $hown in Figure 2 and the characteristics of components as gored in the library)
have been moddled by means of sorts and facts. The domain-independent information (e.g., rules
that refine a requirement to its sub-requirements) has been moddlied by means of local
properties. However, ndtice that one of these local properties is domain-specific, namely the
initiali sation property Lpo.

7.1 Sorts

Sorts are used to define all constants that are used within the ssimulation, and to distinguish
different types of constants from each aher. Our example contains $X SOrts. property,
nonlocalproperty, localproperty, branch, component, and dod. Note that the “links’, the conrections between
comporents, are also moddled as components. Some examples of objects or terms within sorts
are

° property: dodgp, dodgpl, ..., dodil(a), dodil(b), ... , dodbpl(x), ...
° nonlocalproperty: dodgp, dodgpl, ..., dodil(a), dodil(b), ...
° localproperty: dodbpl(x), ...
° branch: b1, b2, b3, b4, b5
®  component: cla, clb, c2a, c2b, c3a, c3b, c4a, cdb, c5a, c5b, ew, 11, 12, I3, 14
®  dod: dod(1), dod(2), dod(3), ...
7.2 Facts

Facts are used to expressknowledge that is true during the whde simulation process Thefirst set
of facts represents the logical rdationships of Figure 2 in a formal notation. For example,
is_a_subrequirement_of_via(dodbp1(a), dodgp1, b1) EXPresses that property dodopi(a) is a sub-requirement of
property dodgp1 Via branch b1 (seethe lower-left edge in Figure 3). Notice that, in cases where
there is only ore branch to chocse among, such a (fictive) branch has been included in the formal
natation. This differs from the visual natation, where the branch has been left out. An example of
such afact representing the logical relationships between requirementsis:

is_a_subrequirement_of_via(dodgp2, dodgp, b11)

During simulation, these logical relationships are used as heuristics in arder to gquide the
refinement process Note that in this example, the tree of logcal reationships is complete: it
covers al posshle combinations of local requirements that together satisfy Globa Property dodgp.
However, in more redlistic situations this is very unlikdy to be the case. Often the logcal
relationships between requirements that are known beforehand are eroneous and incomplete.
Therefore, it is useful to peform an addtional evaluation d the resulting design object
description at the end d the design process As a guiddine for such an evaluation, a similar tree
as in Figure 2 is used, but this time the information is complete and bottom-up. It is represented
by the following type of facts:

is_implied_by(dodgp, [dodgpl, dodgp2, dodgp3])

In aur simplified example however, theinformation used for the evaluation fully corresponds to
the information represented by therdationis_a_subrequirement_of_via(...).

11



The last set of facts represents the characteristics of the library components. For instance, the
fact that component c1a satisfies requirement dodbpi(a) is denated by the fact holds_for(dodbpi(a), c1a).
The fact that component cia‘'s costs are 500 is denated by costs(cia, 500). Moreover, some
addtional information has been included, such as a quality factor for each component, and the
predicted costs for each branch.

holds_for(dodbpl(a), cla) costs(cla, 500)  quality(cla, 100) predicted_costs(b1, 60)
holds_for(dodbp2(a), cla) costs(clb, 501)  quality(clb, 100) predicted_costs(b2, 300)
holds_for(dodbp3(a), cla) costs(ew, 0) quality(ew, 1000) predicted_costs(b3, 900)
holds_for(dodbp4(a), cla)

7.3 Local Properties

As mentioned earlier, local properties are used to modd the domain-independent dynamics of the
design process Threetypes of local properties are distinguished: those that modd the dynamics
of requirements gates, and those that modd the dynamics of the Design Object Description
states. In this sction, only a subset of the Local Properties used for the simulation is shown. The
complete specification d the simulation is shown in Appendx B.

Properties concerning requirements
Within the process requirements are determined and refined. This process takes into account
whether or nat the stakeholder asserts that certain requirements are undesirable.

L PO Initialisation

Thefirst local property Lro expresses that the initial requirements for the system are bobcp and
dodcheap. Note that, if desired, the user can modfy this property by chocsing dfferent initial
requirements. Formali sation:

start —» is_a_current_requirement(dodgp) Ois_a_current_requirement(dodcheap)

L P2 Undesirable Branch Determination
These two local properties are used to determine which branches are undesirable. There are two
cases. (1) a requirement that belongs to it is undesirable and (2) its total costs are higher than
predicted, whil st the requirement dodcheap is present. Formalisation:
is_a_subrequirement_of_via(p,n,b) O undesirable_requirement(p) - undesirable_branch(b)
is_a_current_requirement(dodcheap) Ototal_branch_costs(b,x) O predicted_costs(b,y) O
x>y — undesirable_branch(b)

L P4 Requirement Refinement
Local property Lp4 expressss that, if currently a requirement p exists that can be refined to a
subrequirement g, and it has nat been refined yet, then this ould be dore by refining via the best
branch b (e.g. the one with the lowest costs). Formali sation:

is_a_current_requirement(p) Ois_a_subrequirement_of_via(q,p,b) O

not(requirement_refined(p)) O best_branch_for(b,p) O not(undesirable_branch(b))

— is_a_current_requirement(q) Orequirement_refined(p) O requirement_refined_via(p,b)

Properties concerning the Design Object Description

The process concerning design doject descriptions determines design doject descriptions for sets
of requirements given as input. Within this processit is taken into account whether or nat the
stakehdder asserts that certain components are undesirable as part of a design doject.
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L P6 DOD Generation
This property expresses that each local requirement 1 should be satisfied by adding the best
component ¢ for that requirement to the current design doject description dod(x). Formali sation:
is_a_current_requirement(l) Obest_component_for(c,l) O
not(undesirable_component(c)) O costs(c,y) Ois_a_subrequirement_of_via(l,n,b) O
‘DOD_counter'(x) - current_DOD(dod(x)) O part_of_DOD(c,dod(x)) O
intermediate_branch_costs(b,y)

L P8 L ocal Requirement Satisfaction Determination
This property determines when a local requirement 1 is stisfied by a design dject description.
This is the case when the current design doject description contains a component ¢ for which this
requirement hdds. Formali sation:

current_DOD(d) Opart_of_DOD(c,d) Oholds_for(l,c) Ois_a_current_requirement(l)

— local_requirement_satisfied(l)

8. Some Example Simulation Traces

Using the simulation modd described in Section 7, a number of experiments have been

performed. In such experiments, different types of revision might be neaded with an increasing
impact on the design process

e revision d the design ohjed description for given requirements based on the
stakehdders judgement that a component used in the design dject description is
undesirable.

e revision d the refined requirements based on the stakehdder’s judgement that ore of
these requirements is undesirable.

e revision d a whde branch based onthe calculation that the costs of the design dbject
description found are higher than expected.

Thefirst trace (depicted in Figure 3) shows a design processin which norevisionis neaded. Time
is on the harizontal axis, the derived state properties are on the vertical axis. In this smulation,
for all local properties the values (0,0,1,1) have been chosen for the timing parameters e, f, g, and
h. To facili tate understanding, only the most relevant of the derived atoms are shown.

When the process sarts, first the initial requirements dodgp and dodcheap are identified. After
this, these requirements are refined into sub-requirements dodgpl, dodgp2 and dodgp3 (based on
the logical rdationships of thetreein Figure 2, also seethe representation d this treeby means of
the redation is_a_subrequirement_of via in Section 7). This process cortinues until the most
dementary requirements (i.e. those that have no subrequirements; the leaves of the tregd have
been reached. Then a new design doject description (called dod1)) is created which consists of a
number of components (and conrections between them) that satisfy all 1ocal requirements.
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DOD_generation_terminated
current_DOD(dod(1))4
part_of_DOD(c2a, dod{1))-
part_of _DOD(c2b, dod(1))
part_of _DOD(c3a, dod(1))
part_of_DOD({ew, dod(1))
part_of_DOD(H1, dod(1))
part_of DOD(I2, dod(1})
part_of_DOD(I3, dod(1))
part_of DOD{l4, dod{1})-
is_a_current_requirement(dodcheap)
is_a_current_requirement{dodgp)
is_a_current_requirement(dodgp1)
is_a_current_requirement(dodgp2)
is_a_current_requirement(dodgp3) -
is_a_current_requirement(dodbp1(a))
is_a_current_requirement(dodbp1(b))-
is_a_current_requirement{dodbp3(x))
is_a_current_requirement(dodbp&(y))
is_a current_requirement(dodep(a))
is_a_current_requirement(dodep(b))-
is_a_current_requirement(dodii(a))-
is_a_current_requirement(dodi1 (b))
is_a_current_reguirement(dodi2(x, y))
is_a_current_requirement(dodtpi(a, )) -
is_a current_requirement(dodtp(b, &))-
is_a_current_requirement(dodtp(e, x))
is_a_ current_requirement(dodtp(e, y))
is_a_current_requirement(dodtp(x, ¢))
is_a_current_requirement(dodtp(y, x))
is_a_current_reqguirement{dodi3(x, y, ¢})
requirement_evaluated(dodcheap)-
requirement_evaluated(dodgp) 4
requirement_evaluated(dodgp1)
requirement_evaluated(dodgp2)
requirement_evaluated(dodgp3) 4
requirement_evaluated(dodbp1(a))-
requirement_evaluated(dodbp1 (b))
requirement_evaluated(dodbp3(x))
requirement_evaluated{dodbp6(y))
requirement_evaluated(dodep(a))
requirement_evaluated(dodep(b))
requirement_evaluated{dodii(a))-
requirement_evaluated{dodi1 (b))
requirement_evaluated(dodi2(x, y))
requirement_evaluated(dodtp(a, e))
requirement_evaluated(dodtp(b, e))4
requirement_evaluated(dodtp(e, x})-
requirement_evaluated(dodtp(e, y))-
requirement_evaluated(dodtp(x, c})-
requirement_evaluated(dodtp(y, x))
requirement_evaluated(dedi3(x, y, ¢))

all_requirements_evaluated
time

o

2 4 6

Figure 3. Smulation tracel
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During this process if posdble only the components with the lowest costs are sdected. As
soon as a satisfactory design doject description has been found (at least according to the
requirements that were derived), design doject description generation finishes, and after this, all
(local and noriocal) requirements that are part of the design doject description are evaluated orce
more (this time based on the logcal rdationships represented by the rdation is_implied_by(...)
above). As they all turn aut to be satisfied (see the requirement_evaluated(...) atoms), the design
processterminates.

An example of a processwhererevisionis needed is shown in Figure 4.

DOD_generation_terminated -
current_DOD({dad(1})-
part_of_DOD(c1a, dod(1)
part_of_DOD(c2a, dod(
part_of_DOD(c2b, dod(
part_of_DOD(c3a, dod(
part_of_DOD(ew, dod(
(

(

(

(

part_of_DOD{1, dod
part_of_DOD(I2, dod
part_of_DOD({I3, dod
part_of_DOD{l4, dod
undesirable_component(c2a;
is_a_current_requirement{dodcheap
is_a_current_requirement(dodgp
is_a_current_requirement(dodgpi
is_a_current_requirement(dodgp?2
is_a_current_requirement(dodgp3
is_a_current_requirement(dodbp1(a)
is_a_current_requirement{dodbp1(b)
is_a_current_requirement(dodbp3(x)
is_a_current_requirement(dodbpB(y)
is_a_current_requirement(dodep(a)
is_a_current_requirement{dodep(b)
is_a_current_requirement{dodii(a)
is_a_current_requirement(dodii(b)
¥)

e)

)

)

)

)

)

1
1
1
1
1
1
1
1

is_a_current_requirement{dodi2(x,
is_a_current_requirement(dodtp(a,
is_a_current_requirement(dodtp(b,

(D

is_a_current_requirement(dodtp(e,
is_a_current_requirement(dodip(e,
is_a_current_requirement(dodtp(x, ¢
is_a_current_requirement(dodtp(y, x
is_a_current_requirement(dodi3(x, y, c})
all_requirements_evaluated
time o 2 4 [ 8 10 12 14 18 18 20 22 24 28 28 3o 32

@
bed

o
~

)
)1
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)
)4
)
M
M
M
)
&
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)
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Figure 4. Simulation trace?2

Initially, this trace has exactly the same dynamics as the previous ore. In the beginning, only
the requirements dodgp and dodcheap are present. Then, requirements are refined until the leaves of
the tree(the local requirements) have been reached, and subsequently a design doject description
is sected using the same components as in trace 1, but at time point 9 something dfferent
happens. Here, the atom undesirable_component(c2a) becomes true (representing the fact that the
stakehdder has indicated that this component isnotdesirable). As a consegquence, that component
is removed from the current design doject description and replaces it by anather (probably more
expensive) component, cia. Finaly, the design process sicceeads in finding a satisfactory design
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object description. This resulting design doject descriptionis then evaluated and its total costs are
calculated. Two aher examples of simulation traces are described in Appendix C.

9 Global Dynamic Properties of a Design Process

For design processes like the one described above, a number of global dynamic properties can be
identified. For example:

e During (or after termination d) the design process the design process objectives are
fulfilled

o After termination d the design process the final design doject description satisfies the
requirements of the final requirements state

o After termination d the design process the requirements in the final requirements gate
have been declared sufficient by the stakehdder at some point during the process

» If ore of the design processobjectives is that the design processshould be fag and cheap,
then any design dject description ¢enerated during the process ®ldy consists of
standard components

In this sction a number of such dyramic properties, expressed as TTL statements, are presented.
These properties as listed are relevant to be considered and were checked for a number of design
reasoning traces. They neal na be satisfied by all design reasoning traces; they may be used to
distinguish between dff erent types of desigh reasoning traces sswell.

9.1 Global Dynamic Properties
Thefollowing dobal properties have been identified and formally specified.

GP1 Local Requirement Satisfaction
Eventually thereis a design doject descriptionthat contains a satisfactory component for each
local requirement that exists at that moment.

Formali sation:
[@ (d:DOD state(y, t) |= current_DOD(d) & Or:localreq [state(y, t) |= is_a_current_requirement(r) O
Oc:component state(y, t) |= part_of_DOD(c, d) & state(y, t) |= holds_for(r, c)]

GP2 Termination of the Design Process
Eventually the processwill terminate.

Formalisation:
[ state(y, t) |= DOD_generation_terminated

GP3 Cheapest Components Per L ocal Requirement

For each local requirement, if there is a component that satisfiesit, then the cheapest component
that satisfies it will be added to the DOD. (Note that this is a refinement of GP4).
Formalisation:

Ot Or:localreq Oc:component
state(y, t) |= is_a_current_requirement(r) & state(y, t) |= holds_for(r, c) O
['>t (d:DOD [kt’:component [p:integer
state(y, t' ) |= part_of_DOD(c’, d& state(y, t' ) |= holds_for(r, c'k state(y, t' ) |= costs(c’, pX&
=[x' :componenth' <p stateft' ) |= holds_for(r, ¢ & state(y, t' ) |= costs(c' ', p' )]

GP4 DOD Successulness
For each local requirement, if thereis a component that satisfiesit, then such acomponent will be
added to the DOD.
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Formali sation:

Ot Or C:localreq Oc:component
state(y,t) |= is_a_current_requirement(r) & state(y, t) |= holds_for(r, c) O
[1'>t (d:DOD [k:component state(y, t' ) |= part_of_DOD(c’, d& state(y, t' ) |= holds_for(r, c’)

GP5(c) Total Costs
Eventually the system generates a DOD of which the costs are eactly c.

Formalisation:
[ state(y,t) |= total_DOD_costs(c)

GP6 Requirement Persistence
Onceit is derived that a requirement is neaded for the system, this requirement persists forever.
Formalisation:

Ot Or:req state(y, t) |= is_a_current_requirement(r) O Ot'>t state(y, t' ) |=9_a_current_requirement(r)

GP7 New DOD Grounding
If an dd DOD isreplaced by a new one, then thereis an undesirable branch.

Formalisation:
Ot Ot'>t Ox:integer [state(y, t) |= current_DOD(x) & state(y, t') |= current_DOD(x+1) ]
O [b:branch state(y, t') |= undesirable_branch(b)

GP8 Requirements Refinement SuccesSulness
At acertain point in time, all norlocal requirements will be refined.
Formalisation:

[ On:nonlocalreq
state(y, t) |= is_a_current_requirement(n) O state(y, t) |= requirement_refined(n)

GP9 Cheap Requirement Satisfaction

If thereis arequirement that the system should be dheap, then eventually aDOD will be of which
the costs are at most 1500

Formalisation:

[t state(y, t) |= is_a_current_requirement(dodcheap) O
2>t [k:integer state(y, t) |= total_DOD_costs(x) & x < 1500

9.2 Chedking Reaults

The properties have been checked against four different traces (i.e., those shown in Section 8 and
Appendx C). As can be sea in this table, for most Global Properties hdd for all traces. For
trace 2, GP3 does nat hdd. The reason for this is that component c2a (which is the cheapest
componrent for several requirements) is eventually rejected by the stakehdder. Property GP6 does
nat had for trace 3 and 4, since in these traces requirement revision takes place. Obviously,
property GP5(1403 only hdds for trace 4, since in the other traces the final DOD's have
different costs.
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Table 2. Resultsof Automated Cheding

property tracel trace 2 trace 3 trace4

GP1 + + + +
GP2 + + + +
GP3 + + +
GP4 + + + +

GP5(1403 +
GP6 + +
GP7 + + + +
GP8 + + + +
GP9 + + + +

10. Logical Interlevel Relationships between Dynamic Properties

In addtion to the above, logical rdationships can be and have been identified between dyramic
properties at different abstraction levels. Such interleve relations rdate the Global Properties
presented in this sction to some of the Local Properties presented in Section 7. They can be
specified by means of logical implications or graphically by means of AND/OR trees; seealso
(Jonker and Treur, 2002. In these rdationships, also properties at an intermediate leve of
aggregation (Intermediate Properties) occur, addressng smaller steps than Global Properties do,
but bigger steps than Local Properties do. Such interlevd relations can be automatically verified
using techniques from (McMill an, 1993 Clarke @ al., 1999 Sharpanskykh and Treur, 2006.

In combination with the automated checks of simulation traces described above, a hierarchy o
interlevel relations can play an important role in the analysis of design processes, because of their
hierarchical structure. In aher words, if a certain Global Property turns out nat to hdd for a
given design processtrace, then in a top-down fashion, the logical relationships can be consulted
in arder to pinpoint which local properties are canddates for causing the failure, and hence to be
verified in a given trace of a design process In this sction, as an example some of these
relationships between gobal properties and local properties of a design process are discussed.
For the purposes of presentation they will only be described ion an informal/semiformal form.

One of the most relevant global properties of a design process is whether or nat a set of
requirements and a design doject description are generated such that the design doject description
fulfils the sat of requirements and both satisfy the stakehdder. However, without further
asaumptions this property is nat guarantead. Reasons why it may be hard to cometo a result are,
for example,

» the stakehdder may impose a too strong (inconsistent) set of requirements, such as
wanting a very cheap solution d very high cuality, and is nat willi ng to compromise
them,

o the stakehdder may keep changng hs or her mind on whether or nat certain
requirements or design doject components are undesirable.

» theavailable set of componentsistoo limited to fulfill the stakehdders requirements
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In the first case the requirements can be inconsistent so that no design object exists that fulfils
them all. In that case the outcome of such a design process assrts this. In the second case a
design process may go on forever, al the time adapting to the latest preferences of the
stakehdder, but never coming to an end: every design dject description a requirement set is
rejected by the stakehdder. The third case may have a similar outcome as the first case.

Under reasonable environment assumptions on the stakehdder’s behaviour, however, it may
be guaranteed that a design process has a succesSul outcome. Especially if finiteness
asaumptions are made for the number of different types of componrents for design dject
descriptions that are available, and for the sats of requirements that are possble, such
asaumptions may be reasonable. To exclude the cases mentioned above, environment assumptions
made as described beow. Here the foll owing abbreviationis used for a state property p to express
that in trace y this state properties stabili zes:

stabilizes(y, p, pos) = [ Ot'>t state(y, t' ) |=p
stabilizes(y, p, neg) = [0 Ot'>t state(y, t' ) |= not(p)
stabilizes(y, p) = [ [ Ot'>t state(y, t' ) [= pO Ot't state(y, t' ) |= not(p)]

EP1

After sometime the stakehdder’s (un)desirabili ty preferences for requirements stabili se:

a time point exists after which he or she does nat provide any new input with respect to
(un)desirability of requirements.

Formally:

Oy Or stabilizes(y, undesirable_requirement(r))

EP2

After some time the stakehdder’'s (un)desirability preferences for design dject description
components stabili se:

a time point exists after which he or she does na provide any new input with respect to
(un)desirability of components.

Formally:

Oy Oc stabilizes(y, undesirable_component(c))

EP3

At least one fully refined set of requirements exists that does nat cortradict a stakehdder's
stabili sed (un)desirabili ty preferences for requirements.
Formally:

Oy [ty ...rn [ Or [ stabilizes(y, R(r), pos) = |:] r=r] &

Ur [stabilizes(y, undesirable_requirement(r), pos) O not stabilizes(y, R(r), pos) ] &

Or [stabilizes(y, R(r), pos) O [ stabilizes(y, undesirable_requirement(r), neg) O

[ stabilizes(y, Or' , b is_a_subrequirement_of via(r, r' , B)R(r'), pos) & stabilizeg( R(r' ), pos) ] &

Or stabilizes(y, R(r), pos) O [[ stabilizes(y, Oq, b is_a_subrequirement_of_via(q, r, b) OR(q), pos) &
stabilizes(y, R(q), pos)] O [k stabilizes(y, holds_for(r, c), pos) ]]

EP4

At least one design dbject description exists that fulfils a set of fully refined requirements that
does nat cortradict a stakehdder's dabili sed (un)desirability preferences for requirements, and
that does nat contradict the stakeholder’s stabili sed (un)desirability prefererces for components.
Formally:
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Oy [ty ...rn [ Or [ stabilizes(y, R(r), pos) = |:] r=r] &

Ur [stabilizes(y, undesirable_requirement(r), pos) O not stabilizes(y, R(r), pos) ] &

Or [stabilizes(y, R(r), pos) O [ stabilizes(y, undesirable_requirement(r), neg) O

[ stabilizes(y, Or' , bd_a_subrequirement_of_via(r, r' , bJIR(r'), pos) & stabilizeg{ R(r' ), pos)]] &
Or stabilizes(y, R(r), pos) O [[ stabilizes(y, Oq, b is_a_subrequirement_of_via(q, r, b) OR(q), pos) &
stabilizes(y, R(q), pos)] O [k stabilizes(y, holds_for(r, c), pos) ] &

[d stabilizes(y, Or R(r) O [k part_of(c, d) & holds_for(r, c), pos) ]

Note that, also under such assumptions (leaving no daibt on the «istence of a suitable
requirement set and design doject description), the design process has to face serious chall enges:
for example, the challenge to uncover such a stable requirements st, and the challenge to find
such a design doject description. Note, moreover, that the assumptions do nd imply a unique
stable stakehdder situation: different design traces may exist, in which the stakehdder’s gable
preferences are diff erent.

Next, the rdevant dynamic properties of different parts of the design processare considered.
For the construction and maintenance of the design doject description two properties are relevant.
Thefirst expresses that if after some time the stakehdder does nat change his or her mind about
(un)desirability of components, then after some time the branch costs gabilise. This property is
related to the fact that the number of branches is finite, and that for a given (stabili sed) set of
undesirable components, for each branch a unigue number is determined. These properties can be
formalised in a manner similar as the ones above.

IPDOD1

If after some time the stakehadder’s (un)desirabili ty preferences for design doject
description components stabili se
and after sometime a stabili sed fully refined stable set of current requirements occurs
then  after sometime the branch costs stabili se

The second property expressss that if for the given corntext a design solution exists, it will be
generated.

IPDOD2

If after some time a stabili sed fully refined stable set of current requirements occurs
and after sometimethe stakehdder’s (un)desirabili ty preferences for design doject
description components stabili se
and at least onedesign doject description exists that fulfil s the stabili sed set of fully refined
requirements that does nat contradict the stakeholder’s stabili sed (un)desirabili ty
preferences for components, with branch costs below the expected branch costs
then  after sometime a stabili sed design doject description accurs that fulfil s the stabili sed
set of fully refined requirenents that does not contradict the stakehdder’ s stahili sed
(un)desirability preferences for components, with branch costs below the expected
branch costs.

For the processs related to requirements it is expressd if the input received satisfies the
environmental assumptions given above, then a stable set of current requirements will occur.
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IPRQ1
If after some time the stakehadder’s (un)desirabili ty preferences for requirements stabili se
and after sometime the stakehdder’s (un)desirability preferences for design doject
description components stabili se
and after some time the branch costs stabili se
and at least onedesign doject description exists that fulfill s a set of fully refined
requirements that does nat contradict a stakehdder’s stabili sed (un)desirabili ty
preferences for requirements, and that does nat contradict the stakeholder’ s stabili sed
(un)desirability preferences for components.
then  after sometime a stabili sed fully refined stable set of current requirements occurs that
does nat cortradict the stakeholder’ s stabili sed (un)desirabili ty preferences for
requirements

Thetop leve property considered is as foll ows:

GPO

After some time a stabili sed fully refined stable set of current requirements occurs that does not
contradict a stakehdder’s stahili sed (un)desirabili ty preferences for requirements,

and

after some time a stabili sed design doject description aceurs that fulfils this dabili sed set of fully
refined requirements that does nat contradict the stakehdder's gabilised (un)desirability
preferences for components, with branch costs below the expected branch costs.

Thelogcal interlevel relationships are as foll ows:

EP1& EP2& EP3& EP4 & IPDOD1 & IPDOD2 & IPRQ1 | GPO

In the graphical form of an AND-treethese interlevel relationships are depicted in Figure 5. Here
EP stands for all (required) environmental properties. Notice the difference between the trees
depicted in Figure 2 and in Figure 5. The former treeis about properties of the design ohjeq,
whereas the latter shows properties of the design process

GPO

EP IPRQ1 IPDOD1 IPDOD2

EP1 EP2 EP3 EP4

Figure 5 Logical interlevel relationships between dynamic properties of a design process
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11. Discusdon

In order to develop automated support for the dynamics of nortrivial design processs, the
challenge of moddlling and analysing such dyramics in a formal manner has to be addressed; cf.
(Brown and Candrasekaran 1989 Corkill 2000 Heler and Westfechtd 2003 Baldwin and
Chung 1995. This paper offers an approach to doso. The complex dynamics of a design process
has been analysed in such a precise way that properties of the processas a whde can be specified
and, moreover, part of the analysis contains enough cetail to allow for simulation. The result of
simulation has been checked against the properties of the aesign process asawhadle.

Compared to the references mentioned above, the approach put forward is a declarative,
logcal approach supported by a formal language TTL for specification d dynamic properties of
design processes, which has a high expressvity; cf. (Jonker and Treur, 2002. Furthermore, also
simulation modds are specified in a declarative, logcal manner, which allows using these
specificationsin logical analysis aswell; cf. (Bosse @ al., 2005.

The paper shows the potential of this formal analysis as a technique for analysis at a high
levd of abstraction, and for constructing simulations at an abstract levd to experiment with
dynamics of a design process The simulation actually is entailed by the analysis and requires no
addtional programming, thus basically, getting a simulation for freewhen dang an analysis.

The analysis approach that is for the first time applied to design processes here, has
previously been applied to complex and dyramic reasoning processs other than design, such as
reasoning by dynamically adding and evaluating assumptions (Bosse, Jonker and Treur 2006
Jonker and Treur 2003, and reasoning based on multiple representations (Bosse, Jonker and
Treur 2003. In these cases in addtion to simulated traces, also empirical (human) reasoning
traces have been formally analysed. For further research it is planned to formally analyse
protocols of human design processs in a similar manner, using methods as, for example,
described in (Nagai and Taura, 2006).
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Appendix A: Dynamic Properties for the Case Study on a multi-agent
system for infor mation gathering

Global properties
DODGP The designed system is able to correctly classfy any object of the given set

At the highest levd, the owerall property GPLis refined making use of the following tree
properties.

DODGPL. For ead type of information there is a component tha initi ates information aoquisiti on.

DODGP2. For ead type of information, if there is acomponent that initi ates information acquisition, then the
external world (E) will generate the relevant information.

DODGP3. If E gererates information of ead type, then by some aomporent within the gystem acondusion

will be gererated.

I nteraction properties

DODI1(X). If X initiated information aauisition, then E will provide the required information for X.

DODI2(X, Y). If E provides informationof typelT for Y, then' Y will communicate this information to X.

DODI3(X, Y,Z). If Y communicaed itsinformation of type IT1 to X and E provided information of the
different type IT2 for X, then X will generate a conclusiononthe objed and communicaeit to Z

Behavioural propertiesfor a component X
DODBP1(X). X isinformation acquisiti on pro-active
DODBP2(X). X isrequest pro-active

DODBP3(X). X isconclusion pro-active
DODBP4(X). X isinformation acquisition reactive
DODBP5(X). X isinformation provision reative
DODBP6(X). X isinformation provision pro-active

Properties for component E
DODEP(X) Initiation of information aquisition by aget X leads to making a\ailable the required information
for X.

Transfer properties

DODTP(X, Y).  Communication generated by X for Y isreceivedby Y

DODTP(X, E).  Initiated information acquisition by agent X is reaeived by component E
DODTP(E, X).  Information made available by E for X isreceived by X

Properties for branches

B1. For each type of information, there is a component that pro-actively initi ates information acquisiti on.

B2. For information of type IT1 thereis a component that pro-actively initi ates information acquisiti on,
and for information of the different typel T2 there is acomponent that pro -actively requests the
information and another component that reactively initiates information acquisition.

B3. For each type of information, there is a component that pro-actively requests the information and
another component that reactively initiates information acquisiti on.

B4. If E provides informationof typelT for Y, then Y will pro-actively provide this information for X.

B5. If E provides informationof typelT for Y, then Y will reactivey provide thisinformationfor X.
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Appendix B: L eadsto Spedafication

Sorts

property: { dodgp, dodgp1, dodgp2, dodgp3, dodil(a), dodil(b), dodi2(x,y), dodi3(xy,c), dodbpl(x), dodbpl(a), dodbpl(b),
dodbp2(x), dodbp2(a), dodbp2(b), dodbp3(x), dodbp4(y), dodbp4(a), dodbp4(b), dodbp5(y), dodbp6(y), dodtp(a,b),
dodtp(b,a), dodtp(a,e), dodtp(b,e), dodtp(x,y), dodtp(y,x), dodtp(e,x), dodtp(e,y), dodtp(x,c), dodep(a), dodep(b),
dodcheap}

nonlocalproperty: { dodgp, dodgp1, dodgp2, dodgp3, dodil(a), dodil(b), dodi2(x,y), dodi3(x,y,c) }

localproperty: { dodbp1(x), dodbpl(a), dodbpl(b), dodbp2(x), dodbp2(a), dodbp2(b), dodbp3(x), dodbp4(y), dodbp4(a),

dodbp4(b),

dodbp5(y), dodbp6(y), dodtp(a,b), dodtp(b,a), dodtp(a,e), dodtp(b,e), dodtp(x,y), dodtp(y,x), dodtp(e,x), dodtp(e,y),
dodtp(x,c), dodep(a), dodep(b), dodcheap}

branch: { b1, b2, b3, b4, b5, b10, b11, b12, b13, b14, b15, b16}

/* Note: branch b10-b16 are ‘fictive’ branch names that are used when there is only one option */

component: {c1a, clb, c2a, c2b, c3a, c3b, c4a, c4b, c5a, c5b, ew, I1, 12, 13, 14}

dod: {dod(1), dod(2), dod(3), ...}

Facts

is_a_subrequirement_of_via(dodgp1,dodgp,b11)
is_a_subrequirement_of_via(dodgp2,dodgp,b11)
is_a_subrequirement_of_via(dodgp3,dodgp,b11)
is_a_subrequirement_of_via(dodbpl(a),dodgpl,bl)
is_a_subrequirement_of_via(dodbp1(b),dodgp1,bl)
is_a_subrequirement_of_via(dodbp1(x),dodgp1,b2)
is_a_subrequirement_of_via(dodbp2(x),dodgp1,b2)
is_a_subrequirement_of_via(dodbp4(y),dodgp1,b2)
is_a_subrequirement_of_via(dodtp(x,y),dodgp1,b2)
is_a_subrequirement_of_via(dodbp2(a),dodgp1,b3)
is_a_subrequirement_of_via(dodbp4(a),dodgp1,b3)
is_a_subrequirement_of_via(dodbp2(b),dodgp1,b3)
is_a_subrequirement_of_via(dodbp4(b),dodgp1,b3)
is_a_subrequirement_of_via(dodtp(a,b),dodgp1,b3)
is_a_subrequirement_of_via(dodtp(b,a),dodgp1,b3)
is_a_subrequirement_of_via(dodil(a),dodgp2,b12)
is_a_subrequirement_of_via(dodil(b),dodgp2,b12)
is_a_subrequirement_of_via(dodi2(x,y),dodgp3,b13)
is_a_subrequirement_of_via(dodi3(x,y,c),dodgp3,b13)
is_a_subrequirement_of_via(dodep(a),dodil(a),b14)
is_a_subrequirement_of_via(dodtp(a,e),dodil(a),b14)
is_a_subrequirement_of_via(dodep(b),dodil(b),b15)
is_a_subrequirement_of_via(dodtp(b,e),dodi1(b),b15)
is_a_subrequirement_of_via(dodbp6(y),dodi2(x,y),b4)
is_a_subrequirement_of_via(dodtp(e,y),dodi2(x,y),b4)
is_a_subrequirement_of_via(dodbp2(x),dodi2(x,y),b5)
is_a_subrequirement_of_via(dodbp5(y),dodi2(x,y),b5)
is_a_subrequirement_of_via(dodtp(x,y),dodi2(x,y),b5)
is_a_subrequirement_of_via(dodtp(e,y),dodi2(x,y),b5)

costs(cla, 500)
costs(clb, 501)
costs(c2a, 350)
costs(c2b, 351)
costs(c3a, 120)
costs(c3b, 121)
costs(c4a, 90)
costs(c4b, 91)
costs(c5a, 50)
costs(c5h, 51)
costs(ew, 0)

predicted_costs(b1, 60)
predicted_costs(b2, 300)
predicted_costs(b3, 900)
predicted_costs(b4, 200)
predicted_costs(b5, 500)
predicted_costs(b11, 700)
predicted_costs(b12, 350)
predicted_costs(b13, 350)
predicted_costs(b14, 150)
predicted_costs(b15, 150)
predicted_costs(b16, 200)

quality(cla, 100)
quality(c1b, 100)
quality(c2a, 250)
quality(c2b, 250)
quality(c3a, 50)

is_a_subrequirement_of_via(dodbp3(x),dodi3(x,y,c),b16) quality(c3b, 50)

is_a_subrequirement_of_via(dodtp(y,x),dodi3(x,y,c),b16) quality(c4a, 400)
is_a_subrequirement_of_via(dodtp(e,x),dodi3(x,y,c),b16) quality(c4b, 400)
is_a_subrequirement_of_via(dodtp(x,c),dodi3(x,y,c),b16) quality(c5a, 150)

quality(c5b, 150)
quality(ew, 1000)

L ocal Properties
Requirements

L PO Initialisation
Thefirst local property LPo expresses that the initial requirementsfor the system are dodgp and dodcheap.
Formali sation:

start » is_a_current_requirement(dodgp) Ois_a_current_requirement(dodcheap)
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L PlaRequirement Persistence

Local property LP1a expresses that, once it is derived that a requirement is needed for the system, this requirement
will persist, as long as the stakeholder does not indicate that the requirement (or the branch it belongs to) is
undesirable.

Formali sation:

is_a_current_requirement(p) O not(undesirable_requirement(p)) Ois_a_subrequirement_of_via(p,q,b) O best_branch_for(b,q)
Onot(undesirable_branch(b)) - is_a_current_requirement(p)

L P1b Refined Requirement Persistence

Local property LP1b expresses that, once alocal requirement has been refined via acertain branch, this will remain
the case, and the branch will be marked as “current” branch (needed within LP9).

Formali sation:

requirement_refined_via(n,b) O not(undesirable_branch(b)) — requirement_refined(n) Orequirement_refined_via(n,b) O
is_a_current_branch(b)

L P2 Undesirable Branch Determination

These local properties are used to determine which branches are undesirable. There ae two cases: (1) a
requirement that belongs to it is undesirable and (2) itstotal costs are higher than predicted, whilst the requirement
dodcheap iS present.

Formali sation:

is_a_subrequirement_of_via(p,n,b) Jundesirable_requirement(p) —» undesirable_branch(b)
is_a_current_requirement(dodcheap) Ototal_branch_costs(b,x) O predicted_costs(b,y) Ox>y - undesirable_branch(b)

L P3 Branch Seledion
These five local properties are used to determine which is the best branch (or subtre€ that can be selected in order
to satisfy a given nonlocal requirement. In case the requirement dodcheap is present, the selection criterion is the
predicted costs: the branch of which these ae the lowest is lected. However, other criteria (such as the quality)
can be implemented as well. Furthermore, we have to check whether the stakeholder has not indicated that the
branch isundesirable.
Formali sation:

is_a_subrequirement_of_via(p,n,b) » branch_for(b,n)

is_a_current_requirement(dodcheap) Obranch_for(a,n) Obranch_for(b,n) O not(undesirable_branch(a)) O predicted_costs(a,x) O

predicted_costs(b,y) Ox<y - better_branch_than_for(a,b,n)

branch_for(a,n) Obranch_for(b,n) O not(undesirable_branch(a)) O undesirable_branch(b) — better_branch_than_for(a,b,n)

branch_for(a,n) Onot(branch_for(b,n)) - better_branch_than_for(a,b,n)

[ Ob:branch better_branch_than_for(a,b,n) ] - best_branch_for(a,n)

L P4 Requirement Refinement
Local property LP4 expresses that, if a requirement exists that can be refined to a subrequirement, then this sould
be done by refining via the best branch (e.g. the one with the lowest costs, seelL P3).
Formali sation:
is_a_current_requirement(p) Ois_a_subrequirement_of_via(q,p,b) O not(requirement_refined(p)) Obest_branch_for(b,p) O
not(undesirable_branch(b)) - is_a_current_requirement(q) Orequirement_refined(p) Orequirement_refined_via(p,b)

Design Objed Description

L P5 Component Seledion
These four local properties are used to determine which is the best component that can be selected in order to
satisfy a given requirement. Again, when the requirement dodcheap is present, the selection criterion is the price: the
component that satisfies the requirement with the lowest costs is slected. Furthermore, we have to check whether
the stakeholder has not indicated that the component is undedrable.
Formali sation:
is_a_current_requirement(dodcheap) O holds_for(l,c) Oholds_for(l,d) O not(undesirable_component(c)) O costs(c,x) O costs(d,y) O
X<y - better_component_than_for(c,d,l)
holds_for(l,c) Oholds_for(l,d) Onot(undesirable_component(c)) O undesirable_component(d) —» better_component_than_for(c,d,l)
holds_for(l,c) Onot(holds_for(l,d)) — better_component_than_for(c,d,l)
[ Od:comp better_component_than_for(c,d,l) ] - best_component_for(c,I)
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L P6 DOD Generation
This property expresses that, if DODM (i.e., a specific module for DOD generation and manipulation) is active,
then each local requirement should be satisfied by adding the best component for that requirement to the current
DOD. Moreover, the costs of that component should be stored as* intermediate branchcosts’ (needeby LP10).
Formali sation:
' DODM_activelis_a_current_requirement(l) O best_component_for(c,l) Onot(undesirable_component(c)) Ocosts(c,y) O
is_a_subrequirement_of_via(l,n,b) 0'DOD_counter’'(x) - current_DOD(dod(x)) Opart_of_DOD(c,dod(x)) O
intermediate_branch_costs(b,y)

LP7aDOD Persistence
Local property LP7a expresses that, once a DOD is the current DOD, this will remain the case urtil the
DOD_counter has been increased.
Formali sation:
current_DOD(dod(x)) 0‘DOD_counter’(x) - current_DOD(dod(x))

L P7b DOD Component Persistence
Local property LP7b expresses that, once acertain component has been added to a DOD, it will remain part of that
DOD forever.
Formali sation:
part_of_DOD(c,d) - part_of_DOD(c,d)

L P8 Requirement Satisfaction Determination
This property determines when a certain (local) requirement is stisfied by a DOD. This is the case when the
current DOD contains a component for which this requirement holds.
Formali sation:
current_DOD(d) O part_of_DOD(c,d) Oholds_for(l,c) Ois_a_current_requirement(l) - local_requirement_satisfied(l)

L P9 Requirement ‘dodcheap’ Satisfaction Determination
These properties determine when the requirement that “the costs of the branches sould not be higher than the
predicted costs’ is stisfied by aDOD. Thisis only the case if, for each branches, (1) it is not a current branch OR
(2) it isnot a “led” branch OR (3) its costs do not exceed the predicted costs.
Formali sation:

‘DODM_active’ Onot(is_a_current_branch(b)) - branch_covered(b)

‘DODM_active’ Ois_a_current_branch(b) Ois_a_subrequirement_of via(p,q,b) —» branch_covered(b)

‘DODM_active’ Ois_a_current_branch(b) Ototal_branch_costs(b,x) O predicted_costs(b,y) Ox<y — branch_covered(b)

[ Ob:branch branch_covered(b) ] —» local_requirement_satisfied(dodcheap)

LP10Total Branch Costs Calculation
These properties are used to calculate the total costs for a certain branch. In order to do this, al x for which
intermediate_branch_costs(b,x) holds should be alded. Thisisdoneby giving thelowest x the index 0, giving the next x
theindex 1, and so an. Next, all x are added stepwise. Note that this approach asaimes that each component has a
different price.
Formali sation:
intermediate_branch_costs(b,x) Ointermediate_branch_costs(b,y) Ox>y - not_index(b,0,x)
intermediate_branch_costs(b,x) Ointermediate_branch_costs(b,y) Ox>y Onot_index(b,l,x) O not_index(b,l,y) - not_index(b,I+1,x)
intermediate_branch_costs(b,x) Ointermediate_branch_costs(b,y) Ox<y Onot_index(b,l,y) O not(not_index(b,I,x)) O
not(hasindex(b,x)) Osum(b,l,s) - index(b,l+1,x) Ohasindex(b,x) Ohassum(b,l+1) Osum(b,l+1,5+x)
intermediate_branch_costs(b,x) - intermediate_branch_costs(b,10000) Ointermediate_branch_costs(b,x)
hasindex(b,x) —» hasindex(b,x)
hassum(b,x) - hassum(b,x)
index(b,x,y) - index(b,xy)
sum(b,x,y) - sum(b,xy)
sum(b,xy) Onot(hassum(b,x+1)) — total_branch_costs(b,y)

LP11 Total DOD Costs Calculation

These properties are used to calculate the total costs for the final DOD. In order to do this, the same dgarithm is

used asin LP10.

Formali sation:
DOD_generation_terminated Ois_a_current_branch(b) Ototal_branch_costs(b,x) - intermediate_DOD_costs(x)
intermediate_DOD_costs(x) Ointermediate_DOD_costs(y) Ox>y —» not_index(0,x)
intermediate_DOD_costs(x) Ointermediate_DOD_costs(y) Ox>y Onot_index(l,x) Onot_index(l,y) - not_index(l+1,x)
intermediate_DOD_costs(x) Ointermediate_DOD_costs(y) Ox<y Onot_index(l,y) Onot(not_index(l,x)) O not(hasindex(x)) Osum(l,s)
- index(I+1,x) Ohasindex(x) Ohassum(l+1) O sum(I+1,s+x)
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intermediate_DOD_costs(x) - intermediate_DOD_costs(10000) Ointermediate_DOD_costs(x)
hasindex(x) — hasindex(x)

hassum(x) - hassum(x)

index(x,y) - index(x,y)

sum(x,y) - sum(xy)

sum(x,y) Onot(hassum(x+1)) - total_DOD_costs(y)

P12 RQSM Activity Determination
Local property LP12 expresses that, as long as there ae nonlocal requirements that have not been refined yet,
RQSM (i.e., aspecific module for requirements refinement) is still active.
Formali sation:
is_a_current_requirement(n) O not(requirement_refined(n)) - ' RQSM_active'

LP13DODM Activity Determination
These threeproperties expressthat, when RQSM is not active but has been active before, DODM will be active.
Formali sation:

' RQSM_actives ' RQSM_earlier_active'

' RQSM_earlier_active> ' RQSM_earlier_active'

' RQSM_earlier_actived not(' RQSM_active' ) ' DODM_active'

LP14DOD Counter
These properties are used to keep track of the index of the current DOD. Initially, the counter is st to 0. It is
increased each time that RQSM changes from active to inactive.
Formali sation:
start - ‘DOD_counter’(0)
' RQSM_actives ‘DOD_counter_ready’
‘DOD_counter'(x) Onot(" RQSM_active')'DOD_counter_ready’ —» ‘DOD_counter’(x+1)
‘DOD_counter’(x) Onot('DOD_counter_ready’) - ‘DOD_counter’(x)
‘DOD_counter’(x) Onot(" RQSM_active' 5 ‘DOD_counter’(x)

L P15 Determination of Treated Requirements
These three properties expressthe threesituations when a requirement has been "covered" (and thus sould not be
treaed anymore). These situations are (1) when the requirement is not required for the given design object, (2)
when the reguirement has been refined, and (3) when the requirement is satisfied.
Formali sation:

' DODM_activelI not(is_a_current_requirement(p)) - requirement_covered(p)

' DODM_activeOrequirement_refined(n) — requirement_covered(n)
' DODM_activellocal_requirement_satisfied(l) - requirement_covered(l)

L P16 Termination Determination
Local property LP16 expresses that, as soon asall requirements have be@ covered, the processwill terminate.
Formali sation:

[ Op:prop requirement_covered(p) ] - DOD_generation_terminated
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Appendix C : Additional Simulation Traces

Tracel & Trace? : seeSedion 8
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requirement_refined_via(dodi3(x, v, ¢), b16)

DOD_generation_terminated -
current_DOD(dod(1))|
current_DOD(dod{2)) 4

part_of DOD(c2a, dod(1))
part_of_DOD(c2a, dod{2))-
part_of_DOD(c2b, dod(1)}
part_of DOD{c2b, dod(2))
part_of_DOD(c3a, dod({1))
part_of DOD(c3a, dod{2}) |
part_of_DOD(c4b, dod(2))-
part_of_DOD{ew, dod{1})
part_of_DOD{ew, dod(2))
part_of DOD(I1, dod{1))
part_of _DOD(I1, dod{2))
part_of_DOD(12, dod{1))
part_of _DOD(12, dod(2))
part_of _DOD(I3, dod(1))
part_of_DOD(I3, dod(2))
part_of_DOD(l4, dod{1))
part_of DOD(l4, dod(2))
undesirable_requirement{dodbp1(b))4
is_a_current_requirement(dodcheap)
is_a_current_requirement{dodgp)
is_a_current_requirement(dodgp1
is_a_current_requirement{dodgp2
is_a_current_requirement(dodgp3
is_a_current_requirement(dodbp1(a)

is_a_current_requirement(dodbp1(x
is_a_current_requirement(dodbp2(x
is_a_current_reguirement({dodbp3(x
is_a_current_requirement(dodbp4(y
is_a_current_reguirement(dodbp6(y)
is_a_current_requirement(dodep{a)) 4
is_a_current_requirement{dodep(b))-
is_a_current_requirement(dodii(a))
is_a_current_requirement(dodii (b))

)
),

)
)
is_a_current_requirement(dodbp1{b)}
N
I
DR
-
),

is_a_current_requirement{dodi2({x, y})
is_a_current_requirement(dodtp(a, )
is_a_current_requirement(dodip(b, €))|
is_a_current_requirement{dodtp{e, x})-
is_a_current_requirement{dodtp{e, y))4
is_a_current_requirement(dodip(x, c))
is_a_current_requirement{dodip(x, y))
is_a_current_requirement(dodip(y, x})
is_a_current_requirement(dodi3(x, v, c))-
requirement_refined_via(dodap, b11)
requirement_refined_via(dodgp1, b1){
requirement_refined_via(dodgp1, b2)
requirement_refined_via(dodgp2, b12)
requirement_refined_via{dodgp3, b13)
requirement_refined_via(dodi1(a), b14)
requirement_refined_via{dodi1(b}), b15)
requirement_refined_via(dodi2(x, y), b4)

all_requiremenis_evaluated |
time
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