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Abstract

Organizations involving multiple agents require adaptation mechanisms to guarantee
robustness, especialy in critical domains. This paper presents an organizational
template to aid analysis and design of organizations with adaptation mechanisms based
on dynamic role reallocation. The adaptive organization model can be used both for
qualitative and quantitative domains, as is shown in two applicaion cases made to
evaluate the applicability of the model.

1. Introduction

Robustness of a multi-agent organization functioning in criticd domains is essential.
Unpredictability can both be in the internal functioning o the system itsdf (e.g., an incorrect
functioning agent), or externa to the system (e.g., a sudden increase in environmental pressure). To
enable amulti-agent organization to be robust, capabilities are required that allow the organization
to adapt in order to continue functioning adequatdy.

An agpproach coud be to modd a multi-agent system in which each o the aents have those
specific capabilities, and show the dfectiveness of the system as a whole in this domain. However,
it is hard to generdize results obtained beyond the specific domain and the specific agents
occurring in this domain. Recently, an abstraction level higher than the @mncept agent has become
in wse: the organizational level (see eg. [3], [12]). On this levd, templates can be specified to aid
analysts in modeling appropriate multi-agent organization models. These templates, for example,
include specification of roles, possibly in the form of required behavior. In a given application,
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agents can be allocated to such roles. The templates can be reused each time a new domain is
analyzed for which the daracteristics comply to the ones gecified for the template. Once the
correctness of the template is proven (given certain domain assumptions) for a desired property,
each model which complies to the specified template will satisfy that property as well, making the
approach reusable. Of course, for each new case in which the template is used, an instantiation with
domain-specific knowledgeis still required.

This paper presents sich an organizationa model or template for the anaysis of multi-agent
organizations with the aility to adapt to urpredictable drcumstances, maintaining the robustness
of the system. The essentid part of the organizational modd is the specificaion of roles, since
those can be seen as the engines of the organization. The approach taken distinguishes a number of
aggregation levels, starting with the highest level dynamic property desired (i.e., robustness and
refining this property in a number of steps until the level of role behavior has been reached.
Interlevel relations between dynamic properties at the different aggregation levels have been
specified and erified using the model checker SMV [21]. The gplicability of the model has been
evaluated by using it to analyze two application case studies in dfferent domains, one qualitative,
and one quantitative.

The remainder of this paper is organized as follows. Section 2 introduces the modeling approach
used to specify the organization modd, which includes both a structural and a behaviord
specification of the organization. The structural model within the templateis spedfied in Section 3,
whereas Section 4 presents the behavioral model, without taking into account adaptation. The
adaptation model is presented in Section 5. Section 6 presents a qualitative applicaion of the
template in the domain o incident management and presents smulation results. In Section 7 a
guantitative specialization o the model is specified which is applied in the domain of social insects
in Section 8 Section 9 is adiscussion.

2. M odeling Approach

This Section presents the modeling approach used to specify the alaptive multi-agent organization
modd. Firgt, the framework used to model organization structure will be explained, and thereafter
the method for describing the behavior of such an arganization. For describing the structural part of
the modd for adaptive multi-agent organizations, the AGR (Agent-Group-Role) modeling approach
introduced in [7] is used. Here three basic concepts are used to modd a multi-agent organization:
agent, group, and role. An agent is an active communicating entity which plays roleswithin groups.
Groups are sets of roles; arole isan abstract representation of an agent function or service.

The approach presented in [8] which is partly based on AGR is used to specify behavioral or
dynamic properties on multiple aggregation leves. following AGR, the functioning o the particular
roles, the functioning of groups, and d the organization as a whole. In general, behavioral properties
are pressed in terms of temporal rdations over input states and autput states of roles over time.



Properties at the different levds can be structured by means of interleve rdations in a hierarchy. At
the lowest levd role properties describe the behavior of an individual role whereas transfer properties
describe the dynamics of (intragroup) transfer between roles. For the roles within a given group, such
role properties, together with the transfer properties, entail the group poperties that characterize the
behavior of the group as a whole. The group properties for the different groups, together with the
inter-group relationship properties (for transfer between groups), entail the overall organizaion
properties. Properties abou the environment are treated the sameway asgroups and roles.

organi zation properties
intergroup i nteraction properties group properties
trandfer properties role properties

Figurel. Overview of interlevel relations between dynamic properties

Specification d dynamic properties is done in the Temporal Trace Language (TTL) [16]. This
language can be classified as a reified predicate-logic-based temporal logic (see, eg., [10], [11]), in
contrast to, for example, modal-logic-based temporal logics as the ones discussed in, e.g., [9]. The
languageis brigfly introduced here. For more detail s, see [4].

States and Traces

In TTL, ontologies for world states are formalised as sts of symbols in sorted predicate logic. For
any sTATE ontology ont, the ground atoms form the set of basic state properties BSTATPROP(OnY).
Basic state properties can be defined by ndlary predicaes (or propasition symbols) such as n-ary
predicates (with n>0) like has_temperature(environment, 7). The state properties based on a cetain
ontology ont are formali sed by the propasiti ons (using conjunction, negation, digunction, implication)
made from the basic state properties; they congtitute the set sTATPROP(ONY).

In order to express dynamics in TTL, in addition to state properties, impaortant concepts are
states, time points, and traces. A state s is an indication of which basic state properties are true and
which are false, i.e, a mapping s: BSTATPROP(ONt) . {true, false}. The set of all possible states for
ontology ont is denoted by sTaTES(Ont). Moreover, a fixed time frame T is assumed which is linearly
ordered. Then, atrace y over a state ontology ont and time frame T is a mapping y: T . STATES(Ont),
i.e, asequenceof statesy, (0 T)in STATES(OnY). The sat of all traces over ortology ont is denoted by

TRACES(Ont), i.e., TRACES(Ont) = STATES(Ont)".



Dynamic Properties

Patterns in world dynamics are described by dynamic properties. The set of dynamic properties
DYNPROP(Ont) iS the set of temporal statements that can be formulated with resped to traces based o
the state ontology ont in the following manner. Given a trace y over state ontology ont, a certain state
of the world at time point t is denoted by state(y, t). These states can be rdated to state properties via
the formally defined satisfaction rdation denoted by the infix predicate |=, comparable to the Holds-
predicate in event cdculus [17] or stuation calculus [23]. Thus, state(y, t) |= p denotes that state
property p holds in tracey at timet. Here state properties are mnsidered dbjects and denoted by term
expressions in the TTL language. Likewise, state(y, t) |2 p denotes that state property p does not hdd in
tracey at timet. Based on these statements, dynamic properties can beformulated in a formal manner
in a sorted predicae logic, using the usual logicd connedives such as -, &, O, O, and the quantifiers
0, O (eg., over traces, time and state properties). For example, consider the following dynamic
property for a pattern concerning belief creation based on odbservation:

if at any point in time t1 the agent A observesthat it is wet outside,
then there exists a time point t2 after t1 such that at t2 in the trace the agent A believes that it is wet
outside

This property can be expressed as a dynamic property in TTL form (with free variable for tracey) as
follows:

Ot:T [ state(y, t) |= observes(itswet) 00 [I'=>t state(y, t) |= belief(itswet) ]

To model direct temporal dependencies between two state properties, the smpler leads to format
is used. This is an executable format defined as follows. Let a and 3 be state properties of the
form ‘conjunction of literas (where aliteral is an a@om or the negation of an atom), ande, f, g, h

non-negative real numbers. In theleadsto languagea —, , . B, means:

if  state property a holds for a certain time interval with duration g,

then after some delay (between e and f) state property § will hold for a certain time interval of length h.



3. Adaptive Organization M odel: Organizational Structure

This Section presents the structural model within the adaptive organization model; see Figure 2.
Here, small ovals denae roles, bigger ovals denote groups, solid arrows denote transfers between
roles, and dashed lines denate inter-group interadion. The modd can be composed from two parts, of
which the structure of one (the lower layer in Figure 2) is dependent upon the specific domain o
application, and the other structure (top layer, depicted in gray), consisting of the Change Group, by
which adaptation o the organization takes plaas, is generic for any type of appli cation. All the agents
participating in the organization are assumed to have an Adaptor rolein this group. Thisrole hasthe
ability to monitor the &isting agent-role allocations, and role, group and organization properties
(hence the group has a meta-view on the organization). In case it is observed that a property is not
satisfied, an Adaptor role makes decisions about change, thereby possibly requesting ather Adaptor
roles to perform a role for which errors have been observed. The exact spedficaion o the Adaptor
roleis addressed in Section 5.

Change Group

Worker Group 1 Worker Group 2

Figure2. Adaptive Organizationa Model

In the lower part of Figure 2, Worker Groups are shown o which each one addresses a particular
part of the tasks needed to be performed within an organizétion. In incident manayerrent there would,
for example, be a fire fighting group, medicd group, and a pdice group. Natice that names in small
ovals auch as Workerl, .., Worker4, used here denote the roles in these groups, na the agents
alocated to these roles. The adaptativity in the modd is in the flexibility of allocations of agents to
these rales, not in the change of the roles themsalves. Such an all ocation change may involve, for
example, that for an agent A that was alocaed to role Workerl within Worker Group 1, its
alocation is changed to an all ocation to role Worker4 in Working Group 2.



4. Adaptive Organization M odel: Organizational Behavior

The behavioral moded within the alaptive organization model takes the form of a hierarchy o
dynamic properties at the different aggregation levels of the organization (seeFigure 1 and 3). The
relationships between the different levels within the hierarchy have been verified using the SMV
mode checker; cf. [21]. The highest organizationa properties express what one wants a particular
organization (as a whde) to establish, e.g., based on performance indicators of an organization.
This sction shows how such arganizationa properties are refined into more specific properties for
particular aspects or parts of an organization (Section 41). These ae further refined to the
aggregation level of the particular groups within the organization (Section 4.2).

4.1. Organization-Leve Properties

The highest levd organization properties, expressing the wel-being a satisfactory functioning o the
organization, can take various forms; e.qg., see the spedfic applicaions presented in Sections 6 and 8.
In the adaptive organization modd presented here the assumption is that robustness of the
organization is a main arganization property to be achieved. An arganization is said to be robust in
case all relevant aspects of the organization are wel maintained, despite ewironmental or internal
fluctuations. Therefore, to achieve the goals of the organization a number of aspects X1, ..., Xn can
be distinguished that have to be maintained; e.g., [1] p. 58, 83. Examples of such aspeds in the
context of incident management are fire fighting, health care, and traffic care. Thus, a mein property
for the whde organization is that the organization functions well for the combination of these aspects
X1, ..., Xn. The organization property OP expresses that at all points in time proper maintenance of
the combination o aspedsis stisfied:

OP = OtTIME state(y, t, O) |= satisfied(combination(X1, ... Xn)).
Here

state(y, t, O) |= satisfied(combination(X1, ... Xn))

denotes that within the state state(y, t, 0) a time paint t of the organization O in trace y the state
property satisfied(combination(x1, ... Xn)) holds, with the infix predicate |= denoting the satisfaction relation
between a state and a state property. Noticethat such a state property can have different truth values
at different pointsintime.

Other rdlevant organization properties (e.g., survival) are assumed to be etailed by this primary
organization property OP. The organization property OP is refined using properties for different
aspeds of the organizaion: For any of the aspeds X, the property OAP(X), expresses that at al
pantsin timeasped X is maintained in a satisfactory manner:



OAP(X) = OtTIME state(y, t, O) |= satisfied(X).
These properties are assumed to relate to the overall organizaion property by
OX OAP(X) = OH

In ather words, as long as all asped properties are satisfied, the organization as a whde functions in
a satisfactory manner. To thisend it is assumed that:

satisfied(combination(X1, ... Xn)) « OX satisfied(X).

Then the bi-impli cation above can be rephrased as

X state(y, t, O) |= satisfied(X) < state(y, t, O) |= OX satisfied(X)
which is one of the axioms for the predicate |- within thelogicd language TTL.

4.2. Group-Level Properties

In arder to achieve the robustness of the organization, depending on circumstances, the organization
needs to spend a cartain effort on each o the distinguished aspeds. As circumstances may change, it
is here that adaptive control is possible and needed; such cortrol can be insufficient, leadingto ane or
more not wel-maintained aspeds, or sufficient, leading to all aspects wdl-maintained. In the
organizational structure within the model, for each of the aspects a Worker Group is included to
provide sufficient effort at each point in time as reguired to maintain this asped, given the
circumstances at that point in time.

GP1(X, G) : group provides required effort
For all time pointst the effort provided by group G for aspect X is sufficient for the agect.
Ot TIME, E:EFFORT
[state(y, t, G) |= group_relates_to(G, X) O
provides_group_effort_for(G, E, X)
O state(y, t, O) |= satisfies_required_effort_for(E, X) ]
Here the antecedent denotes that within the state state(y, t, G) at time point t of group G in tracey the

state property
group_relates_to(G, X) U provides_group_effort_for(G, E, X)

holds, expressing that group G relates to asped X and provides effort E. Moreover,

state(y, t, O) |= satisfies_required_effort_for(E, X)



expresses that at timet in tracey the dfort E is the dfort required to satisfy aspect X. It is assumed
as part of the organization modd that when the effort provided by group G rdatingto X satisfies the
required effort for asped X, then X is considered satisfied:

group_relates_to(G, X) O

provides_group_effort_for(G, E, X) O

satisfies_required_effort_for(E, X) - satisfied(X)

Therefore, group effort property GPL(G, X) rdates to the corresponding aspect property OAP(X) as
follows:

GPL(X, G) O OAP(X).

The current roles within the group G are the ones that actually providethe dfort for X. Eadh role has
a particular effort it can provide, based onthe role specification. In order to provide the required
efort, sufficient effort of spedfic roles within a group is needed that together deliver enough
combined eff ort; thisis expressed in GP2. Here the sorts ROLECOMBINATION and EFFORTCOMBINATION
denote sorts for combinations of (a finite number of) roles and o efforts, respedivey. The latter sort
isasubsort of EFFORT.

GP2(X, G) : rolesproviderequired effort
For al time points t the total effort E1,...,.En provided by the roles R1,...,Rn within group G addresdng asped X
provides a combined effort satisfying the effort required for X.
OtTIME, RC:ROLECOMBINATION, EC:EFFORTCOMBINATION:
[state(y, t, O) |= group_relates_to(G, X) O
group_has_roles(G, RC) O
provides_effort_combination(RC, EC)
O state(y, t, G) |= provides_group_effort_for(G, EC, X) &
state(y, t, O) |= satisfies_required_effort_for(EC, X) ]

This property relates to the previous one as follows:

GP2(X,G) O GP1(X, G)

4.3. Role-Level Properties
One role property is present on the lowest level not devoted to adaptation: Each of the ative
worker roles performs a certain amount of work. This is expressed asfollows:

RP1(R) Worker Contribution
For all t the Worker role Rddivers aneffort E.

(0t :TIME [E :EFFORT
state(y, t, R) |= provides_role_effort(R, E)



5. Adaptive Organization M odel: Organizational Adaptation

This Section presents the adaptation properties for the organization modd. First, the adaptation
properties expressing hav the organization can acdhieve or maintain its goals under changng
circumstances are introduced. Thereafter, the Adaptor role properties are presented which form the
engines of the adaptation process.

5.1. Adaptation Properties

Within the organization the aspeds distinguished are monitored al the time, in the sense that it is
verified whether the provided effort is expected to stay sufficient for the required effort. To thisend a
signaling property is gecified, based an desired effort. The property indicaes those ases and time
points that the dfort observed for a certain aspect is close to becoming insufficient to satisfy the
efort required for that asped. The margin between the time paint of signaling nd satisfying the
desired effort and the time point that the required effort is at risk of not being satisfied, is assumed
large enough to have time to adapt. The adaptation mechanism within the organization has to
guarantee that the effort will satisfy the desired effort again within a certain duration, without
dissatisfying the required effort in the meantime; this to prevent property GP1 not being satisfied.
This adaptation is expressed by the group adaptation property APL.

AP1(X, G, d): Group adaptation for desired effort
For all time paintst, in case the current effort E provided by group G for asped X is not satisfying the desired effort,
then at a later paint in time t2 (where t2 > t and t2 < t+d) the organization has changed such that the effort provided
satisfies the desired effort and in between wil | still satisfy the required effort.
OtTIME, G:GROUP, E1, E2:EFFORT:
[ [ state(y, t, O) |= group_relates_to(G, X) &
state(y, t, G) |= provides_group_effort_for(G, E1, X) &
state(y, t, O) |= satisfies_required_effort_for(E1, X) &
state(y, t, O |= not satisfies_desired_effort_for(E1, X) ]
0 OE2:EFFORT,t2>t [t2<t+d &
state(y, t2, G) |= provides_group_effort_for(G, E2, X) &
state(y, t2, O) |= satisfies_desired_effort_for(E2, X) &
Ol [ t<tl< 2 O state(y, t1, O) |= satisfies_required_effort_for(E2, X) ]1]

This property reates to the previous properties as follows:
APL(X, G, d) O GPL(X, G)

The group property for adaptation can be reated to adaptation properties of individual roles taken as
follows.



AP2(X, G, d) : Role adaptation for desired effort
For all time paintst, in case the current effort combined from role efforts EL1,...,En providedby theroles R1,....,Rn in
G is nat satisfying the desired effort, then at a later paint in time t2 (where t2 >t and t2 < t+d) the organizaion has
changed such that the efort combined from efforts provided by the roles within G satisfies the desired effort and in
between will still satisfy the required eff ort.
OtTIME, RC1:ROLECOMBINATION, EC1:EFFORTCOMBINATION
[[state(y, t, G) |= group_relates_to(G, X) O
group_has_roles(G, RC1) O
provides_effort_combination(RC1, EC1) &
state(y, t, O) |= satisfies_required_effort_for(EC1, X) &
state(y, t, O) |= not satisfies_desired_effort_for(EC1, X) ]
O
0Jt2 > t, RC2:ROLECOMBINATION, EC2:EFFORTCOMBINATION
[t2<t+d & state(y, t2, O) |= group_relates_to (G, X) O
group_has_roles(G, RC2) O
provides_effort_combination(RC2, EC2) &
state(y, t2, O) |= satisfies_desired_effort_for(EC2, X) &
[Orst2[t>t O
[RC3:ROLECOMBINATION, EC3:EFFORTCOMBINATION
state(y, t', O) |= group_relates_to(G, X) O
group_has_roles(G, RC3) O
provides_effort_combination(RC3, EC3) &
state(y, t', O) |= satisfies_required_effort_for(EC3, X)]]

This property relates to the others as follows:

AP2(X, G, d) O APLX, G, d)
AP2(X, G, d) O GP2(X, G)

The next Section presents role properties which enable the adaptation.

5.2. Adaptor Role Properties

By an Adaptor role M, decisions about taking up or switching between Worker roles are made. As
input information is used abou the effort E currently being ddivered by the different Worker groups
G for acertain aspect X as expressed in

provides_group_effort_for(G, E, X).
In the modd the decision mechanism is indicated by ardation expressing that an asped has urgency:

has_urgency(Xy, Ey, ..., Xp, Ep, X)

indicating that aspect X needs to be addressed in the context of efforts E, for aspects X;. This
relation can be spedfied as only deriving ane aspect to be addressed (i.e., the most important asped)
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or multi ple aspects (e.g., all aspeds currently not being addressed properly). The relation takes into
accourt which effort E suffices for the required eff ort to be ddivered for asped X:

satisfies_required_effort_for(E, X)
and which effort E suffices for the desired effort for asped X:
satisfies_desired_effort(E, X).

A smpleform of an urgency relation that is taken by default is:

has_urgency (X1, E1, ... Xp, En, Xj) o not satisfies_desired_effort(E;, X;).

This expresses that all aspects for which the desired effort is not satisfied are urgent. Based an the
input on urgency, the Adaptor role M generates in an intermediate state an indication o the asped
that needs to be addressed in the current situation.

RP1(M) Aspect Urgency
Atanyt, if a t Adaptor roleM observes the group efforts for each of the aspeds,
and has aurgency relation that indicates X an urgent aspect & thattime,
then at some t' >t it will generate that X needs to be addressd.
Ot, Xy, .y Xn Eg, oy Epy X, M
state(y, t, G,) |= provides_group_effort_for(Gy, Ey, X;) & ... &
state(y, t, G,) |= provides_group_effort_for(G,, E,, X,) &
state(y, t, M) |= has_urgency(X,, E;, ..., X, En X)
O O'=t state(y, t', M) |= to_be_addressed(X)

Based onthis, the appropriate role(s) R within the Worker Group(s) WG for the aspect(s) is/are
determined, and that a candidate is to be found for the role:

RP2(M) Role Change Determination
Atanyt, if a t Adgptor role M generated that X is an urgent asped,
and role R in WG isresponsible for this aspect,
then at somet' >t it will generate that acandidate for role R in WG has to be found.
0t X, R, WG, M [ state(y, t, M) |= to_be_addressed(X) &
state(y, t, M) |= role_responsible_for(R, WG, X)
O Ozt state(y, t, M) |= to_be_found_candidate(M, ChangeGroup, R, WG) ]

Finding the right Adaptor to be allocated to the role is the next step in the process. Assumed is that
there exists hared knowledge of the cgpabilities of the Adaptors of the organizaion. An Adaptor
may only have a partial view on this, and simply choose alocal optimum. The decision mechanism
states that the Adaptor will perform the role itself in case it has the cpabilities or otherwise
appoints another Adaptor which does have the @pabilities andis preferred.
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RP3(M) Candidate Selection: Own Sdection
Ot:TIME, M,R:ROLE, WG:GROUP, C1,C2:CAPABILTIES
[state(y, t, M) |= to_be_found_candidate(M, ChangeGroup, R, WG) &
state(y, t, M) |= required_capabilities(R, WG, C1) &
state(y, t, M) |= has_capabilities(M, ChangeGroup, C2) &
state(y, t, M) |= capabilities_match(C1, C2)
O 02>t [state(y, t2, M) |= shared_allocation(M, ChangeGroup, R, WG)]]

RP4(M) Candidate Selection: Request
Ot TIME, M1,M2,R:ROLE, WG:GROUP, C1,C2,C3:CAPABILTIES

[ state(y, t, M1) |= to_be_found_candidate(M1, ChangeGroup, R, WG) &
state(y, t, M1) |= required_capabilities(R, WG, C1) &
state(y, t, M1) |= has_capabilities(M1, ChangeGroup, C2) &
state(y, t, M1) |= not capabilities_match(C1, C2) &
state(y, t, M1) |= has_capabilities(M2, ChangeGroup, C3) &
state(y, t, M1) |= preferred_candidate(M2, ChangeGroup) &
state(y, t, M1) |= capabilities_match(C1, C3) ]
O O2>t [state(y, t2, M1) |= request_shared_allocation(M2 ,ChangeGroup, R, WG)]

Furthermore, once a shared allocationis requested, the shared allocaion will be in place:

RP5(M) Candidate Selection: Response
Ot TIME, M, R:ROLE, WG:GROUP

[state(y, t, M1) |= request_shared_allocation(M1,ChangeGroup, R, WG)]
0 O2>t, M2 :ADAPTOR  [state(y, t2, M2) |= shared_allocation(M2, ChangeGroup, R, WG) ]]
Finally, the following reationship is assumed to hold, given that roles R1..Rn are devoted to Group

G addressing aspect X:

RP1(M) & RP2(M) & RP3(M) & RPA(M) & RP5(M) & RP1(R1) & .. & RPL(Rn) O AP2(X,G,d)

This logical relationship is an assumption imposed onthe domain of applicaion It is assumed that
by adding more roles to the group involved, the dfort for an aspect X can be strengthened so that the
required effort is kept satisfied, and the desired effort will become satisfied again within duration d
In many qualitative and quantitative domains this assumption is fulfilled, for example, in the two
domains addressed in Sedions 6 and 8 in this paper. In quantitative cases it gets the form of the
assumption that by adding role efforts for X, the total sum of efforts can be increased until a certain
valueis reached, which has some relationship to the Archimedean principle inthe real numbers:

Oa,b>0n01 n*a>b

In qualitative cases the assumption can be related to an assumption on the availability of the right
capabilities within the organization, asis $iown in Section 6.
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6 Thelnterlevel Relations and Their Verification

In this sction an overview of the interlevd reations between the dynamic properties at different
levds of aggregation is given, as occurred at various places in Sedions 4 and 5. They can be
summarized and classified as shown in Table 1.

Tablel Overview of thelogical interlevel relations

From aspect properties to organisation properties OX OAP(X) O OP

From global group propertiesto aspect properties GPL(X,G) O OAP(X)
From aggregated group properties to global group properties GP2(X,G) O GPLX, G)
From group adaptivity propertiesto global group properties APL(X,G,d) O GP1(X,G)
From role adaptivity propertiesto group adaptivity properties AP2(X,G,d) O APL(X, G, d)

From role alaptivity properties to aggregated group AP2(X,G,d) O GP2(X,G)
properties

From role properties to role adaptivity properties RPL(M) & ... & RP5(M) &
RPL(R1) & ...& RPLRn) O AP2(X,G,d)

A graphical representation o the property hierarchy isshownin the AND/OR treein Figure 3.
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GP1(X,,G,) GP1(X,,G,)
AP1(X G ,d) AP1(X G d)
GP2(X,,G,) GP2(X,,G,)
AP2(X,G, d) AP2(X .G .d)
RPL(R, ,) & RPL(M) & RPI1R, ) &
| RP2(M) &
RPL(R, ) RP3(M) & RPLR, )
RPA(M) &
RP5(M)

Figure3. Property hierarchy presented in graphical form as an AND/OR tree

All rdationships for the generic model as expressed within the tree have been verified using the SMV
mode checker under the assumptions as stated before. This has been done for every implication A O

B by rewriting property A in the transition system format that can be used by SMV as a description
of a system. Moreover, B has been rewritten in CTL format, as required for the properties to be
checked in SMV. As an example, this is sown for the rdation between the role properties at the
lowest level and the adaptivity property AP2. Here the antecadent A is a conjunction of a humber of
role properties for the adaptor role and for the worker roles. In SMV RP1 for the Member role has
been spedfied as follows:

next (urgency) := case
aspect = desired: O;
1. 1;
esac;

This specifies the default urgency function, namdy that in case the desired effort is not provided the
asped is considered to be urgent. This is expressed in the SMV transition system as follows. The

next state for urgency is false (i.e, 0) in case the dfort provided for the aspect is as desired, whereas
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urgency for the aspect istruein any other case. Furthermore, RP2 concerns the search o a canddate,

whichistruein the next state in case the aspect is considered urgent, and otherwise fa s.

next (search_candi date) := case
urgency : 1;
1:0;
esac;

The search of such a candidate is expressed in RP3 — RP5 and has been simplified for the sake of
clarity. It is simply specified that a search for a candidate results in a candidate which has been fourd
(which is also the case for therole properties specified).

next (f ound_candi date) := case
search_candidate : 1
1:0;
esac;

Furthermore, the role property for the role which now has an agent allocated it is ecified as follows:
next (ef fort_added) := case
found_candi date : 1;
1:0;
esac;

This specifies the dfort added being by the newly found candidate. The added effort is st to truein
case a candidate has been fourd, wheress it is false in case no candidate has been found. Final
dement of the transition system is to spedfy the dfect of the added effort. Note that the addition d
efort is not quantified, effort is simply added. This choice has been made for the sake of simplicity
but has no consequences for the proof of the modd. Adding effort has the following effect on the

maintenance of the aspects within the organization:

next (aspect) := case
aspect = failure & effort_added: required;
aspect = required & effort_added: desired
aspect = desired & effort_added: desired
1 : aspect;
esac;

This gedfies that the next value for an asped in case of effort being added is required in case the
efort was previously failure desired in case the previous asped value was required, and desired
remains desired upon addtional effort. The consequent B is here property AP2. This is expressed in
SMV’sformat based on CTL as follows.

AG ((!( aspect = desired) & (aspect = required))

-> AF (aspect = desired) &
A [(aspect = required|aspect=desired) U aspect=desired])
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This expresses that when the considered aspect is required and not desired, then eventually the asped
will be desired again whil e in the meantime the value for the aspect will be dther required ordesired.
This CTL property indeed holds for the specified modd.

6. A Qualitative Application of the Organizational Model

This Section presents one of the two case studies undertaken to evaluate the applicability of the
adaptive organization model presented in Sedions 3, 4 and 5. This case study provides an analysis of
the functioning of incident management organizations, in which adaptation d the organization by
dynamic role reallocation is often doserved. The analysis is based on a qualitative modd for this
domain made on the basis of extensive documentation of one of the disasters taking place in the
Netherlands in the recant past [22]. First, domain spedfic variants of properties are introduced, after
which simulation results are presented.

6.1. Domain Specific Properties

On the highest leve of this qualitative incident management model, the property OP is defined as
each aspect of the organization being satisfied. In the @se of incident management, the aspects
considered are fire fighting, hedth care, and traffic care:

OP(disaster)
For all time paintst each aspea for incident management in the organization is satisfied.
OtTIME [state(y, t, O) |= satisfied(fire_fighting) O satisfied(health_care) O satisfied(traffic_care)]

On alower level each individua aspect X is sttisfied within the organization, for example, for the
traffic care aspect of the organization:

OAP(traffic_care)
For all time paintst aspect traffic care is satisfied in the organization.
OtTIME [ state(y, t, O) |= satisfied(traffic_care) ]

One grouwp is responsible for the aspect traffic care: the police department. An instance of property
GP1 requires adefinition of satisfaction of the required effort. The dfort of agroup is defined asan
abstract name; the required effort is dways satisfied in case aroute plan for ambulances is creaed
which passes all wounded people within duration d from the start of the incident:

satisfies_required_effort_for(police_effort, traffic_care) «
Ot,t0:TIME [ present_time(t) O memory(t0, incident_started) O t0+d <t] -
32 (R:ROUTE_PLAN [t2<t0+d O

memory(t2, proposed_route_plan(R)) O

OW :WOUNDED memory(t2, passes_wounded(R, W)) ]
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Hereit is assumed that there ae memory states. The desired effort is defined by:

satisfies_desired_effort_for(police_effort, traffic_care) o
Ot,t0:TIME [present_time(t) O memory(tO, incident_started) — t0+rd >t] O
02 [R:ROUTE_PLAN [ memory(t2, proposed_route_plan(R)) O
OW :WOUNDED memory(t2, passes_wounded(R, W)) ]

Here 0 <r < 1. In aher words, the desired effort states that the crrect route plan should be present
before the required deadline already. The desired effort is always satisfied in the time interval from
the start of the incident until rd after this start. It is not satisfied in the time interval starting rd after
the start of the incident where no route plan was proposed yet. In view of property AP1 this means
that after a correct route plan has not been generated by the police department within rd from the
start of the incident, adaptation will beinitiated at thistimepoint, in arder that the required eff ort will
still be guaranteed before d after the start of the incident. As soon asindeed a route plan is proposed,
therequired eff ort remains satisfied and the desired &ff ort becomes satisfied again.

Failure of the satisfadion o desired effort means that there is no role within the police department
which has generated the correct route plan. By property AP2, this ultimately results in an adapted
padlice department with roles which do perform the desired effort. To enable this change, the Adaptor
within the Change Group uses the standard default definition o the urgency rdation, in this case
specifically for the police

has_urgency(fire_fighting, fire_brigade_effort, health_care, health_effort, traffic_care, police_effort, traffic_care) <«

not satisfies_desired_effort_for(police_effort, traffic_care)

expressing that the traffic cae asped has urgency in case no route plan is generated within the
desired duration.

6.2. Simulation Results

In order to show how a multi-agent organization functions using the organizational mode as
presented above, simulation runs have been performed based on olservations at the Volendam bar
fire & described in [22]. In order to beable to simulate these adaptation processes, the lowest level
properties (i.e. role properties) as presented in the Sections above have been translated into the
executable subset of TTL cdled leadsto [5] which is used as an input for a simulation tod as
described in [5]. The full leadsto specification is presented in Appendix B. Figure 4 shows the
result of the simulation using this toal. In the Figure the left sde shows the atoms that ocaur during
the simulation run whereas the right side shows atimeine where a dark gray box indicates an atom
being true whereas alight gray box indicates false.
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time
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o

Figure4. Simulation results using the adaptive organization model

As can be seen in the trace at time point O the bar fire starts: incident_started(bar_fire_volendam). Three

wounded people are present at the scene, at different locations, namely “zuideinde’, “pellersplein”,
and “zeestrad”:

wounded_location(wounded_1, zuideinde)
wounded_location(wounded_2, pellersplein)
wounded_location(wounded_3, zeestraat)

Note that in reality much more wounded are present. Based onthese circumstancesan Adgptor role
observing the airrent state of affairs at the scene derives that both the desired and required effort

concerning traffic care are being delivered by the police, since they hawe until time point 4 to come
up with acorrect plan:

internal(adaptor_role_1|ChangeGroup)|satisfies_desired_effort(police_effort, trafic_care)
internal(adaptor_role_1|ChangeGroup)|satisfies_required_effort(police_effort, trafic_care)

Underlying this derivation is the following leadsto property:

OI1,12:INTEGER, RO:ROLE, IN:INCIDENT
[ internal(RO|ChangeGroup)|memory(time(l), incident_started(IN)) O

present_time(12) O (12 € 1+R*D) ]
—0,0,0.1,0.1

internal(RO|ChangeGroup)|satisfies_desired_effort(police_effort, traffic_care)

The onstants for R and D have been set to 0.5 and 6 respectively. Besides this property for desired
effort asimilar property exists for required effort. The only difference between these two properties
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is the multiplication with the factor R in the condition, which is not performed in the required effort
property. In order for this rule to fire, the Adaptor roles hawe a nemory state. For example, at time

point 1 the Adaptor role stores the previously observed start of the incident:
internal(adaptor_role_1|ChangeGroup)|memory(time(0), incident_started(bar_fire_volendam))

At time point 2 the route planner within the police group proposes a route plan which consists of
merely one drive up route which is the location “zuideinde™:

output(route_planner|police)|proposed_route_plan(zuideinde)

This plan however only passes the wounded person at the location “zuideinde’” and not the o ther
wounded:

passes_wounded(zuideinde, wounded_1)

Since the requirement is that the route plan should pass al wounded, the arrent proposed pan
does not satisfy the requirements. However, due to the fact that the police has 4 time points before
the desired effort needs to be provided, it takes urtil time point 4 before this failure is addressed
(they could aso have thought out a new, correct, route plan before the fourth time point). At that
time point, an Adaptor roleis unable to derive that the desired effort for traffic care is stisfied.
Such adesired effort can be derived by means of two rules, the first rule being the leadsto property
presented above (i.e, there is dill remaining time to come up with a good solution) whereas the
sewmnd rule specifies that a @rrect traffic planhasbeen generated which passes all wounded:

0I1,12:INTEGER, RO:ROLE, IN:INCIDENT, RP:ROUTE_PLAN

[[ internal(RO|ChangeGroup)|memory(time(l), incident_started(IN)) O
internal(RO|ChangeGroup)|memory(time(I2), proposed_route_plan(RP)) O
OW:WOUNDED [passes_wounded(RP, W)]]

—0,00.1,0.1
[ internal(RO|ChangeGroup)|satisfies_desired_effort(police_effort, traffic_care) O

internal(RO|ChangeGroup)|satisfies_required_effort(police_effort, traffic_care) ] ]

Since not al wounded are being passed, this rule annot fire aéther. As a result, the Adaptor role
derives that the police dfort does not satisfy the desired eff ort regarding traffic care by means of a
closed world assumption (i.e., everything which cannot be derived is assumed fase). The required
effort is however still satisfied because this can still be derived by means of the first variant
presented in this Section. The fact that the desired effort is not longer satisfied causes an urgency
for the treffic care task:

internal(adaptor_role_1|ChangeGroup)|has_urgency(fire_fighting,.., traffic_care)
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As aresult, the roleimmediately derivesthat traffic care needs to beaddressed:

internal(adaptor_role_1|ChangeGroup)|to_be_addressed(traffic_care)

Since the route planner is the role responsible within the police department for this task, a candidate
must be found to take over the role:

internal(adaptor_role_1|ChangeGroup)|to_be_found_candidate(adaptor_role_1, ChangeGroup, r oute_planner, police)

The apabilities required for the role ae navigation skill s, a skill present at the particular Adaptor
role, which therefore starts a shared dlocation with the role itsdf (following the properties
specified in Section 52) according the following |eadsto property:

0OR1,R2:ROLE, G:GROUP, C:CAPABILITIES

[ [ internal(R1|ChangeGroup)|to_be_found_candidate(R1, ChangeGroup, R2, G) O
internal(R1|ChangeGroup)|required_capabilities(R2, G, C) O
internal(R1|ChangeGroup)|has_capachilities(R1, ChangeGroup, C)

—0,0,0.1,0.1

internal(R1|ChangeGroup)|shared_allocation(R1, ChangeGroup, R2, G) ]

As aresult, the shared all ocation accursin thetrace

shared_allocation(adaptor_role_1, ChangeGroup, route_planner, police)

Resulting from this new shared alocation, the role outputs a new route plan which described a
route that circles the scene and therefore passes all the wounded:

output(route_planner|police)|proposed_route_plan(circle_scene)

Thereafter, the desired effort is satisfied again. Note that during the eitire adaptation process the
required effort was always fulfilled since the requirement stated by the guiddines says that a route
plan that passes all wounded shauld be present within 6 time paints, which is the case within the
simulation. Would there however not have been any adaptation, the required effort would not have
been satisfied after time point 6.
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7. Quantitative Specialization of the Adaptive Organization M odel

For domains that can be quantified, the adaptive organization modd can be spedalized. As a starting
point each asped X can be quantified by somevalueV (real or integer number), indicated by

has_value(X, V).
For each aspect alower bound V1 and upper bourd V2 is ecified, indicaed by
lower_bound(X, V1) and upper_bound(X, V2) ).

Theasped is satisfied whenever itsvaue is between these vaues.

satisfied(X) «
0OV1,v2, V:VALUE [[has_value(X, V) O lower_bound(X, V1) O upper_bound(X, V2)] - V1<V OV<V2]

Each o these aspeds has a particular type of role attadhed to it, in which work is performed which
contributes to that particular aspect. On the highest leve, each aspect simply needs to be satisfied,
expressed by the property OP in the following manner:

OPquantitative
For all time paintst each asped X has a vaue V which is below the upper bound V2 and abowe the lower bound V1.

OtTIME state(y, t) |= OX:ASPECT, V1,V2, V:VALUE
[ has_value(X, V) Oupper_bound (X, V2) Olower_bound (X, V1)] - V1<V 0OV <V2]]

On the lower leved of OAP(X), the same is expressed per aspect X. The dfort required to maintain
each o the aspects throughout the organizaion can change over time. A value to be maintained might
for example epress that a catain percentage of environmental pressure needs to be dealt with, which
means more dfort in case of more awironmental pressure. The group properties which express the
efort being ddivered by the groups addressing the aspects can again be reused from the modd.
However, the definitions for required effort and desired effort can be tailored towards the quantitative
perspedive. Here the assumption is made that V depends on E in a monotonic manner (when E is
increasing, either V is increasing o deaeasing). First of all, the required effort for each goup is
satisfied in case the current effort is between the minimum effort required (based either on the upper
or lower bound d the aspect value) and the maximum effort (again from either the upper of lower
bourd o the asped value).
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satisfies_required_effort_for(E,X) «

0OV1,V2:VALUE, E1,E2:EFFORT
[[upper_bound(X, V1) Olower_bound(X, V2) O
required_effort_for_value(E1, V1) O required_effort_for_value(E2, V2)O
is_max_of(Emax, E1, E2) Ois_min_of(Emin, E1, E2)]] - Emin<E2 OE <Emax]

Regarding the desired effort, the effort should be farther away from the bounds set. In other words,
aparameter for avaluee with 0< € < 0.5 is added, asfollows:

satisfies_desired_effort_for(E,X) «

0OV1,V2:VALUE, E1,E2:EFFORT
[[upper_bound(X, V1) O lower_bound(X, V2) O required_effort_for_value(El, V1) O
required_effort_for_value(E2, V2) Ois_max_of(Emax, E1, E2) O is_min_of(Emin, E1, E2)]

- Emin + ¢ (Emax—Emin) <E 0O E < Emax - € (Emax — Emin) ]

The dedsion properties for the Adaptor role again are reused from the gereric properties as gecified
in Sedion 5, and a so the default urgency relation:

has_urgency(Xy, Ey, ..., Xn, En, X)) « not satisfies_desired_effort_for(E,X)

In aher words, an aspect is considered to be urgent in case the dfort is outside the bounds of the
desired effort.

8. A Quantitative Application of the Organizational M odel

As a further evaluation of the applicability, the quantitative specidization d the organizationa model
has been applied in the domain o social insects and, more spedficdly, to analyze the functioning o
honeybee mlonies. In honeybee colonies sveral aspeds need to be maintained in order for the
population to be robust enough to be successful (in this case to survive), which include foraging,
brood care, and undertaking. For the asped broad care for example, the larvae need to have sufficient
food, which requires more dfort in case more larvae are present. If the larvae are insufficiently fed,
the population size will eventually drop, endangering population survival. For each o these aspects,
a specific Worker Group is present within the honeybee colony, i.e. all brood carer roles are part of
the brood care group, etc. Furthermore, it is known from the biological domain that all honeybees
within the organization have the cgpabilities to play each of the roles (see [6]).

Applicaion d the quantitative specialization o the modd is for the highest levels graightforward
as these can simply be reused. On the lowest level however, the urgency of an aspect is defined by a
threshdd and trigger mechanism in each of the Adaptor roles, as described in biologicd literature;
eg., [6]. The mechanism informally works as follows. Each bee has a spedfic threshold for each of
the aspects to be maintained in the organization. For the aspect the Adaptor is triggered most, rel ative
to the threshold value it has, it will start a shared allocation with a role within a worker group
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devoted to that asped. Following what is known in biologicd literature [6], for this case such a
mechanism can be specified as follows:

has_urgency(Xy, Ei, ..., Xy, En, X) o

OViyeew Vi, oen V. VALUE, Ty,..., T}, .. T.:VALUE,
[has_value(X,, V,) O... Ohas_value(X,, V,) O
has_threshold(X,, T,;)0. Ohas_ threshold (X,, T,) O
is_max_of(Vi/ T;, Vo/ Ty, .., V[ T))]

As can be seen, the dfort provided is nat used for the dedsion process within the Adaptor roles, only
the triggers (the value of the aspect) and the thresholds are used to determine which aspect is most
important. Note that the threshdds are defined for each individual Adaptor within the ChangeGroup.
For simulations, see[14].

9. Discussion

This paper presented a organizational model for the analysis and design of multi-agent
organizations that are @le to adapt to urpredictable events. The organization model was pecified
distinguishing a number of aggregation levels. At the highest level the gaal for the organization as
awholeis expressed and thisis refined to lower aggregation levels until role properties are reached
that have to be fulfilled by agents al ocated to the role. The model has been formally specified and
verified using the modd checker SMV. Besides ageneric template, also specific variants have been
presented, addressing both quantitative and quditative modeds. Applicability of the modd was
evaluated positively, using it to analyze two cases. socia insects and incident management. For
both cases smulations have been performed, based on trandating the lowest leve properties to an
executable format.

Research as described in [2], [18], [19], [20] has ome similarity to the approach presented in this
paper: when anly looking at the agents, they adapt their behavior based on an evant. The differenceis
however that in this paper, the adaptation of the behavior of the agents over time is described using
the roles they play. As a result, it abstrads from the specifics of the agent that describe this change
behavior, but simply poses a requirement upon the adaptation behavior of the agent in the form of a
role

In the domain o organizational modding for multi-agent systems swveral frameworks have been
extended with capabilities to mode organizational change as wdll. [13] for example introduces an
approach where a Change Manager is present, deciding what to change within the organizaion, and
following a modd from a well known socia scientist. Such a modd is however concerned with
centrally direded arganizaional change whereas this paper concentrates on adaptation brought about
by individuals within the organization detecting unsatisfadory occurrences in the organizaion. In an
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extension d Moisg, namey MOISE+ [15] a central diredor for change is present as well; decision

rules as detailed as presented in this paper are not presented.

In arder to incorporate new behavior which is not pre-specified, the approach presented in this

paper can be eriched with adaptation d role properties or addition o roles. Such adaptations could

for example include a new specification of role behavior. This is however future work and is not
addressed in this paper.
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Appendix A Example SMV Specifications

From role propertiesto adaptivity property AP1

MODULE nai n

VAR
aspect:{desired, required, failure};
urgency: bool ean;
sear ch_candi dat e: bool ean;
found_candi date: bool ean;
ef fort _added: bool ean;

ASSI GN
init(aspect) := required;
next (urgency) := case
aspect = desired: O;
1. 1;
esac;
next (search_candi date) := case
urgency : 1;
1: 0;
esac;
next (f ound_candi date) := case
search_candidate : 1;
1:0;
esac;
next (effort_added) := case
found_candidate : 1;
1:0;
esac;
next (aspect) := case
aspect = failure & effort_added: required;
aspect = required & effort_added: desired;
aspect = desired & effort_added: desired;
1 : aspect;
esac;
SPEC

AG ((!( aspect = desired) & (aspect = required))
-> AF (aspect = desired) &
A [(aspect = required|aspect=desired) U aspect=desired])

AG (aspect=desired | aspect = required)

From adaptivity property AP1togroup property GP1

MODULE nai n
VAR

aspect:{desired, required, failure};
ASSI GN

init(aspect) := required;

next (aspect) := case

aspect = desired: desired;
aspect = required: desired;
1: aspect;

esac;

SPEC
AG (aspect =desi red| aspect =requi r ed)
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Appendix B LEADSTO Specification for Simulation

CONSTANT D=6
CONSTANT R=0.5
start_time©)
end_tinne(10)

owa)

1=—S ORT LOCATION

zudsinde
zesstroot
pelerspen

E—SORT WOUNDED

E—SORT ROUTE _PLAN
zudsinde
drde_scene

E—SORT INCDENT

—ba_fire vdencom

=—SORT ROLE
I:cx:tp‘cr_rde_]

route_domner

E—SORT GROUP
—pdice
E——SORT CAPABILITIES
navgation
E—SORT ASPECT
—iroffic_ocare

E—intend
R: range(0, 1)
F indcent_s fartedoor_fire_volendom)

E—intend
R: ranga(2, 3)
F autput(route_danner pdice)) fropos ed route_dan(zuidsinds)

=—intend
R: range(0, 10)
F rdelcoodtor_rde_1)

i=—intend
—R: rongs(@, 10)
=—F cnd

-wounaed_loaation(wounded_1, zuideinds)
wounaed_looation(wounded 2, pellers dein)
-wounaed_loaation(wounded 3, zees fraat)

E—leadto
—V: R2: ROLE
—V: RP : ROUTE_PLAN
Vi 1 INTEGER
E—A ond
autput((route_donner palice)) propos ed_raute_dan(RP:ROUTE_PLAN)
pres ent_time(:INTE GER)
roe(R2:ROLE)
——C: infernd((R2:ROLE ChongeGraup)) memarytime:INTE GE R), prapcs ed_route_dan(RP:ROUTE _PLAND)
—EFGH: efgh(@, 0, 0.1, 10)

E—leadsto
F—V: | INCIDENT
—V:T: INTEGER
—V:R:ROLE
=—A and
incident_startecd(: INCIDENT)
rode(R:ROLE)
pres ent_time(T:INTE GER)
—C: infernd((R:ROLE ChangeGroup)) tremary time(T:INTE GE R), ind dent_s torted(l:INCIDE NT))
—EFGH: efgh(@, 0, 0.1, 10)

E—leadto
V: L LOCATION
V: W : WOUNDED
A ond

output((route_donner palice)) ropos ed_raute_dan(L:LOCATION)
wounaded_location(W: WOUNDED, L:LOCATION)

C: poss es_wounaed(L:LOCATION, W:WOUNDE D)

EFGH: efch(©, 0, 0.1, 10)
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B—leadto

V: L LOCATION

V: W : WOUNDED

A ond
-output((raute_daomner palice)) propcs ed route_dan(cirde_s cene)
wounaded_location(W: WOUNDED, L:LOCATION)

C: posses_wounaded(crde_scene, W:WOUNDE D)

EFGH: efch(©, 0, 0.1, 10)

=—intend
R: ronge©O, 1)
F pesent_time@)

—leadsto
V: |1 INTEGER
A pres ent_time(:INTE GER)
C pesent_time(+1)
EFGH: &fn©, 0, 1, 1)

E—leadto
V: |1 INTEGER
V: 12 INTEGER
V: RP : ROUTE_PLAN
V: RO: ROLE
V: IN: INCDENT
E—A: ond
internd(RO:ROLE ChangeGraup) memary (ime(l:INTE GE R), inddent_s tartedIN: INCIDE NT))
internd (RO:ROLE ChangeGraup) emary (imeX12:INTE GE R), propes ed_raute_don@RP:ROUTE _PLAN))
fordl
V: W : WOUNDED
ocs ses_woundedRP:ROUTE _PLAN, W:WOUNDE D)
B—C ond
infernd (RO:RCLE ChongeGraup)) § cttis fies_desired effort(oalice_effart, trffic_oare)
internd(RO:ROLE ChangeGraup) § dtis fies _reauired effort(pdice_effort, frafic_oare)
——EFGH: efh©, 0, 0.1, 0. 1)

B—leadto
Vi1 INTEGER
Vi 12 INTEGER
—V: RO: ROLE
—V: IN: INGDENT
—A od
internd(RO:ROLE ChangeGraup) memary (ime(l:INTE GE R), inddent_s tartedIN: INCIDE NT))
present_time(2:INTE GER)
[2INTEGER <= [+R*D
—C: interd((RO.RCLE ChangeGroup) § diisfies _desired_efforf(pdice_effort, traffic_core)
——EFGH: efgh©, 0, 0.1, 0. 1)

=—intend
R: range(0, 2
F ond

intfernd ((cobptar_rde_1 ChangeGroup) § diisfies _required effort(odice_effart, trcfic_care)
infernd ((cootar_rde_ 1 ChangeGroup) § diisfies _dssired_effort(odice_effart, traffic_core)

B—leadto
Vi1 INTEGER
Vi 12 INTEGER
—V: RO: ROLE
—V: IN: INGDENT
B—A ond
internd(RO:ROLE ChangeGraup) memary (ime(l:INTE GE R), inddent_s tartedIN: INCIDE NT))
pres ent_time(2: INTE GER)
[2:INTEGER <= 1+D
—C interd((RO:RCLE ChangeGroup) § diisfies _required effort(odlice_effart, frofic_oare)
—EFGH: efh©, 0, 0.1, 0. 1)

E—leadto

V: RO: ROLE
Vi | INTEGER
+—A: and

nat
—internd((RO.ROLE ChongeGraup) b ais fies_desired effort(odiice._effart, trffic_acre)
pores ent_time(:INTE GER)
:INTEGER >2
——C: internd((RO:RCLE IChangeGroup) has _urgency(fire_fighting, fire_torigooe effort, hedth_care, hedth_care_effart, froffic_aare, pdice_effort, traffic_core)
——EFGH: efh©, 0, 0.1, 0.1)

E—leadto

V: RO: ROLE
EA' infernd((RO:ROLE [ChangeGroup) has _urgency(fire_fighting, fire_krigade effort, hedth_oare, hedth_oare_effart, trdffic_oare, pdice _effart, fraofic_care)
H—C: ond

infernd(RO:RCLE ChongeGraup)) to_ e addres s edtiraffic_oare)

infernd(RO:RCLE ChangeGroup) tde_respansitde_far(oute_daonner, pdice, frofic_oare)
——EFGH: efh@, 0, 0.1, 0.1)
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B—leadto

: RO: ROLE
:R: RCOLE

1 G: GROUP
T AT ASPECT
ond

<<<<

>

internd(RO:ROLE ChangeGroup) to_toe._addres sedA/ASPE CT)

internd(RO.RCLE ChangeGroup) tde_res ponsilde_for(R:ROLE, G:GROUP, AAASPECT)
C: internd(RO.ROLE ChangeGraup)) to_be,_found_caddate(RORCOLE , ChongeGroup, R:ROLE, G:GROUP)
EFGH: &0, 0,0.1,0.1)

—leadsto

V: RO: ROLE
':A' internd (RO:ROLE 1ChangeGroup)) to_be found_coddate(ROROLE , ChangeGroup, raute_danner, pdice)
=—C ond
internd((RO:ROLE ChangeGraup) hos _ogpdalities (adaptar_rde_1, ChangeGroup, navgation)
internd(RO:ROLE IChangeGroup)) tequired_aopddlities (route_danner, pdice, naigation)
L —EFGH: &dh0,0,0.1,0.1)
E—leadto
—V: R1: ROLE
—V: R2: ROLE
—V: G: GRCUP
——V: C: CAPABILITIES
E—A ond
infernd((R 1:ROLE ChongeGroup)) to_be_found_ocaddare(R 1:ROLE, ChongeGroup, R2:ROLE, G:GROUP)
infernd((R 1:ROLE ChongeGroup)) has_ogoddlities R1:ROLE, ChangeGroup, C:CAPABILITIES)
infernd((R 1:ROLE ChongeGroup)) teauired ogoddlities R2:ROLE , GGROUP, C.CAPABILITIES)
——C: shared dlocation(R1:ROLE, ChangeGroup, R2:ROLE , G:GROUP)
—EFGH: &0, 0,0.1,0.1)

BE—leadto

—V: RO: ROLE

—A: shared dlocationRO.ROLE , ChangeGroup, route_danner, palice)
——C: autput(route_danner pdics)) fropcs ed route_pan(drde s cene)
—EFGH: &h(©0,0,0.1,0.1)

OTHER : dsdoy(_, sat_dams_fime_good)

OTHER : dspay(_, no_show_atoms (ores ent_time(L))

OTHER : dsday(_, no_show_atoms tde()))

OTHER : dsplay(_, no_s how_atorrs (inferrdC ) memary times), L))
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