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most used reasoning strategy by experts, especially when it is
In this paper we propose an approach to support “what-if either impossible or impractical to conduct a physical experiment

analysis in the context of COA evaluation. Our approach consists[43]- “What if” reasoningis a kind of qualitative reasoning based
in using multiagent geosimulation to simulate the execution of N & mental model and allowing to reason with partial knowledge

COAs in aVirtual Geographic EnvironmenfVGE) which can and thus to deal with the ambiguity inherent in situations of
change during the simulation, and then allowing the user to Uncertainty [17, 43]. Considering the evaluation of CORéhat
explore various assumptions and to analyse their outcomes. Wéf_ reasoning allows the planngr to thlnk. about the |mp.I|cat|ons of
identify the requirements to support this approach and we presenflifferent assumptions by playing out different scenarios and then
how we implement them in the MAGS-COA software. We also by evaluating the plausibility of their consequences [43].

illustrate our approach on an example and we present futureAccording to [10], “what if' thinking is a three-step mental
works. simulation that consists of 1) visualizing some initial situation, 2)

carrying out one or more operations (assumptions) on it and 3),
seeing what happens. During the third step, causal reasoning
occurs to explain the results of the manipulations of the second
step.

ABSTRACT

Categories and Subject Descriptors

1.6.6 [Simulation and Modeling]: Simulation Output Analysis;
1.2.11 [Artificial Intelligence]: Distributed Artificial Intelligence —
Multiagent systemsl.2.4 [Atrtificial Intelligence]: Knowledge
Representation Formalisms and Metho@emantic networks.

Our review of the literature showed that there is a lack of decision
support systems that can support all the steps of COAs “what if”
analysis in the context of dynamic geographic environments. In
this paper we propose a multi-agent geosimulation-based
approach to support a such analysis. In Section 2, we present the
general principles of our approach and in Section 3 we discuss the
requirements in order to develop it. In Section 4 we present the
MAGS-COA tool, developed as a proof of concept of the
proposed approach. In Section 5 we apply our approach to the
domain of critiquing systems and we illustrate it by an example.
In Section 6 we discuss our contributions in relation to similar
works, present future work and conclude.

General Terms
Algorithms, Design, Experimentation, Theory.
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1. INTRODUCTION

We are interested in the evaluation of courses of action (COASs) to
be executed in a dynamic geographic environment. A course of
action is an outline of a plan specifying the manner in which a set2- A GENERAL APPROACH TO SUPPORT
of resources might attempt to accomplish a mission [9]. In the COAs “WHAT-IF” ANALYSIS IN

context of geographic environments, the characteristics of theGEOGRAPHIC ENVIRONMENTS
geographic space and the different dynamic phenomena that may, goal is to propose and develop an approach to support a
occur in it must be taken into account during the evaluation of ., "o analysis of COAs to be executed in a dynamic

COAs. However, detailed information about the geographic Spacegeographic environment. Supporting “what-if’ thinking requires
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P y and 3) to execute and analyse the consequences of these

operations on this situation. In addition, supporting the evaluation
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In order to meet these requirements, we propose to use ave must be able to collect information about these elements
multiagent geosimulation-based approach consisting in simulatingduring the geosimulation. Finally, the system must have the
the execution of COAs in &irtual Geographic Environment  necessary ontological knowledge allowing to identify causal
(VGBE) which can change during the simulation, and then allowing relationships between these elements.

the user to explore various assumptions and to analyse their
outcomes. Geosimulation is a relatively recent domain that isI
characterized by an explicit attention to space and geography [41
while multiagent geosimulation consists in simulating agent's

behaviors in VGEs [30, 34], using data from geographic 3. REQUIREMENTS FOR USING
information  systems (GIS). In recent years, multiagent MULTIAGENT GEOSIMULATION IN
geosimulation has been used to model several social phenomenaS

UPPORT TO QUALITATIVE COA

especially mobility in urban environments, such as in [2, 5, 6, 19,

26, 42, 45], to mention a few. We think that multiagent ANALYSIS

geosimulation- by integrating technological advances of Supporting the approach that we propose requires a multiagent

autonomous agents, GIS data and dynamic phenomena modelinggeosimulation environment that enables the user 1) to specify

is appropriate in the context of the “What if” analysis of COAs. COAs and assumptions, 2) to simulate them MGE and 3) to

First, it can be a good support to the “what if” mental simulation. analyse causal relationships between the assumptions and the

Second, it provides a somewhat analog representation of thesimulation results. In the following we present these requirements.

geographic reality and its dynamism. Finally, it is a good way to

represent the dynamism corresponding to the behaviours of th ; s ;

resources involved in the COA and their interactions. Hence, Ouagcicai?jlggotshgiggﬁaﬁggr(;f both a COA and the set of

approach is composed of three steps (Figure 1). In the first stepP lated i - pd by th The d it f

the user specifies his COA (the different resources, their initial elaled assumplions specilied by the user. The description of a
COA indicates the initial positions of the involved resources in

locations in the VGE and their tasks to achieve the mission) as ) X
well as the different operations corresponding to his assumptions.thevGEand showsiow (which tasks or goals need to be carried

The second step consists in using a muItiagent-geosimuIationOUt)’ when (temporal consiraints) aruthere (spatial positions)
system to simulate the COA inGE The resources of the COA they must achiev_e a given mission. As_sumptions correspond to the
are represented by software agents that are inserted MGke different *happenings tha,t_may occurin t’_b!GEand that are not .
and autonomously carry out their activities. They react to the caused by the resources’ intentional actions, as for example rain

actions of other agents, they are constrained by the characteristicfsaIIS and movements of fog patches. The scenario specification

of the VGE and they are influenced by the effects of several must r(_ely on ‘V.V.O kinds .Of ontological knowle_d_ge. On one hand,
“happenings” or events that occur in it (as for example, a flood there is specific-domain knowledge describing the resources

caused by heavy rainfall). The unfolding of the geosimulation is participating in the COA and the tasks that they are able to carry

captured and saved in data structures in order to be analysed i ut _On the other ha_md, there is knowledge des_crlblng/th_E
the third step. and its natural physical phenomena. Examples include different

kinds of flows (heat, liquid, gas, etc.), phase changing (boiling,
freezing) as well as natural happenings (rain, fog, etc.) and their
effects. We present this knowledge in the following subsection.

n the next section we present the requirements needed to develop
]our approach and we detail each of its steps.

Specifying COA

and w

Assumptions

Multi Agent
Geosimulation

3.2 Multiagent Geosimulation

Applying multiagent geosimulation to support the qualitative
analysis of COAs implies three main requirements. First, we need
to represent theVGE and to simulate its natural dynamic
phenomena. Second, we need autonomous agents that are located
in this VGE and that can perceive it, react to its changes and
________________________________________ ! operate in it in order to achieve a given mission. Third, we need to
collect data about the evolution of the simulation that is required
to carry out a qualitative causal analysis.

Data causal
analysis

Steps 1 + 2 of the
“What-if” process

J

Figure 1. A general approach to support COAs “What-
if” analysis

_ o ] 3.2.1 A Dynamic Virtual Geographic Environment

The third step consists in analysing the data genera’Efed by_fyhel'he structure of geographic environments has been widely studied
multiagent geosimulation step. As we aim to support “what if" .y the geographic ontologies research community. Geographic
analysis, we are particularly interested in causal reasoning and inyptologies aim to “produce an account of the entities existing in
identifying the causal relationships between the user's \he world, of the types or categories under which these entities
assumptions and geosimulation results. This kind of analysiS¢y and of the different sorts of relations which hold between
requires a qualitative reasoning strategy, and thus classicak,am” [21]. According to Grenon and Smith [21], we may
analysis techniques (such as statistical and mathematicalyisiinguish twomodes of existencor entities populating the
techniques) of simulations are not appropriate. There is a need fo{,qr14. The first mode corresponds to dendurant’ view
qualitative _analysis ap_proaches_. In the case_qf causal reasoni”%ccording to which there are entities “that have continuous
we must first semantically define and explicitly represent the gyistence and a capacity to endure through time even while
elements describing the unfolding of the geosimulation. Second’undergoing different sorts of changes”. The second mode



corresponds to aoccurrent viewthat describes occurrent entities onto only one spatial zone iBpace Spatial zones are used to
that “occur in time and unfold themselves through a period of locate Geo-Portions iBpace The form and the size of a spatial
time”. Similarly to this classification, we distinguish a static and a zone depend on the form and the size of its equivalent Geo-

dynamic views of th& GE. Portion which, in turn, depends on the used spatial model (for
example, vector or raster model in a GIS).
3.2.1.1 Static View Geo-Object / Geo-Object and Geo-Portion / Geo-Portion

We push further the works of the geographic ontologies researchyg|ationships
community in order to organise our sta¥GE using the concepts
of Space spatial zones geographic objectsand geographic
portions(Figure 2).

The VGE is enriched with ontological knowledge describing — in

addition to the semantics and the characteristics of the geo-
portions- the different relationships between Geo-Objects and
Space and Spatial zones Geo-Portions, such as topological, superposition and proximity

We adopt the definition oSpaceand spatial zoneproposed in  relationships. See [22, 23] for more details.

[21]. In our modelSpaceis the entire spatial universe (the

maximal spatial region) and all spatial zones are parts of it. 3.2.1.2 Dynamic View

However, we use a different partition &pace At a first In addition to represent the static elements WiGE, we need to
elementary level, th8paceds partitioned into a set of regular cells simulate different dynamic phenomena that may occur in it.
called pixels. Thenspatial zonesre incrementally constructed in  Dynamic phenomena are modeled using the concepharige
Space A spatial zone is associated with a set of pixels. At a However, changes in th&GE could be caused by agents
second levelSpaces completely partitioned into a set of adjacent (resources of the COA) or by natural “happenings”. Hence,

spatial zonesn a manner thaBpaceis totally covered. Leh be simulating dynamic phenomena consist in simulating these two
] . R kinds of change. Changes caused by agents are embedded in the
the number of spatial zones Space we haveSpace= Ui Zi models used to develop the behaviors of these agents. We present
Spatial zones are used as a reference framework to localizéh€se models in the next subsection. Changes caused by natural
geographic objects iBpace. “happenings” (such as the characteristics of fog in reducing
visibility and the force of wind in changing the direction of sea
Geo-Portions Geo-Objects waves) can be simulated using either quantitative or qualitative
o relationships _ = ==~ models. Quantitative models are usually based on mathematical
relationships - = ~ < _ Composed , h imi
g . of v ) models that capture some aspects of real phenomena. The limit of
‘.| Geo-Portion |e Geo-Object F--° these models is that they require precise and realistic data about
the simulated phenomena. This data is often difficult to collect

(such as collecting data about volcanoes’ emissions), and the

Projected onto v models are difficult to validate. By contrast, Qualitative

: Simulation (QS) is used to predict a set of possible behaviors of
Spatial zone the modeled phenomena based on a qualitative model of the world
[31]. The power of QS comes from “its ability to express natural
Figure 2. Structure of the staticVGE types of incomplete knowledge of the world, and the ability to
derive a provably complete set of possible behaviors in spite of
Geo-Object and Geo-Portion the incompleteness of the model”. While quantitative approaches

are interesting, in our project we decided to begin with qualitative

S;i?g r?rt] (;?g;:!vgsstt#:Isetsa,t.(t:heege;grgpéh; erc')tr?:ggﬁsfnr?:eirg?nodels to simulate natural phenomena in virtual geographic
unity organiz IC geographi Vi ' environments for two reasons. First, as we mentioned in the

geographic objectsGeographic objects are “spatial objects on or .
near the surface of the earth. They are objects of a certain minima’
scale, they are typically complex, and they have parts and
boundaries” [33]. Geographic objects can be “regions, parcels of
land and water-bodies, topographic features such as bays

. ) ; uantitative models may be used to simulate some natural
promontories, mountains and canyons, hills and valleys, roads,q Y

buildings, bridges, as well as the parts and aggregates of all ofgrcfsr;gl:né)n;]l’ such as mathematical models of flood [25] and sol

these”. Because geographic objects are non movable, they are’ " _ o _ _
locatedin Space[15]. We use the tertBeo-Objecto designate a We illustrate a simple qualitative simulation approach using the
geographic object [15]. In our model, a Geo-Object may be example of turbulence zones as treated by aviation experts [3]. In
composed of several parts and not only of an interior and a bordefact, in the domain of aviation, turbulence in mountainous areas
as in [15]. We introduce the new concept @éo-Portion to may be a source of danger for certain flying resources (such as
represent these portions. A Geo-Portion has a type and belongs tbelicopters and small aircrafts). The position and the intensity of
only one Geo-Object. A Geo-Object may be composed of one orturbulence areas depend of the wind’s speed and orientation, the
several Geo-Portions. For example, a river may be represented agteepness of the mountain slope and the form of the ridge. For
a Geo-Object composed of several Geo-Portions. This €xample, Figure 3 illustrates the position of the turbulence area
decomposition is necessary if we want to qualitatively simulate created by a moderate west-east wind (11 to 20 knots) on a snake
the propagation of information in the space, such as a pollutionfidge, while Figure 4 illustrates the position of such an area
area travelling downstream in river. A Geo-Portion is projected created on a crown ridge [3].

ntroduction, geographic reasoning is based on incomplete
nformation. Second, it has been demonstrated that human beings
reason qualitatively about the geographic space [12]. Later,
depending of the application domain and the available data,



hierarchies composed of nodes representing composite objectives
‘ and leaves representing elementary objectives associated with

actions that the agent can perform. Further details about agents
capabilities in the MAGS platform can be found in [34].

3.2.3 Data collection and observer agents

In order to analyze the causal relationships between the
assumptions specified in the scenario and the results of the
geosimulation, we need to collect data about the evolution of the
simulation in thevVGE For this purpose, we use a special kind of
agents calledobserver agents Currently, our observer agents
collect information about the following types of information:

Turbulence
area

a) The change of value of a Concurrent Condition:

We useConcurrent Conditionso represent constraints that must
hold during the execution of an agent's objective, while pre-
conditions must only hold before the objective’s activation. When
a constraint on a concurrent condition is violated, the objective
automatically fails. For example, the plane’s flying objective fails
whenever the level of fuel reaches zero.

b) The change of a status of an agent’s objective:

This information gives the exact time at which the status of an
agent’s objective changes value. The status of an objective can
Figure 4. Turbulence areas in Crown ridge [3] take the following values: 1Goal-Startwhen the objective begins

0 be executed, Zyompleted-With-Succesgen the objective is

In this simple example, we focus on the turbulence areas create(iompletely executed with success, @mpleted-With-Failuref

by the W'.nd' Quqlltatlvely S'”.‘“'a“”g Fhe‘ eﬁe.Ct of Fhe happening the objective is completely executed without reaching its expected
of typewind requires to specify the wind's orientation and speed effect and 4)Interrupted if the execution of the objective is
so that, depending on the ridge shape, qualitative turbulence areatsemporarily stopped

will be created in theVGE These areas are represented by ) ) _
reactive objectsReactive objects are reactive agents that we use€) Exit-from and entry-into spatial areas:

to qualitatively simulate the behaviors of natural physical This information describes at which instant a given agent enters,
phenomena. For example, the turbulence area is simulated by @xits or gets closer (within a given distance) to a given Geo-

reactive object characterized by an intensity and spatial stretchOpject, Geo-Portion or Reactive Object (such as agents simulating
and having as a behavior to apply on aircrafts strong updrafts andyrbulence and foggy areas).

downdrafts (for example). Using this simple mechanism, we can
qualitatively simulate the effects of the wind on both\i&E and

the resources involved in the COA. In Section 5 we present This information describes at which instant a state of an entity of
another example in which the wind is also simulated by a reactivethe world (agents, geo-portions, geo-objects or smart objects)
object. changes value.

WIND ACROSS A CROWN

d) A change of a state value:

3.2.2 Autonomous agents 3.3 Data analysis and causal reasoning

Executing a COA in &GE requires to use agents that are able to As we mentioned in Section 2, classical techniques usually used
perceive th&/GE and to autonomously react to its changes. These to analyze simulations results are not appropriate in the context of
requirements are met by using the MAGS platform [34] as a qualitative causal analysis. In order to support such an analysis,
multi-agent geosimulation environment. MAGS agents are we think that there is a need for new techniques which must fulfill
equipped with perception, navigation and behavioral capabilities. three requirements. First, we need to explicitly model and

With respect to the perception capabilities, an agent has afePresent the elements describing the evolution of the simulation.
perception field which enables it to perceive 1) terrain features S€cond we need to collect data about these elements during the
such as elevation and slopes, 2) the geographic objects and théimulation. Finally, we need appropriate knowledge to infer
other agents located in the agent's range of perception, and 3 ausal relationships between these elements. In the last section we
dynamic areas or volumes whose shapes change during th&résented how we usebserver agentso fufill the second
simulation (such us smoky or foggy areas) [34]. requirement, i.e. collecting data about the evolution of the

. o . simulation. In this section we present how we addressed the first
Concerning the navigation capabilities, MAGS agents may US€ 5nd third requirements.

two navigation modesFollowing-a-path-modén which agents

follow specific paths such as roads @bstacle-avoidance-mode . . . .
in which the agents move through open spaces avoiding obstacles:.%'s'l Modeling the evolution of the simulation

) ) ] ) ] In Section 3.2.1.2 we showed that dynamic phenomena are
Finally, in the MAGS platform, an agent is associated with a set ,54eled using the concept dfange Thus, the evolution of the
of objectives that it tries to reach. The objectives are organized ingjmulation can be described as a successiarhafigesordered



according to théime axis. In fact, as elaborated by [38], we agree Temporal information is associated with the event showing its
that “the passage of time is important only because changes arbeginning time (BT: 10:00:00), ending time (ET: 10:00:01),
possible with time” and that “the concept of time would become duration (DU: 1) and duration scale (DS: Second). The event
meaningless in a world where no changes were possible”.triggers a change from a “before event situation” to an “after event
Changes used to model dynamic phenomena have been widelgituation”. The first situation describes a static state identified by
studied by different research communities (such as temporalstl It has only two time parameters: ending time (ET: 09:59:59)
logics and GIS communities), and several solutions were and time scale (TS: second). It describes the fact that Hedi is
proposed to model them. In [22] we proposed a new model tosomewhere out side the shop. This state is related to theesnent
represent dynamic phenomena in geographic environments. In thidby the Before-Situation relationship. The second situation is a
model, a dynamic phenomenon is described usiognitive static state identified bst2 It also has only two time parameters:
archetypes[13] which are structures describing a change as a beginning time (BT: 10:00:02) and time scale (TS: second). It
transition of the world from an initial situatio®it, to another describes the fact that Hedi is located in the shop. This state is
posterior situatiorSit,. The transition comprises three temporal related to the evemv1by the After-Situation relationship.
zones:before transition(Sity), during transitionfrom Sit; to Sit,,

andafter transition(Sit). Similarly to Desclés’ approach [13], in 3.3 2 Causal analysis of dynamic phenomena

our model a dynamic phenomenon can be eithere@nt  pnq regyit of the multiagent geosimulation is a set of independent
(transition with negligible duration) or grocess(transition with events representing the changes reported by the observer agents
significant duration). However, the event is the elementary (,hsenations). There is not any semantic relationship between
change: a process is marked by two events indicating respectively oo jnstances yet. Our objective is to establish a causal
its beginning and its end. We formalize dynamic phenome_na relationship between them. Let us denoteQause(9=e. this

using conceptual graphs [40], a knowledge representation o qq| relationship, whees is thecauseevent ance, the effect

formalism known to express meaning in a form that is logically oyent proposing formal models to infer causality is known to be a
precise and computationally tractable. Syntactically, a conceptual yiicyit task, and although causal reasoning has been studied by

graph (C.G) is a network of concept nodes linked by relation ye | research community for several years, it is still an active
node§. Concept nodes are represented by the nof@mrcept research problem [46]. Especially, the study of causal
Type: Concept instancefnd relation nodes bgRelationship- relationships between dynamic phenomena in a spatial

Name) The concept instance can either be a value, a set of valueg ironment is a relatively recent research trend [7, 47]. We push
or a CG. A CG can be represented in either graphical or linearg, yher works of the causal reasoning research community to

notations. In the graphical notation, concepts are represented byjefine o kinds of constraints that must hold in order to meet a
rectangles, relations by circles and the links between concept anq ;oo relationshifspatio-temporakndsemanticconstraints.
relation nodes by arrows. The linear notation (or linear form) is

more compact than the graphical one and uses square brackefSpatio-temporal constraints are derived from the fact that human
instead of boxes and parentheses instead of circles. Further detailkecognition of causal relations is based on recognition of
about how we use cognitive archetypes and CGs to modelprecedence and contiguity between the cause and the effect [29].
dynamic phenomena can be found in [22, 23]. We use thisIn this view, cause occurs before effect and both are spatially
formalism to represent data collected by the observer agentscontiguous. We use the model proposed by [14] to define and
during the simulation. For example, Figure 5 illustrates the implement these constraints. According to this model, causal
representation of the event describing the entry of an agent into demporal relations can be classified into two main categories
spatial zone. The geographic environment corresponds to andepending on the fact that occurs before or at the same time as
urban environment. In Section 5 we present another example of &. The fact that the cause precedes the effect is dtieeshold
large-scale geographic environment. delays(for example, flooding will not occur before the water in
the river increases beyond a certain level)ddfusion delays
(cause and effect are not spatially co-located, and the cause takes
some time to reach its effect). According to the causal relative
spatial relation, cause must be spatially connected to its effect in

4—— Event:evl
BT : 10: 00: 00, E :1C:00:01; DU: 1; DS: secor

Before- [ENTE/FigNT PERSON: Hed either of two ways: undirected or directed connection. In addition,
Stuaton DSt ATe Thi the connection’s path must allow the propagation of a certain
->(LOC)->[GEO-OBJECT: Shop] causing propertysuch as, for example, a lake does not allow the

spread of fire [14].

State : st1 ET :09 :59:59; TS : second

Spatio-temporal constraints are necessary but not sufficient to
infer that an event is a cause of another one. Other constraints
must hold, referred to asusing propertyn [14], but they are not
defined and represented in their model. We call these constraints
semantic constraintsSemantic constraints refer to the qualitative
causal knowledge that describes how entities composing the world
influence each other. In our model, the world is composed of the
geographic objects populating tR6&E, the agents inserted in the
VGE and “Nature”, represented by physical phenomena (Figure
6). Nature influences both the states of geographic objects (for
example, rain makes the rivdlooded and the states and -

- [[PERSON: Hedi]->(LOC)->[GEOQ-OBJECT: Shop]]

After-
Situation

State : st2 BT :10 :00:02; TS : second

[PERSON: Hedji]->(LOC)->[GEO-OBJECT: Shop]

Figure 5. An example of event representation

The event is identified bgvl,for reference purposes. It describes
the fact that the person Hedi is thirsty and enters the shop.



transitively- the behaviors of agents (for example, fog reduces thedescribing the COA and the assumptions (using Sbenario
visibility field of a person, and then the person becomes more specification Modulp The COA specifies the sequence of tasks
cautious when walking). The agents’ behaviors may also dependand the constraints imposed on the resources (the agents of the
on the states of geographic objects (for example, a person begingeosimulation) in order to achieve their mission. The assumptions
careful when crossing a wet floor). Finally, agents’ behaviours are formalized as different “happenings” located in space and time
lead to actions that may modify the states of geographic objects(as for example, the beginning of wind blowing at a specific time
(for example, destroying a bridge). In our model we identify two and location).

types of semantic ontological causal knowledge. The first type . L

describes the direct effects of changes introduced in the world, i.e.Then’ the user launches the geosimulation in VIEE The

changes caused by agents' actions or by “Nature” (section resources of th_e COA are represented by autonomous software

3.2.1.2). We use domain specific causal ontologies to represen gents _S|mulat|(rjrgthth_e bf?ha:wors Of. th? trejal resourcesl_.t ;I_’he

knowledge about these two sources of change. An action execute appenings and tneir efiecls are simuiated using quaiitative

by an agent has an effect that changes the state of the world amalmulatlon techniques, as mentioned in Section 3.2.1.2. The result
' of the geosimulation (simulation outcomes in Figure 7) is a set of

so this action is viewed as the immediate cause of this change, ts d ibing th f ch ina during th
Concerning changes that are caused by natural phenomena (foeven_s escribing the sequence of changes occurring during the
eosimulation and formalized as mentioned in Section 3.3.1.

example, the characteristic of the fog in reducing visibility), their 9
causal knowledge is embedded in the QS models (such as th

1%

Qual_itative Process T_heorM6]) thet we use to _simulate some Experiment Specification Module
physical phenomena in the geosimulation environment (section
3.2.1.2). We explicitly represent this knowledge in an ontology of i« VGE Specification Agent Scenario

. . & Modification Specification Specification
physical natural phenomena. The second type of ontological Module Module Module
causal knowledge describes how agents behave when some typical T
states of the world hold. With this causal knowledge we can for |

example infer that, in the event illustrated by Figure 5, thirst
caused Hedi to enter the shop to look for a drink.

4 v "
Environment Agent Models
data

. h L
. S0
influences i V)

[ Scenario <
Nature

Geosimulation Module

>0 A

inﬂuences\ Agent
VGE ¢ User
(Geographic Objects) influences [ Simulation Outcomes ]
'
; i > Evaluation Module _)[ Evaluation
Figure 6. Entities of the world

4. MAGS-COA
MAGS-COA is a software that we developed — extending the s i =
MAGS environment [34] - as a proof of concept illustrating the l Ontology Ontology Ontologies

approach that we propose to support a “What if’ analysis of
COAs (Figure 7).

In this system, the user starts by initializing the “What-if’ . : )
experimentation. To do so, she first specifies\l&E where the Figure 7. Architecture of MAGS-COA
COA will be executed using the/GE Specificationand
Modification Module This allows to initialize the GIS data
describing the environment (different geo-objects and geo-
portions, their attributes and the relationships holding between

The events resulting from the geosimulation are then analysed by
the Evaluation module The evaluation process consists of: 1)
establishing a temporal ordering of the initial set of event
instances (result of the geosimulation) and 2) for every pair of

them, defined in the Geographic Ontology) in the geosimulation these events, verifying if the causal constretlnts hold. If theee
constraints hold, a new conceptual graph is created, making

module (Figure 7). She then uses #gent Specification Module explicit the causal link between cause and effect events. If

to select the resources participating in the experimentation and to : . L
locate them in the VGE. This allows the system to load the possible, a causal chain can be created between an initial cause

corresponding agents' models in the geosimulation module and a final effect.by includirlg intermediate pairs of cause{eﬁect
(Figure 7). Agents' models describe the attributes, the Objectivesevents. The algorithms of this module are implemented using the

and the elementary actions of the resources as defined in théAmlnes Prolog+CG language which combines conceptuel
Resources Ontology). See [34] for more details about agents,graphs, Prolog and Java programs. The results of the evaluation

models in the MAGS platform. Geographic and Resources are recorded in a text file.
ontologies are specified in terms of conceptual graphs, using the
Amine Platform [28]. After that, the user specifies the scenario



Additional functionalities are proposed such as allowing the user object characterized by a spatial extent (dimensions and location),
to save an experiment in order to simulate it later and to adda speed and an orientation. A precise trajectory of the wind is not

happenings during the simulation. considered. As a first approximation, we use the “wind triangle”
[36] to calculate the effect of the wind on planes. The wind

5. APPLICATION DOMAIN. EXAMPLE triangle allows us to calculate the ground speed of the plane (the
’ speed at which an aircraft is flying relative to the ground) in
AND RESULTS function of the airspeed (the speed at which an aircraft is flying

We applied our approach to a specific kind of decision support relative to the air) and the windspeed. These three variables are
systems calledcritiquing systems A critiquing system is a  modeled as vectors, and the ground speed vector is calculated by
software that takes as an input a COA proposed by a humargddition of airspeed and windspeed vectors. Using this model, we
planner and gives as an output a qualitative assessment of thgan calculate the effect of ldeadwind (the wind movement is
COA's weaknesses and strengths with respect to some criterigoarallel to the aircraft's direction of motion but opposed to the
calledcritic dimensiong39]. A key feature of a critiquing system  gajrcraft's motion), arailwind (the wind movement is parallel to

is its ability to give some explanations to show how it built its the aircraft's direction of motion and assists the aircraft's motion)
critics. This explanation Capablllty diStingUiShes criticism from or aCrosswind(the wind crosses the aircraft's path) on a p|ane_
evaluation [20, 27], and consequently critiquing systems differ Thus, relative to the ground, the airplane would fly faster with a
from pure evaluation tools. One way to apply critiquing systems tajlwind, slower with a headwind or drift right or left with a

to the “What if* analysis is to evaluate the plausibility of the crosswind [1]. Figure 9 illustrates the example of a tailwind.
user's assumptions. Applying a vectors’ addition, the tailwind will increase the ground

We used MAGS-COA to implement a simple scenario and a speed of the plane. For example, if an airplane flies at 300 mph
realistic case study in th®earch and Rescue (S&Rpplication ~ With a tailwind of 40 mph, the ground speed of the plane is 340
domain, in which what-if analyses are effectively carried out. In Mph (300+40). Similarly, the wind vector allows to calculate the

this section we only illustrate the simple scenario with some effect of a headwind and a crosswind on a plane. See [1, 35, 36]

details. The same techniques were used to developS&fe  for more details. S
scenario. In the simulation, the effect of the wind is activated and calculated

) . . . by the wind reactive agent (WRA). The WRA:
In the simple scenario, the COA specifies that three friendly CF18 1) detects anypewplane entering in its extent

planes mu_st meet in a spatial zarigat a glven_tlme (Figure 8). 2) compares its own orientation and the orientation of the
After meeting there, they must create a formation (or a group) and plane in order to identify the rule to be applied
go to zonez2 to execute amttack operation on a precidarget (tailwind, headwind or crosswind)

During this operation, a leader plane is supposed to perform the 3) modifies,the variableground speedind, in the case of
attack while the two other planes must support it, i.e. protect it a crosswindorientationof the plane '

from possible attacks by enemy planes. In this kind of operation,
time is a critical issue, and any delay may cause the failure of th
operation. Let us test the following alternative: “What may
happen if one of the friendly planes crosses an unexpected wind
zone before reachirgl?”.

®These three steps represent the behaviour of the wind reactive
agent in the simulation. The plane agent can carry out actions to
ycompensate the wind effect, especially in the case of crosswinds.
In this case, the plane agent- through its navigation algorithm-

= BE| uses ot_her rules _(examples can be found in [36]) to calculate and
T T T e modify its new orientation.

qx b x
=i ProjectiManager ~
CriicManager

#| ActionReposkory
=1 Seenarin

= IFTmeGreater Thand,

Ground Speed

#| AssignGoto39516870
#| AssignGato3516871
#| AssignGoto39516872
¥ CreateCF184319984
¥ CreateCF184321640

41 InstCreateSim Enemy I
% CresteRadars936774 |
Sl ooes |
* CreateCF183231453 | ]
83232828 / p Friendly I
32484210 ‘ g P planes 1
a24e42Ll ! '
d2464212 !
% 2585330 | ]
- WaitFlane 32565931 ‘ o
* WaitPlaneazsagsaz !
+ Assionsirke33172650 [
) Assignstrkes 172651 B !
* Assionsirke33172652 :
I
|

Ground

Figure 9. Effect of a tailwind: Ground speed = Vector
sum of Airspeed and Windspeed = Airspeed + Windspeed
(photo taken from [35])
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Figure 10 illustrates an example of an event produced by the
2 observer agents during the geosimulation (simulation outcomes).

Figure 8. A scenario specification using MAGS-COA The example describes the event representing the fact that the

plane CF18-03 enterzsonel4and that, at the same time, its

We consider a qualitative definition of the wind, which is “a mass grientation changes. As stated in Section 3.3.2, the event does not
of air moving over the surface of the Earth in a definite direction”

[1]. The wind “happening” is qualitatively simulated by a reactive




Event : ev34
BT : 03: 23: 42, ET :03 :23 :43; DU: 1; DS: second

Before- [ENTER]-
Situation ->(AGNT)->[PLANE: CF18-03]
->(LOC)->[GEO-OBJECT: zone14]

explain why the plane orientation changes. This must be inferred(“[Correct_Orientation_Begin #17]"), but it failed to reach zone
by the evaluation module.

z2 at the specified time (“[Meet_End #24]"). In “[Causal_Chain
#3]" the evaluation shows that the wind was the cause of this
delay (using some other causal knowledge, such as “windy zones
may be an obstacle for flying objects” and “avoiding an obstacle
may cause delay”).

Compared to existing COAs critiquing systems, our results are
promising. First, we use realistic GIS data to structureVSsiE

Current COA critiquing systems often reason about non-realistic
qualitative representations of space such as sketches [18], coarse
drawn maps presenting spatial regions and the location of assets
in these regions [8, 11]. Second, our approach allows performing
a causal analysis of a dynamic representation of a COA. Current
COA evaluation systems reason about a static representation of
After- space, and causal analysis is not performed. The only dynamic
Situation aspect represented by some of these systems is related to the
mobility of COA assets [4]. Moreover, and as a consequence of
this limit, current COA evaluation systems need more effort to be
able to “produce non-obvious critics that add value to what a user
can quickly determine with a visual inspection of a COA sketch”
[4]. Indeed, it is known that human mental representation of space
presents several limits, such as difficulties to judge distances, to
) FraluationCOA-MestingScenaria.txt - Blac-notes BE x| identify directions, and to estimate the three-dimensional aspects
Fiier Edtion Fomat Affichage 7 1 of the geographic space [44]. By using agent-based
geosimulation, our approach is expected to be helpful by
alleviating the mental simulation of the human decision maker
and remedying to his limits of mental spatial representation.

State : st54 ET :03:23:41; TS : second

[PLANE: CF18-03]-
->(LOC)->[GEO-OBJECT: zone13]
->(ATT)->[ORIENTATION: E-W]

State : st55 BT :03 :23:44; TS : second

[PLANE: CF18-03]-
->(LOC)->[GEO-OBJECT: zonel4]
->(ATT)->[ORIENTATION: W*(-30)]

Figure 10. An event of the simulation formalized in CG

[causal_chain #1]- ||
-(Cause)-[[Happening #1]-
-(ATT)->[TYPE: wind]
—-(ATT)-»[Level: strong]
~(ATT)-»[vaLUE: 25]—>%ATT)—>[UNIT: Knots]
—CATT)-»[orientation: N-5]
-(LoC)-»[Zone: zoneld]
—(TMP)-»[Time: 02:56:01]]
-(effect)-[[state_change #55]-
—CAGNT)-» [STATE: orientation]
—CATT)-»[value: we(-30)]
-{LoC)-»[Zone: zoneld]
-(own)-=[0hject: [Plane: CF18-03]]
—(TMP)-»[Time: 03:23:44]]

6. DISCUSSION AND FUTURE WORKS

In this paper we proposed a multiagent geosimulation-based
approach to support th&What if” analysis of COAs in a
geographic context. An innovative part of our approach is the new
qualitative technique that we propose for data analysis. In fact,
simulation results are usually analyzed using statistical and
mathematical models. The main problem with these techniques is
that only users with mathematical or statistical backgrounds can
understand them and derive interesting conclusions. In addition,
these techniques are only appropriate to analyze recurrent
phenomena. In the context of a qualitative evaluation — such as a
“what if" analysis - we need to express results using the concepts
and language understood by users, especially by novice ones. In
addition, we need to only highlight the pertinent elements and to
take the user away from non relevant details. We think that our
approach meets these requirements. In fact, by using ontologies,
Figure 11 illustrates the text file produced by the evaluation we can express results using the concepts understood by the user.
module for this scenario. The CG “[Causal_Chain #1]” describes In addition, the use of observer agents allows the system to collect
that the strong wind (with orientation N-S) occurring in the zone data about the sole phenomena that are relevant to the user.
zonel4([Happening #1]) modified the orientation of the plane Moreover, this data is extracted from a somewhat realistic and
CF18-03 (“[State_Change #55]"). This conclusion is inferred precise representation of the geographic realm which is embedded
using causal constraints as mentioned in Section 3.3.2. In fact, thén the multiagent geosimulation environment which is a natural
eventHappening #loccurred before the evefitate_Change #55 way for a user to inspect a realistic situation. Finally, there is a
and both of them occurred in the locatinonel4 so the two mapping between CGs and natural language; CGs are considered
events satisfy the spatio-temproal constraints of causalas an intermediate language for translating computer-oriented
relationships. In addition, in the causal knowledge it is specified formalisms to and from natural languages [24]. By formalizing the
that wind can either modify the orientation of flying objects or simulation results using CGs, it is possible to express them using
modify their orientation, and that planes are flying objects. This natural language.

leads to the fact that causal semantic constraints hold between th& , viher innovative part of our approach is to explicitly model and
_two e_vents. A similar_ reasoning processes I_eads the_sys_ter_n Qimulate dynamic phenomena in geographic environments
infer, in *[Causal_Chain #2], that the plane tried to maintain its ¢ompjining multiagent geosimulation and Qualitative Simulation
initial orientation by executing theCbrrect_Orientatiofi action (QS). In fact, we may distinguish two kinds of spatial dynamic

[causal_chain #2]1-
-(Cause)-[[state_change #35]]
—(Effect)-[[Correct_orientation_Begin #17]-
-(AGNT)-> [PLANE: CF18-03]-
—(AaTT)-»[orientation: w*(-30)]
-(Loc)-»[zone: zoneld]
—(TMP)->[Time: 03:23:56]]

[causal_chain #3]-
-(Cause)-[Happening #1]
-(Effect)-[[Meet_End #24]-
-CAGNT) -2 [PLANE: CF18-03]
—(ATT)->[state: endwithrail]
—(TMP)—>[Time: 04:25:32]]

Figure 11. An evaluation of the scenario



phenomena in the literature. On the one hand, there are

phenomena representing only behaviours of agents in spatia
context. Mobility is one of the most analyzed behaviour,
especially in the transportation domain. These phenomena ar
usually modeled and analysed using multiagent geosimulation

approaches, such as in [19, 26]. In these approaches, dynamic
phenomena are not modeled as entities in their own right. On thd 8l

other hand, there are spatial dynamic phenomena involving only

physical natural processes. These phenomena have been widely

studied by QS research communities, such asQhalitative
Process Theory16] and thePotential Field Theorybased QS

[32]. The models proposed by the QS research community cannot

take into account dynamic situations involving autonomous
agents. By combining both multiagent geosimulation and QS
techniques, our approach allows to explicitly model, simulate and
analyze dynamic geographical phenomena involving natural
activities and agents.

Our approach was judged promising by experts, and we are
currently working on validating the results of t8&R case study

with them and we try to determine if the approach really has an
added value to them. In the next months, we plan to try our

approach on other scenarios involving a larger number of agents

and happenings.
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