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Abstract. The paper proposesto useCR-prolog to add planning capa-
bilities to a Geographical Information System. Cr-rules can restore the
consistencyof a program giving the diagnosisof possiblecausesof failure
in a plan. In this paper we give an additional usefor cr-rules: we propose
to usecr-rules to obtain an alternativ e plan in caseof the ideal plan fails.
They not only restore consistency and give the diagnosis they also give
support to de�ne an alternativ e plan. In particular, we show the use of
cr-rules in a situation related to the risk zone of volcano Popocatepetl.
We show, by meansof an example, how to obtain alternativ e evacuation
routes using cr-rules.
Keyw ords : Answer sets, Geographical Information System, Evacuation
Plans.

1 In tro duction

Government is responsible for the long-term health, safety, and welfare of citi-
zens.We know that peoplecould be at risk from di�eren t typesof disaster such
as terrorist attacks, extreme weather events such ashurricanes,earthquakesand
volcano eruptions. Having a plan seemsto be the best responseto the threat of
such events [J00]. Nowadays, Plan Operativo Popocatpetl o�ce in Mexico has
the responsibilit y of coordinating the actions to put in safe people distributed
in 50 towns living next to the risk zone of volcano Popocatepetl in caseof an
eruption occurs. This o�ce usesprinted maps and printed reports to decidethe
best plan in caseof danger.Usually it is di�cult to justify the decisionsbecause
they do not have enoughinformation [SR01].Moreover, the UNESCO has pub-
lished in [UU85] a handbook to help those involved in pre-disasterplanning. In
it is remarked the importance of having a plan before an emergencyoccurs.

We have discussedabout evacuation plans in volcano Popocatepetl with
researchers in volcanology of Laboratoire de Geophysique Interne et Tectono-
physique of Universit�e de Savoie in France. They had remarked that in order to
de�ne e�ectiv e evacuation routes it is necessaryto considerthe di�eren t scenar-
ios at moment of volcanic eruption and consider the di�eren t hazards that can
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accompany volcanoes, such as: mud
o ws and 
ash 
o ods, landslides and rock-
falls, earthquakes,ashfall and acid rain or tsunamis occur. They recommendto
take into account the hazard map at Popocatepetl [MCND + 95]. Hence,our goal
is related to add planning capabilities to a Geographical Information System
(GIS) in order to give support in de�nition of evacuation plans. With this aim,
we considerto explore the useof Answer Sets[GL88] asa formalism to represent
and obtain plans. Answer Sets is a logic programming languagefor declarative
knowledgerepresentation, well suited for planning, with strong theoretical work
and with inferenceenginesimplemented. However, nowadays there are only few
real applications using Answer Sets.

We consider to explore the use of the Answer Set approach presented in
[Bar03] since it is focused on planning in dynamic domains. One important
characteristic of thesedomains is that they allow consideringa main agent and
other agents doing actions, referred to as exogenousactions. Exogenousactions
are beyond the control of the main agent and may modify its environment. For
instance,explosivevolcanoesblast hot solid and molten rock fragments and gases
into the air. Then if a road becomesblocked this is an exogenousaction. The
architecture of agents in dynamic worlds consistsof repeated execution of the
following steps[Bar03]:

1. Observe the world and add the observations (about agent's actions and ex-
ogenousactions) to the agent's set of observations (O).

2. Construct a plan (sequenceof actions) from the current moment of time to
achieve the goal.

3. Execute the �rst action of the plan and add this execution asan observation
to the set (O).

We proposea GIS extensionwhere an agent should be able to �nd the set of
possibleevacuation plans or the best one (using a criterion of preference).This
agent should be able to take information such as towns, roads,number of people
and safezonesfrom a GIS database,and at the sametime it should considerthe
tra�c 
o w capacity of roads and critical danger points. It should also be able
to take the speci�cation of a scenariogiven by the user. This scenarioshould
describe the hazard or set of hazards(mud
o ws, rockfalls, etc.) when a volcano
eruption occurs.

We think that we can take advantageof declarativeknowledgerepresentation
of Answer Sets when the scenariois described. Hencethe usersdo not have to
be expert programmers becausethey only have to describe the scenario in a
declarative way and wait for the answer.

Normally, planning in GIS is made with geometric operations and it is sup-
posed that data describing the environment are completely know and static
[BCCW96]. Therefore, another advantage of this approach is to allow reasoning
with both incomplete and dynamic knowledge.For example, if we do not know
anything about a segment of road we can assumethat this segment of road
can be used in an evacuation unlesswe have the speci�c information that this
segment is blocked.
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We supposethat adding to a GIS thesecharacteristics would o�er to experts
a better approach to speci�cation and possiblesolutions of this kind of problems.

We proposeto use an answer set approach to model how an agent can get
an evacuation route in the risk zone of volcano Popocatepetl. This volcano is
rounded by towns in risk and roads.We have information about towns and roads
in this zone[SR01]. At the moment, the evacuation routes have beende�ned by
Mexican government. Nevertheless,in an emergencysituation someof the seg-
ments of these routes can becomeblocked by someexogenousactions. Then it
is necessaryto obtain alternativ e evacuation plans depending on the e�ects of
di�eren t kinds of exogenousactions. Hence,in this paper we show by meansof
an example,how to obtain alternativ e evacuation plans. In order to obtain these
alternativ e plans, we proposean additional application to consistencyrestoring
rules (cr-rules) [BG03]. Originally , cr-rules have beenproposedfor restoring con-
sistencyof a program and to makea diagnosisof the reasonsof this inconsistency.
An initial version of this work appears in the technical report [ZOS04].

The paper is structured asfollows.We intro ducea GIS examplerelated to the
risk zoneof volcano Popocatepetl. Next, we show how to obtain an alternativ e
evacuation route, using cr-rules. Finally, we present conclusionsand future work.

2 Evacuation Plans using Answ er Sets.

We think that if our goal is related to add planning capabilities to a GIS in order
to give support in de�nition of evacuation plans then we need a description of
Popocatepetl sceneryascloseaspossibleto the real problem. We needa correct
representation of the network of roads related to towns in the di�eren t risk
zonesto develop evacuation plans. This representation should be created from
information about the real evacuation routes and towns from [SR01]. Hencewe
represent the network of roads as a directed graph where an evacuation route
is a path in this graph. We remark that Mexican government has de�ned the
ten evacuation routes in Puebla state. At the sametime, in order to obtain the
evacuation plans we explore the use of the Answer Set approach presented in
[Bar03] sinceit is focusedon planning in dynamic domains.We takeadvantageof
oneimportant characteristic of thesedomains:the exogenousactions. Exogenous
actions can describe the e�ects of a hazard or set of hazards when a volcano
eruption occurs. Now we are going to describe how we represent Popocatepetl
sceneryto develop evacuation plans and how we can obtain evacuation plans.

We consider that towns are connectedwith other towns by roads, each road
is made up by segments, and each segment is represented by road(P; Q) where
P and Q are nodes. Somesegments can belong to an evacuation route. There
is an exogenousaction block(Q), which causesnode Q becomeblocked. If one
segment of road is unblocked and belongsto the evacuation route, it is possible
to travel by this segment when the zoneis in risk. We consideran agent capable
of performing the action, tr avel(P; Q). We assumethat actions take one unit of
time. The action is de�ned by the rule:

action(tr avel(P; Q))  r oad(P; Q); route(P; X ); r oute(Q; X ):
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This rule says that it is possibleto travel from P to Q if there is a segment
of road from P to Q and if the edgebetweenP and Q belongsto the evacuation
route. Exactly as Plan Operativo Popocatpetl o�ce in Mexico indicates. The
e�ects of this action are expressedby the following rules:

caused(position (Q); tr avel(P; Q))  edge(P); edge(Q):
caused(neg(position (P)) ; tr avel(P; Q))  edge(P); edge(Q):

The �rst rule says that if the agent travelsfrom P to Q then the new position
is Q, and the secondrule says that if the agent travels from P to Q then the
agent is not in position P. Normally, the action travel is executed. However,
there are two exceptionsto this action expressedas follows:

noaction if (tr avel(P; Q); neg(position (P)))  edge(P); edge(Q):
noaction if (tr avel(P; Q); blocked(Q))  edge(P); edge(Q):

The �rst rule states that it is impossible to travel from P to Q when the
agent is not at position P. The secondrule states that it is impossibleto travel
from P to Q if edgeQ is blocked. Here position (P) and blocked(Q) are 
uents
which de�ne the possibledomain states [Bar03].

In order to show how this program works, we give somespeci�c valuesfor the
background knowledge. We take only somesegments of roads from two towns
in Huejotzingo from our GIS databasereferred in [SR01].Huejotzingo is part of
the Popocatepetl risk zone.

It is important to make notice that the basic data for a GIS databasehas
two components [LGMR01]. The �rst component is spatial data: consisting of
mapsand which have beenpreparedeither by �eld surveysor by the interpreta-
tion of Remotely Sensed(RS) data. The secondcomponent is non-spatial data:
attributes ascomplementary to the spatial data and describe what is at a point,
along a line or in a polygon and as socio-economiccharacteristics from census
and other sources.For instance, the socio-economiccharacteristics could be the
demographicdata, occupation data for a village or tra�c volume data for roads
in towns. Hence, we use non-spatial data about segments of roads and towns
in order to de�ne the background knowledge.Using a GIS tool it is possibleto
save the descriptive information in a text �le. Each line of this �le corresponds
among other information to the identi�ers of initial and �nal nodes of a seg-
ment of road. Nevertheless,when we analyzedthis information we have realized
that some identi�ers repeat several times or do not take the sequential order
that corresponds to the map that they describe. These problems do not allow
us to de�ne a directed graph from the text �le. Therefore we have had to order
the segments and later to rename each one of their nodes. Figure 1 shows the
segments of road usedin our example.The segments of road are the following:

road(507; 508): r oad(508; 1096):
r oad(1096; 1102): r oad(1102; 1113): r oad(1113; 1116):
r oad(1096; 1105): r oad(1105; 1131): r oad(1131; 1109): r oad(1109; 1113):
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Huejotzingo

Fig. 1. A zoom in between two towns from Huejotzingo

We alsohave the following two rules to represent that we needan evacuation
route from node 507 to node 1116.

initial ly(position (507)): f inal ly(position (1116)):

Also, we assumethat only nodes507,508,1096,1102,1113and 1116belong
to the evacuation route. The result is the following plan:

tr avel((507; 508); 1): tr avel((508; 1096); 2): tr avel((1096; 1102); 3):
tr avel((1102; 1113); 4): tr avel((1113; 1116); 5):

The plan reads as follows: the agent should travel from 507 to 508 at time
1, from 508 to 1096at time 2, from 1096to 1102at time 3, etc. All the edgesin
this plan belongto the evacuation route. Now, if an exogenousaction occurs.For
instance,a mud
o w blocks part of the road, weadd to the background knowledge
the following rule:

initial ly(blocked(1102)):

This rule says that the node 1102,which belongsto the evacuation route, is
blocked. The result is that the program is inconsistent and the agent is not able
to �nd an evacuation route becauseof the fact that action travel only works
if all the edgesbelong to the same route. Hence, now the problem is to �nd
an alternativ e evacuation route. In the following section, we proposethe useof
cr-rules [BG03] to solve this problem.

3 Cr-rules and planning in GIS

In [BG03] each rule of a CR-Prolog program is referredasa regular rule. However,
if an agent has no way to obtain a consistent set of beliefs using regular rules it
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is possibleto restoreconsistencyusing cr-rules and someexogenousactions that
may have occurred in the past. Then, using cr-rules we can obtain a diagnosis
of the reasonfor the inconsistency. The examplepresented in [BG03] illustrates
the useof cr-rules. Let P be the following program:

a  not b:
: a:
r1 : b  + : % r1 is the name of the cr-rule

The �rst two rules are regular rules and the third rule is a cr-rule. Cr-rule r 1

says that the agent is allowed to believe in b if the agent has no way to obtain
a consistent set of beliefs using regular rules only. We can seethat the program
P is inconsistent without the use of r 1. Consistency can be restored using r 1,
leading to the answer set f: a; bg.

It may be worth noting that in [BG03] a set of examplesabout the use of
cr-rules are given. Among theseexamplesthere are two that show how cr-rules
can be used to generateplans of minimal length. In this paper, we proposeto
give an additional useto cr-rules.

We realized that using only regular rules it is not possible to obtain an
alternativ eevacuation route whenan exogenousaction occurs.Hencewepropose
to usecr-rules to restore consistencyand to obtain alternativ e plans to achieve
the main agent goal. In this case,if an agent hasno way to obtain an evacuation
plan using only regular rules it is possible to obtain an alternativ e plan using
cr-rules. The following example shows how we can use cr-rules to obtain an
alternativ e evacuation route.

Let us supposethat it is not possibleto obtain an evacuation route from node
507 to node 1116 becausean exogenousaction has occurred. The exogenous
action indicates that the node 1102 which belongs to the evacuation route is
blocked. As we mentioned before, it is not possibleto obtain an evacuation plan
using only regular rules. Then, in order to restore consistency and obtain an
alternativ e plan we proposeto add to the program the following cr-rule:

r2 : action(tr avel(P; Q))  + r oad(P; Q):

This rule says that it is possibleto travel from P to Q if there is a segment
of road from P to Q. This cr-rule does not check if the edgebetween P and
Q belongs to an evacuation route or not, as the regular action tr avel de�ned
previously. As we described before, this cr-rule should be usedonly if the agent
has no way to obtain a plan when an exogenousaction occurred.

The result of adding this cr-rule when the exogenousaction blocked(r1102)
occurs is the following plan:

tr avel((507; 508); 1): tr avel((508; 1096); 2): tr avel((1096; 1105); 3):
tr avel((1105; 1131); 4): tr avel((1131; 1109); 5): tr avel((1109; 1113); 5):
tr avel((1113; 1116); 6):

We can see that the plan indicates the agent should travel from 1096 to
1105 at time 3 in spite of node 1105 not belonging to the evacuation route.
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The sameoccurs for nodes 1105,1131and 1109,hencethe agent has found an
alternativ e evacuation route. The implementation of this example was inspired
by an example from [Bar03] and we have usedSmodels [Sim95].

4 Conclusions and future work

Today, the GIS analysistechnology is very complexand speci�cally implemented
for unique applications only. It seemsto be very useful to have a planning oper-
ation as part of a GIS system in order to give decisionsupport. We think that
an Answer Set approach seemsto be appropriated to explore in order to add
planning operation as an extension of a Geographical Information System. In
this paper we present only the initial work tin order to achieve this extension.
We have de�ned a representation of the network of roads related to towns in
the di�eren t risk zonesto develop evacuation plans from non-spatial data of our
GIS database.We represent the network of roads as a directed graph. We also
proposedto give an additional useto cr-rules, using them to restore consistency
and to obtain alternativ e plans, however we needto continue working. We plan
to consider a description of a sceneryas closeas possible to the real problem.
In particular, it should take into account the place where people are located
with respect to the time and capacitiesof roads. It should identify \priorities"
or \preferences" among the di�eren t possibilities: we should �nd the plan that
minimizes the time neededto evacuateeverybody, or the saferplan that usesas
many saferoads aspossible,or all possibleplans. For this step, we are consider-
ing the relationship betweenthe real problem to solve and somesimilar existing
problems such as the maximum 
o w problem [HWH01]. The goal of maximum

o w problem is to maximize the 
o w that can be transported from a given node
to another given node within a network such that each edgeis associated with
a capacity.

It would be also necessaryto compare the capabilities of Answer Set Pro-
gramming to represent incomplete knowledgeand planning problemswithin dy-
namic real-world environments with other dynamic planning approaches, such
as [MT00]. We can consider the work in [CDN04] which is directly related to
evacuation plans using an Answer Setsapproach. In this work the 
o w of lava in
volcanic eruptions is modeled and in order to show its feasibility they usedata
from Etna volcano.

Finally, we think that this idea could be useful to comparethe di�eren t ways
of expressingpreferences,costs, and other methods or algorithms to optimize
within the answer set programming framework. In particular, we could compare
Answer Set Optimization of [BNT03] with Answer Set Planning under Action
Costs of [EFL + 02].
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