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Abstract. Information usually has many sources and is often in-
complete and / or uncertain, this leads to many inconsistencies. Revi-
sion is the operation which consists in identifying these inconsisten-
cies and then in removing them by changing a minimum of informa-
tion. In this paper, we are interested in geographic information revi-
sion in the framework of a flooding problem. We show how to express
and how to revise this problem by using simple linear constraints. We
present three revision strategies based on linear constraints resolu-
tion. We apply and compare these approaches on both a real-world
flooding problem and random flooding instances.
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1 Introduction

Many research works have been done in the field of knowledge re-
vision [1, 3, 2]. Revision is the operation which consists in restoring
the consistency of a knowledge base by considering other more reli-
able information. It identifies the inconsistencies, then corrects them
by keeping a maximum of the initial information unchanged.

Some geographic information can be expressed by spatial and /
or temporal constraints which sometimes are linear inequalities [9,
4]. These constraints have good complexity properties which can be
exploited in the revision process.

In this paper, we are interested in geographic knowledge revision
based on linear constraints resolution in the framework of a flooding
problem. We propose three different revision strategies:

- The all conflicts revision strategy which first, identifies all the con-
flicts of the problem, and then computes a smallest subset of con-
straints whose revision is sufficient to restore the consistency.

- The conflict by conflict revision strategy which revises one by one
the detected conflicts. A correction is made as soon as a conflict is
detected.

- The hybrid revision strategy which identifies a representative part of
the different conflicts, then corrects them in an optimal way with re-
spect to the number of revised constraints. This operation is repeated
till elimination of all the conflicts.

The rest of this paper is organized as follows. In section 2, we re-
call some background on linear constraints. We describe in section 3
the flooding problem and show how it can be represented by linear
constraints. Revision principle is presented in section 4. Section 5 de-
fines three revision approaches, namely, the all conflicts revision, the
conflict by conflict revision, and the hybrid revision. We experiment
in section 6 the different revision methods on a real flooding appli-
cation and on random flooding instances, and make a comparison on

the obtained results. Section 7 compares our work with previous re-
lated works on the flooding problem. Section 8 concludes the work.

2 Background

A linear constraint network NV is defined by N=(X, C') where X is
a finite set of variables Xy, ..., X,,, having continuous domains. C'is
the set of constraints defined on these variables. Each constraint of
C'is of the form XJ‘ —X; < Qjj.

A tuple X = (xo, ..., x,) of real values is a solution of the linear
constraint network IV if the instantiation { X1=xo, . .., X»=x, } sat-
isfies all its constraints. The linear constraint network NV is consistent
if only if it has a solution.

We associate to the linear constraint network N=(X, C') adirected
edge-weighted graph, G4 = (X, Eq), called a distance graph. X is
the set of vertices corresponding to the variables of the network N,
and Ey is the set of arcs representing the set of constraints C'. Each
constraint X; - X; < aq; in C' is represented by the arc i — j 2,
which is weighted by a;;.

Now, we are able to describe and represent the flooding problem
which we use to explain our revision approaches.

3 The Flooding problem
3.1 Description of the flooding problem

During a flooding in the Hérault valley (in the south of France), a
part of this area was studied in order to get correct estimates of the
water heights (above the sea level) from aerial photographs and topo-
graphic knowledge of the region. The studied part was divided into n
parcels, which are enough small to consider the water height within
each parcel constant.

Two sources of information are available. The first one concerns
estimates of water height in each parcel. Each estimate is given as an
interval of possible values and is represented by its upper and lower
bounds.

The second source represents observations on hydraulic relations
between some adjacent parcels. These relations can be either flow or
balance relations. A flow from the parcel < to the parcel j is observed
when the water height in the parcel  is greater than the one in the
parcel j. A hydraulic balance between two parcels expresses equal-
ity between their corresponding water heights. For a more detailed
description, see [7, 8].

Each of the two considered sources of information is consistent
separately, but conflicts appear when both sources are merged. More-
over, the source related to observations on hydraulic relations is more
reliable than the source related to water heights estimates. The water
height estimates are revised by the hydraulic relations.
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2 For simplicity vertices of the graph G are denoted by the indices of the
variable of X.
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Figurel. Anexample of a conflict between the estimations of the water
heights and the hydraulic relations

Figure 1 illustrates an example of a conflict between the two
sources of information. Schema (a) shows a conflict between the wa-
ter height in the two parcels and the observed flow from the parcel 1
to the parcel 2. The lower bound of water height in parcel 2 has been
revised in schema (b), and the conflict appearing in (a) is removed.

We will see in the sequel how to detect such conflicts and how
to correct them. Before doing this, we give a representation of the
flooding problem in the linear constraint network framework.

3.2 Representation of the problem

The flooding problem is represented by the linear constraint network
N = (X,C) where X is the set of variables X; corresponding to
the water height in parcel ¢ (¢ # 0), and Xo = 0 represents the
sea level. C' is the set of constraints representing both estimates on
water heights and the hydraulic relations. The constraints are defined
as follows:

Estimates on water heights : Each parcel 7 is associated with the
constraints [; < X; — Xp and X; — Xo < w;, where [; and u; are
respectively the lower and the upper bounds of the interval delimiting
the water height in the parcel i.

Observations on hydraulic relations : Each observed flow from
parcel 5 to parcel j is expressed by the constraint X; — X; < 0 ;
and each observed balance between parcels  and 5 is represented by
the constraints: X; — X; <0and X; — X; <0.

4 Revision

The revision principle we adopt consists in identifying the conflicts
of the problem, and changing a minimal number of constraints to
restore the consistency.

4.1 Detection of conflicts

We present a method which detects inconsistencies in a set of con-
straints. For this, we use an important result which stipulates that a
linear constraint network is consistent if and only if its correspond-
ing distance graph does not contain negative circuits ° [10, 6, 5].

To detect the negative circuits in a distance graph, we use the result
of the following proposition.

Proposition 1 An elementary circuit in the distance graph corre-
sponding to a flooding problem is negative if only if it includes a
path {i, 0, j} whose distance is negative.

Proof 1 Suppose that the distance graph G4 of a given flooding con-
straint network contains an elementary negative circuit C'. The cir-
cuit C' must include two arcs (4, 0) and (0, 7) incident to the origin 0
and for which the sum of the corresponding labels is negative. Oth-
erwise, the circuit C' cannot be negative, since all the labels of the
others arcs non incident to the origin are equal to zero. Therefore, C
includes a negative path {7, 0, }. Conversely, each elementary cir-
cuit of the distance graph including a negative path {7, 0, j} must be
negative, since all the other arcs are weighted by zero.

The previous proposition states that each conflict is due to an el-
ementary negative circuit including a negative path {, 0, j}. To find
all the conflicts, one has to enumerate all the pairs (¢, j) participat-
ing in the different negative paths {¢, 0, j} and check existence of an
elementary path from j to ¢ which does not visit 0. The procedure
of detection of all the conflicts is given in the figure 2. The function
Distancea, (p) returns the sum of the weights of the arcs forming
the path p of G4. Patha,(j,4) checks if there exists a path from j
toiin Ggq %

procedure Detection-Conflict(G4: the distance graph)
begin
Fori,j =1ton (i # j)
begin
If Distancea,({3,0,j}) < 0and Patha,(j,¢) then
Conflict between I; < X; - Xo and X; - Xo < u;
end
end

Figure2. Detection of conflicts algorithm

Let n be the number of vertices of the distance graph G4 and e
the number of its arcs. The previous procedure performs n? itera-
tions. Both functions Distanceq, and Pathg, are called in each
iteration. The function Distancec, is elementary and has a con-
stant time complexity (O(2)). The time complexity of the function
Pathg, is in O(e). Thus, the time complexity of the procedure is
O(n?e) in the worst case.

4.2 Representation of the conflicts

We recall that we are interested in revising estimates on water heights
in the parcels by the hydraulic relations existing between these
parcels. The conflicting constraints are those corresponding to some
pairs of arcs incident to the vertex 0, for instance the arc 0 — j (re-
spectively the arc ¢ — 0) represented by the constraint X; - Xo < u;
(respectively the constraint Xo - X; < -1;).

Each conflict of the problem is defined between an upper bound of
a variable X; and a lower bound of a variable X;. If we consider
the set of vertices V={Low,Upps, ..., Low;, Upps,..., Lowy,
Uppx } corresponding to the lower and upper bounds (one vertex per
bound) of water heights in the conflicting parcels, then every conflict
between the lower bound of X; and the upper bound of X is ex-
pressed by the edge (Low;, Upp;). If E is the set of all these edges,
then the set of conflicts is represented by the graph G. = (V, E)
which we call the graph of conflicts.

3 A negative circuit is a circuit whose the sum of its arcs labels is negative.

4 These functions will be used also in the procedures of the next section.
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Figure 3. The graph of distances and the graph of conflicts

Example 1 We consider a set of four parcels whose the water
heights are represented by the set of variables {X1, X2, X3, X4}
The water height estimates and the observed hydraulic relations are
represented by the distance graph in the figure 3.a. From the negative
circuit [0,3,2,4,1, 0], we deduce the conflicting constraints X3 -
Xo < 15and Xo - X7 < -30. In other words, the upper bound of the
water height of the parcel 3 is in contradiction with the lower bound
of the water height of the parcel 1. This adds the edge (Upps, Low1)
in the conflict graph. By considering all the conflicting constraints
appearing in all the elementary negative circuits, we obtain the con-
flict graph of the figure 3.b.

4.3 Computing the smallest subsets of constraints
to revise

To remove all the detected conflicts, some constraints involved in
them have to be revised. To respect minimal change principle, we
have to look for the smallest subsets of constraints whose the revi-
sion is sufficient to restore the consistency. This operation amounts
to looking for the minimal coverings of the conflict graph. We recall
the definition of a covering and a minimal covering of a graph.

Definition 1 Let G be a graph defined by G = (V, E). T is a cov-
ering of the graph G if and only if T" is a subset of the set of vertices
V, and for each edge (z,y) in E, T N {z,y} # 0.

Definition 2 A covering T of a graph G is minimal if and only if for
each covering 77 of G, if | T" | < | T | then |T'| = |T|.

Example 2 The conflict graph of the figure 3.b has two minimal cov-
erings: Th1={Upps, Low, } and T>={Upps, Uppa}. The correction
of the constraints involving Upps and Low: (respectively, involving
Upps and Uppa) is sufficient to remove all the conflicts.

The minimal covering problem is known to be a NP-hard prob-
lem. Our method of minimal covering search is a backtracking algo-
rithm defined on the vertices of the graph of conflicts. This algorithm
does not enumerate systematically all the coverings of the graph of
conflicts to find the minimal ones. Indeed, it does not explore the
branches of the search tree leading to partial coverings having greater
cardinalities than the one of the current minimal coverings. To reduce
the minimal covering search space, a heuristic which selects the ver-
tex having the highest degree is used.

Generally, we obtain more than one minimal covering. We need
information of an expert to choose one among the obtained cover-
ings. For instance, an expert may prefer revising constraints related
to downstream parcels than constraints related to upstream parcels.
However, in absence of further information, we can either consider
all the obtained coverings or choose arbitrary one among them.

4.4 Correction of the constraints

We shall see now, how to perform the corrections. Let be a conflict
between the two constraints X; — Xo < w; and I; < X; — Xo.
Elimination of this conflict needs the correction of either the upper
bound of X, or the correction of the lower bound of X; °.

If d;; is the distance of the negative circuit which identifies the
previous conflict, then replacing the constraint X; — Xo < u; (re-
spectively, the constraint [; < X; — Xo) by the constraint X; — X, <
u; - dy; (respectively, the constraint I; + ds; < X; — Xo) will correct
the conflict and will eliminate the corresponding negative circuits.

Example 3 Consider example 1. A conflict between the constraints
X3 - Xo <15 and X - X1 < -30 is detected. The distance of the
corresponding negative circuit is -15. This conflict can be corrected
either by increasing the upper bound of X5 by 15, or by decreasing
the lower bound of X; by 15. If we choose the first alternative, we
will replace the constraint X5 - Xy < 15 by the constraint X3 - X,
< 30.

Proposition 2 The correction of a constraint cannot cause appari-
tion of new conflicts.

Proof 2 The proof is trivial since the modification of the involved
bound makes the interval of the corresponding variable larger. It is
just a constraint weakening.

We present now the three revision strategies we propose.

5 Revision strategies
5.1 The all conflicts revision

This approach detects all the conflicts of the problem, then corrects
them by weakening a minimal number of conflicting constraints. The
all conflicts revision algorithm is sketched in figure 4.

procedure All-conflicts(G4: the distance graph)
begin
Detection-Con flict(Ga)
Construct G the graph of conflicts
Compute minimal coverings of G
Choose one minimal covering ®and correct its corresponding
constraints
end

Figure4. All conflicts revision algorithm

To evaluate the complexity of this algorithm, we proceed step by
step. Let n be the number of vertices in the distance graph and e the
number of its arcs. The detection of all the conflicts is in O(n?e).
Construction of the conflict graph is in O(n?), since the number of
conflicts is at most n(n — 1). The minimal covering algorithm is
a backtracking procedure whose complexity is O(2%™) where 2n is
the maximal number of vertices that can contain the graph of con-
flicts G. The correction of constraints is in O(n). Therefore, the
complexity of the All conflicts algorithm is O(4™) in the worst case.

5 The correction of the both bounds is not considered because of the strategy
of minimizing the number of revised constraints.

6 As pointed out above, we can consider all the minimal coverings. In this
case, we have to correct for each one its corresponding constraints.



5.2 The conflict by conflict revision

An intuitive idea to restore the consistency is to correct a conflict
whenever it is detected. This implies revising the corresponding con-
flicting constraints as soon as they are identified. The procedure of
this method is sketched in figure 5.

procedure Conflict-Conflict(G4: the distance graph)
begin
Fori,j =1ton (i # 7)
begin
If Distancea,({3,0,j}) < 0and Pathea,(j,t) then
Correct one of the constraints I; < X; — Xo or X; — Xo < u;
end
end

Figure5. Conflict by conflict revision algorithm

This algorithm performs n? iterations. Each iteration is in O(e)
in the worst case. The complexity of the conflict by conflict revision
algorithm is O(n?e) in the worst case. This algorithm has a good
complexity, but it does not respect minimality criterion of revision.
A third method which is a hybrid of both previous ones, is presented
in the following.

5.3 The Hybrid revision

This approach consists first in identifying at each iteration a represen-
tative subset of conflicts. That is, a negative circuit containing each
vertex participating to some conflicts is computed. The second step
consists in revising the constraints corresponding to these conflicts.
Both steps are repeated until the restoration of consistency.

The subset of conflicts of each iteration is given by running the
Detection-conflict-Hybrid procedure on the current distance graph.
This procedure is a slight modified version of the Detection-Conflict
procedure of figure 2. It detects at most one negative circuit for each
vertex involved in a conflict. Thus, it computes at most n conflicts
corresponding to the representative subset of conflicts which we shall
revise. Revision by this method is relatively minimal to the subset of
conflicts treated at each iteration. The procedure of this method is
sketched in figure 6.

procedure hybrid(Gg4: the distance graph)
begin
repeat
Detection-Con flict-Hybrid(Gq)
Construct G. the graph of conflicts
Compute a minimal covering of G
Correct the constraints corresponding to the minimal covering
until consistency is restored
end

Figure6. The hybrid algorithm

This algorithm terminates because the revision of detected nega-
tive circuits cannot generate new ones and the number of conflicts
in the initial distance graph is equal at most to n(n — 1). Therefore,

the algorithm performs a number of iterations which is bounded by
(n — 1) since n conflicts are handled in each iteration.

To evaluate the complexity of each iteration, let g; be the number
of the detected conflicts at the iteration 4, g; is bounded by n. The
complexity of the Detection-Conflict-Hybrid procedure is O(n?e) in
the worst case. Construction of the graph of conflicts of an iteration 4
isin O(g;). Computing a minimal covering of the graph of conflicts
corresponding to the iteration i is in O(2%9 ). The correction of the
conflicts of the iteration ¢ is in O(g;). Thus, an iteration of the hybrid
revision algorithm is in O(2%9¢) and is O(22") in the worst case,
and the total complexity of this algorithm is O(n2%") in the worst
case. In practice, the number of iteration does never reach the worst
case, since correction of a detected conflict can eliminate other not
yet detected conflicts.

6 Experimental results

The three revision algorithm presented in this paper are implemented
in C and run on a pentium 4, 2.4 MHz with 512 MB of RAM. They
are tested on the real-world flooding problem in the Hérault valley
and random flooding instances.

6.1 The real-world flooding problem

This problem contains 180 parcels. To each of these 180 parcels is
associated a variable which represents its water height and two con-
straints which represent the interval of possible values for this height.
There are 360 constraints of water height estimates. Furthermore,
there are about 270 constraints representing the flow and balance re-
lationships between parcels. The problem has 180 variables and 630
constraints. Application of the three revision algorithms to this prob-
lem gives the results of table 1.

[ Revision methods | All conflicts | Conf. by conf. | Hybrid |

# detected conflicts 15 11 13
# corrections 10 11 10
Time (s) 0 0 2

Table 1. Results on the real flooding problem

We can see that the conflict by conflict revision algorithm has per-
formed more corrections than the two other approaches, because it
does not minimize the corrections. The conflict by conflict revision
algorithm detects less conflicts than the other algorithms. This is due
to the propagation of some corrections which eliminate not yet de-
tected conflicts. Both the All-conflicts and the Hybrid methods have
similar results on this problem.

The real flooding application is simple and cannot provide com-
plete arguments for comparing the three methods. We then experi-
ment them on random instances of the flooding problem.

6.2 Random flooding instances

Generation of random flooding problems is based on two parameters:
n the number of variables, and d the constraint density which is a ra-
tio of the number of constraints to the number of possible constraints.
Table 2 shows some of the obtained results.

We can see that when the density grows, the number of detected
conflicts, and the number of corrections increase for all the methods.



All conflicts Conflict by conflict Hybrid
Revision Density Density Density
02 | 05 | 08 02 | 05 | 08 02 [ 05 | 08
n=100 # conflicts 2188 | 2243 | 2299 | 120 127 135 1794 1685 1724
# corrections 52 53 55 120 127 135 92 76 78
Time () 48 52 54 0 0 0 0 0 0
n=500 # conflicts - - - 573 598 633 44937 46201 45798
# corrections - - - 573 598 633 498 483 468
Time (s) - - - 0 0 0 7 6 5
n=1000 # conflicts - - - 1167 | 1200 | 1232 | 181748 | 183988 | 183612
# corrections - - - 1167 | 1200 | 1232 952 959 1044
Time () - - - 0 0 0 75 64 57

Table 2. Results on the revision of random flooding instances

The All conflicts method corrects a minimal number of constraints
and the hybrid method corrects less constraints than the Conflict by
conflict method. The All conflict method reaches its limit when the
number of variables approximates 150. The two other methods are
able to solve greater variable size problems as shows table 2.

7 Related work

Wirbel et al. [11, 12] have proposed three methods for geographic
information revision in the context of the flooding application. They
represent the flooding problem by propositional clauses and com-
pute the smallest subsets of clauses whose the removal restores the
consistency. That is what they call remove sets. Assuming the same
definition of a conflict, the removed sets computed in [11, 12] and
the smallest subsets of constraints to revise obtained in our All con-
flicts revision concern the same estimates on water heights. However,
Wiirbel et al.’s methods can not revise the entire flooding problem.
Their best results are obtained with the REMr method which revises
only a part of 12 parcels, while the All conflicts revision deals with
the entire application with its 180 parcels in less than one second.
Our method outperforms significantly the REMr algorithm.

Another work on the flooding application was done by Raclot
and Puech [7, 8]. They propose a method which consists in detect-
ing conflicts by propagating constraints on lower and upper bounds
of the water heights intervals. Like in our Conflict by conflict revi-
sion, a conflict is corrected as soon as it is detected. However, their
method is limited to acyclic hydraulic relations, and does not handle
hydraulic balances as in our methods.

8 Conclusion

We have presented in this paper three approaches of revision. These
methods adopt different strategies. The first one computes all the con-
flicts and correct them with respect to the minimal change principle.
Because of the high complexity of the minimal covering search, the
performance of this method decreases when the problem size grows.
One way to increase its efficiency is to consider just a good cover-
ing rather than a minimal one. The second strategy proceeds con-
flict per conflict. It revises a conflict as soon as it is detected. This
approach could be efficient for applications with a great number of
inter-dependant conflicts. However it does not respect the minimal
change criterion. The third method is a hybrid of the two former ones.

It detects a subset of conflicts, corrects them, and repeats this process
until the restoration of the consistency. It constitutes a good compro-
mise between the revision quality (minimality) and efficiency. Al-
though we are focused on the flooding problem, we hope extend this
work to revise any problem expressed as a linear constraint network.
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