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Abstract

In this paper we addressthe problem of consistency
cheding for Euclideanspatial constaints. A dimension
graphrepresentations proposedo maintainthe Euclidean
spatial constaints amongobjects. The basic idea is to
projectthe spatial constaintson both X andY dimensions,
andto constructa dimensiorgraphon ead dimensionUs-
ing a dimensiorgraph representatiortransformshe prob-
lem of consistencycheding into the problemof graph cy-
cle detection. Consistencychedking can be achieved with
O(N+E) time as well as spacecompleity, whee N is the
numberof spatial objects,and E is the numberof spa-
tial predicatesin the constaint. The proposedappmoac
is faster than when the numberof predicatesis
mud smaller than and there are few disjunctionsin
the spatial constaint. The dimensiongraph and consis-
tencycheding algorithm can be usedfor points,intervals
andpolygonsn two-dimensionaspace Thealgorithmcan
alsoguaranteeglobal consistency

Keywords: Euclidean spatial constraint, consisteng
checking dimensiongraph,directionalrelationship

1 Intr oduction

The goal of spatial databas€g7, 9, 15 management
systemss the effective and ef cient managemenof data
relatedto physical space(ingeography urban planning,
astronomy)or conceptualinformation space(in a multi-
dimensionaldecision support system, uid ow, or an
electro-magneticeld). The distinguishingfeaturesof a
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putingResearclCenterundertheauspice®f the Departmenbf the Army,
Army ResearchLaboratorycooperatie agreemenhumberDAAH04-95-
2-0003/contrachumberDAAH04-95-C-0008 the contentof which does
notnecessarilye ect the positionor thepolicy of thegovernmentandno
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spatial databasamanagemensystemare the use of com-
plex datatypeslik e points,lines,andpolygonsto represent
spatialobjectsandthe existenceof mary potentialrelation-
shipsbetweerspatialobjects.

An important meansof maintaining the integrity of
database#n generaland spatialdatabase# particularis
consisteng checkingtheidenti cation of contradictoryin-

formationin a databaseFor example,if , and are
threespatialobjectsandif  iswestof and is westof
andif the databaséndicatesthat is eastof thenthe

informationis inconsistent.The existenceof mary poten-
tial spatialrelationshipamplies that consisteng checking
is more challengingin spatialdatabasethanin traditional
relationaldatabases.

Currently most consisteng checkingis basedon Al-
lens's propagation algorithm[1], which was originally
devised for checking temporal relationships on one-
dimensionabbjects.Havever, spatialrelationshipsaretyp-
ically formulatedamongmulti-dimensionabbjectsandthe
straightforvardextensionof Allen's algorithmto spatialre-
lationshipss prohibitively expensve.

In this paper we addressthe problem of consis-
teng checkingfor directional spatial constraintsin two-
dimensionalEuclideanspace. We proposea dimension
graphrepresentatiofor maintainingthe spatialconstraints
amongobjects. Basically the spatial constraintsare pro-
jectedon two dimensions(XandY), andthe derived con-
straintson eachdimension(X/Y)are maintainedin differ-
entgraphs(X/Ygraph). The problemof constraintconsis-
teng checkingis thustransformednto a graphcycle de-
tectionproblemon dimensiongraphs.Cycle detectioncan
be solvedby traversingthegraphin lineartime. As we will
seein later sectionsthe proposecdonsisteng checkingal-
gorithmis efcient in termsof both time andspace. The
algorithmalsoguaranteetheglobal consisteng.



In this paper we explore consisteng checkingfor Eu-
clidean spatial constraintsamong points, intervals, and
2D Minimum Bounding Rectangles(MBRs)in spatial
databasesAn MBR of a spatialobjectis the smallestaxis
parallelrectanglewvhich coversthe objects.

ConsistencyChecking Problem:

Given: A collectionof 0-th order spatialconstraintsn
termsof disjunctionsand/orconjunctionsof spatialpredi-
cates

Find: Consisteny, i.e., return TRUE if the constraints
areconsistentFalseotherwise

Objective: Reducecomputationatompleity

Constraint:

(a) 2D Euclideanspace.

(b) 2D region objectsareapproximatedy MBRs

(c) Spatialobjectsareof homogeneousy/pes,(i.e., point
pairs,interval pairs,or MBRsin 2D)

Consideran example of directional constraintsamong
point objectsA, B, and C. Assumeone constraintsaysA
is southeasof B, B is northwestof C, andA is northeast
of C. This constraints consistentandhencetheresultwill
be TRUE. An exampleof thepossiblespatialcon gurations
satisfyingthis constrainis shavn in Figurel.

North °

East o

Figure 1. One possib le spatial con guration
for point objects A, B, and C

Supposeave have anotherconstrainamongA, B, andC:
A is strictly northof B, B is northwesiof C, andA is north-
eastof C. This constraintis inconsistentsincetheredoes
notexist ary spatialcon gurationof A, B, andC satisfying
this constraint.The consisteng checkingalgorithmshould
returnFALSE.

Most of the previous studieson consisteng checking
are basedon Allen's consisteng checkingalgorithm [1]
for constraintsamongintervals. The basicapproachused
a transitve closurealgorithm, which incurs a high order

10-th orderspatialconstraintsneanghatthereareno freevariablesbut
only constanbbjects

of time and spacecompleity. Later, HernandeZ8] pre-
sentednechanismo maintainthe consisteng of a knowl-
edgebaseof spatialinformationbasedon a qualitative rep-
resentatiorof 2D positions.His approachimprovedAllen's
algorithmby usingthe heuristicof therich structureof the
spatialdomain.Bowmanandetal.[4, 3] addressetheprob-
lem of consisteng checkingbetweenmultiple viewpoints
usingstratgiesbasecn uni cation. Otherwork[10, 6, 13]
hasfocusedon the problem of consisteng checkingfor
more generalconstraints,such as 1-th order constraints.
Manandhar[1Rdiscussedleterministicconsisteng check-
ing for LP constraints. Benezentanoand et al. [2] fo-
cusedon the problemof providing a theoreticalframenork
for consisteng checkingof integrity constraintdn a com-
plicatedobjectdatabaservironment. We brie y describe
Allen's Algorithm sinceit is basicto mary algorithmsused
in consisteng checking.

1.2.1 Allen'sPropagationAlgorithm

Allen[1] summarizedhirteenmutually exclusive relation-
shipsto expressary possiblerelationshipbetweeninter-
vals(Tablel).

Relationships| symbol | Symbolfor Inverse | Pictorial Example
X beforeY XXX YYY
X equalY XXX
YYY
X meetsy m mi XXXYYY
X overlapsY 0 oi XXX
YYY
X duringY d di XXX
YYYYYY
X startsY S si XXX
YYYYY
X nishesY f XXX
YYYYY

Table 1. Thirteen possib le relationships pro-
posed by Allen[1]

In Allen's work[1], the relationshipsbetweenintervals
are maintainedin a network whereeachnode  repre-
sentsthe individual intenval i, and eacharc N(i,j) is asso-
ciatedwith possiblerelationshipsbetweerthe correspond-
ing interval pairi andj. The basicalgorithm Allen used
for maintainingrelationshipsvaspropagatingew relation-
shipsby computingthe transitve closureof the relation-
shipsbetweerintervals.

Figure2 shavs a network usedby Allen for consisteng
checking.2(a)is thenetwork for two inputs,i.e., Soverlaps
or meetd., andSis before, meetsjs metbyor after R. After
thesecondnputis addedthe algorithmcomputeghe con-
straintbetweerl. andR, andtheresultingnetwork is shavn
as2(b). If we addanew factL overlaps,starts,or is during
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Figure 2. Examples of Allen's algorithm

R, we needto propagatéts effectthroughthe network, thus
obtainingtheresultingnetwork 2(c).

As explainedin Allen's paper[], thetime compleity of
thisalgorithmis calculatedas: for Ninter

vals,i.e., . The spacerequiremenfor thealgorithm
is also

Allen notedthat[1], oneproblemwith this algorithmis
thatit doesnot detectall inconsistenciedn its input. “In
fact,it only guaranteesonsisteng betweerthreenodesub-
networks. Therearenetworksthatcanbe addedwhich ap-
pearconsistenby viewing ary threenodes,but for which
thereis no consistentoverall labeling of the network.”In
otherwords,the algorithmcannotguaranteglobal consis-
tengy.

1.2.2 Our Approach

In this paper we proposea new stratgy to processcon-
sisteny checkingfor Euclideanspatialconstraintsamong
objects.We useageometricapproachby incorporatingspa-
tial domaininformation. We proposedimensiongraphsto
maintainthe spatialconstraintsamongobjects. Eachcon-
junctive constraintis projectedon both X andY dimen-
sions,anda dimensiongraphis constructean eachdimen-
sion. Spatialconstraintsn generaformatcanbe corverted
to the Disjunctive Normal Form(DNF)[14 , and dimen-
sion graphsare constructedor eachconjunction. Using a
dimensiongraphrepresentatiotransformsthe problemof
constraintconsisteng checkinginto the problemof graph
cycle detectionon eachdimensiongraph. Cycle detection
canbesolvedef ciently with O(N+E)time aswell asspace
compleity, whereN is the numberof spatialobjectsandE
is the numberof spatialpredicatesn the constraint.Recall
that Allen's algorithm hasa time and spacecompleity of
. The proposedapproachs fasterwhenthe number
of predicatess much smallerthan andthereare few
disjunctionsin the spatialconstraint. Sincethe algorithm
returnsTRUE if andonly if the dimensiongraphof atleast
one conjunctioncontainsno cycle, which meansthereex-
istsatleastoneconsistenbverall constraint.Thealgorithm
thusguaranteeglobalconsisteng.

In this paper we addressthe problem of consisteng
checking for spatial constraintsin two-dimensionalEu-
clideanspace We dealonly with 0-th orderconstraintsWe
focus on the qualitatve constraintsamongobjects,which
include topological and direction relationships. We con-
siderthe constraintsamongpoint objects,intenal objects,
and region objectsapproximatecdoy MBRs. We focuson
consisteng checkingfor homogeneousypes of objects.
Consisteng checkingfor the constraintsspeci ed among
mixedtypesof objects(e.gthe constraintdetweenra point
andaninterval) is beyondthe scopeof the paper andmay
be addresseih futurework. We only discussa speci ¢ set
of predicatesle ned in Euclideanspace.Someconstraints
thatareinconsistenin Euclideanspacemay be consistent
in sphericalspace.Consisteng checkingfor predicatesn
otherspaces beyondthe scopeof this paper

The organizationof this paperis asfollows: In section
2, we proposea dimensiongraph representatiorfor the
conjunctive constraintsamongpoints and intervals. Con-
sisteny checkingfor conjunctive constraintsbhasedon the
dimensiongraph representatioris introducedin section
3. In section4, we discussdimensiongraphconstruction
andconsisteng checkingfor conjunctive constraintamong
MBRs. Finally, consisteng checkingfor constraintsn gen-
eralformatis describedn section5. The paperendswith
conclusionsandrecommendationfor futurework.

2 DimensionGraphs for Conjunctive Spatial
Constraints

In this section,we describethe constructionof dimen-
siongraphsfor conjunctive spatialconstraint@mongpoints
andintenals. The basicideais to projectthe conjunctve
spatialconstraintonto eachdimensionand constructa di-
mensiorgraphbasedn constraint®neachdimension.The
dimensiorgraphfor pointsin 2D spacecontainsanX-graph
anda Y-graphandthe dimensiongraphfor intervalsin 1D
spacecontainsonly onegraph. We alsoanalyzethe com-
putationalcomplexity for thedimensiongraphconstruction
algorithm.

We startby de ning asetof absolutadirectionpredicates
for point objectsin termsof coordinatesHere,we assume
the global coordinatesystemarealignedwith thereference
frameof absolutedirections,i.e., alignswith they-
axis,and alignwith thex-axis. Thede nition for each
predicates givenin Table2. The rst columnof thetable
enumerateghe directionpredicates.The secondandthird



Direction predicates

Table 2. Direction Predicates for point objects
in terms of coor dinates

columnsrepresenthe relationshipshetweenthe two point
objectson the X andY dimensionsrespectiely.

arethe y-componentof A andB, and arethe x-
component®f A andB. Figure 3(a) illustratesthe de ni-
tion. Thepredicatesrede ned usingdirectionequivalence

Ao .B N
. E
c

e East(B, A), NW(A, C), SW(C, B)

South West(A, B), NE(B, C), SE(C, A)

SwW

(a) De nitions
of the predi-
cates

(b) Examplesof predicates

Figure 3. lllustration of the predicates

classeq16] by partitioningthe space. SP(A,B) meansA
andB areon the sameposition. , , , and
represengxactdirectionswhile , , ,and
canpointto ary directionin theirrespectre quadrants.
Figure3(b) shovs examplesof predicateslescribinghedi-
rectionalrelationshipsamongpointsA, B andC, i.e., B is
eastof A, A is northwesbf C, andC is southwesbf B.
The spatialconstraintgepresentedéh termsof the con-
junctionsof predicatescan be maintainedon two graphs,
the X-graph and the Y-graph. The nodesin both graphs
representhe objectsforming theconstraintsThedirection
constraintarerepresentedsdirectededgesn eachgraph
accordingo the symbolin columns2 and3 of Table2. The
edgeextendsfrom thenodewith asmallervalueto thenode
with alargervalue. If thesymbolis' ', thetwo nodesare
meigedinto onenode.Figure4 shovsthegraphrepresenta-
tion for the constraintNorth(A,B) NW(B,C) SE(B,D).
Thedimensiorgraphis aunionof theX-graphandY-graph,
andis constructediccordingto the de nition of eachpred-
icatein Table 2. Algorithm 1 is the pseudo-codef the
graphconstructingprocedure. The input of the algorithm

A
C
A
B Cc
B
D D

X-graph Y-graph

Figure 4. Dimension graph for North(A,B)
NW(B,C) SE(B,D)

Algorithm 1 ConstructingdimensionGraphfrom conjunc-
tive spatialconstraintdor points: constructGraphPoint

Input: is a set of conjunctive predicates
Output: consists of the corresponding X/Y-
graphs.

Graph constructGraphPoint(Predicates conjConstraint)
Graph constraintGraph = ;
for each entry conjConstraint
add_a_predicatepoint( , &constraintGraph);
return constraintGraph;

add_a_predicate point(Predicate p, Graph* aGraph )
fObject = getFirstObject( );
sObject = getSecondObiject( );
addNode(fObject, sObject, aGraph.graphX);
symbol = ndXconstr aint(Table 2, p);
addEdge(symbol, fObject, sObject, aGraph.graphX);
addNode(fObject, sObject, aGraph.graphY);
symbol = ndYconstr aint(Table 2, p);
addEdge(symbol, fObject, sObject, aGraph.graphY);

is the conjunctive constraintand the outputis the dimen-
sion graph. For eachpredicatein the conjConstraintthe
algorithminvokesthe sub-functionadd_a_predicatepoint
to addthe predicateto the dimensiongraph. This function
calls subfunction to add nodesthat do not exist
in the dimensiongraphinto the graph,and calls function
to add the spatial relationshipsbetweennodes
into thedimensiorgraph.Theimplementatiorof
and is omittedhere.

We caneasilysummarizehe computationatomplexity
for this algorithm. Let N be the numberof spatialobjects
involved and E be the numberof spatialpredicatesn the
conjunction.

Time compleity = O(N+E);

Any of thesub-function@ddNodeandaddEdgetakes
constantime(O(1)). ndXconstraint and ndYcon-
straint are essentiallytable lookup functions, which
canalsobe executedin constantime. The whole al-
gorithm, therefore,hasthe time boundof O(E). The
generategraphhasat mostN nodesandE edgesach



in the X-graphandY-graph.

Spacecompleity O(N+E).
We can processone dimensiongraphat a time, the
spacerequirements alsolinearto thegraphelements.

The relationshipsbetweenintervals proposedby Allen
[1] canbe de ned in termsof the endpointsof intervals.
Table3 shavs the de nition of the 13 relationshipswhere

and representhe startandendpointsof the
intervals A and B respectiely. Allen's symbolsare used
here.

Predicatsname pointrelationships
before
equal

overlaps

predicates

meets
during
starts
nishes
after
overlapby

metby
duringby
startby
nishedby

for intervals,
relation-
relation-

Table 3. Spatial relationships
where and describe directional
ships and others are topological
ships

The relationshipsrepresentedn termsof conjunctions
of predicatexanbe maintainedin directedgraphs,where
the nodesrepresenstartor endpointsof the individualin-
tervals,andthe directededgesepresenthe constraintde-
tweenthe two points. Eachedgeis addedto the graphac-
cordingto thede nition in Table3. The edgesxtendto the
nodeswith largervaluesirom thenodeswith smallervalues.
Thenodeswith thesamevaluesaremergedinto onenode.lt
is worth notingthatthereis anintrinsic constraintbetween
the startpoint andthe end point of an individual interval,
i.e., start-point end-point.Figure5 shavs the graphrep-
resentatiorior the constraint .
Thegraphis constructediccordingo the de nition of each
predicatén Table2. Thedashedrron representtheintrin-
sic constrainf the startpointandendpoints. The pseudo-
codeof the graphconstructingorocedures givenin Algo-
rithm 2.

—— spatial constraint

S1 S S2Rl1 R R2

””” > intrinsic constraint

R L2

L2

Before(S, R) and Meets(S, L) Interval relationship

Figure 5.

Algorithm 2 ConstructingGraph from conjunctive con-
straintsfor intervals: constructGraphinter val

is a set of conjunctive predicates
is the corresponding graph

Input:
Output:

Graph constructGraphlinterval(Set of Predicates conjConstraint)
constraintGraph = ;
for each entry conjConstraint
add_a_predicateinterval( , &constraintGraph);
return constraintGraph;

add_a_predicateinterval(Predicate  Graph* aGraph )
fObject = getFirstObject( );
sObject = getSecondObiject( );
addIntervalNode(fObject, sObject, constraintGraph);
pointPredicates = convertToPoint( ); //according to Table 3

for each in pointPredicates
if add directed edge to aGraph;
if add directed edge to aGraph;
if merge node and in aGraph;

The input of the algorithmis the conjunctive constraint
andthe outputis the correspondinglimensiongraph. For
eachpredicatdan the conjConstraintthe algorithmcallsthe
subfunctionadd_a_predicate.interval to addthe predicate
to the dimensiongraph. This function addsnodesthatare
notin thedimensiorgraphinto thegraph,andaddsthespa-
tial relationshipdetweemodesinto thegraph.

Let N be the numberof objects(interals) and E be the
numberof interval predicatesn conjConstraint.Following
a similar agumentin Algorithm 1, we canderive thetime
complety O(E) andspacecompleity O(N+E).

3 Consistencychecking for conjunctive con-
straints

In the previous section,we describeddimensiongraph
constructionfor conjunctive Euclideanspatial constraints
amongpoint objectsor intervals. In this section,we de-
scribethe consisteng checkingalgorithmbasedon the di-
mensiongraphrepresentations.

Let's revisit the examplegivenin Figure4. If we add
a new constraint , the new constraintgraphis
givenin Figure 6. A new edgeis addedto eachgraph.
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X-graph Y-graph

Figure 6. North(A,B)
NE(A,C)

NW(B,C) SE(B,D)

As can be seenin the gure, a cycle is constructedin
the X dimensiongraph. In otherwords, the constraintof

re-
quiresthatthe x-valueof A be smallerthanthe x-value of
C, andthatthe x-valueof C be smallerthanthe x-valueof
A. Thisis acontradictionwhich meanghe constrainis in-
consistent.In generalwe cancharacterizehis featureas
Theoreml.

Theorem1 A conjunctiveconstaint is consistentif and
only if there exists no cycle in its correspondingdi-
mensiongraphs, i.e., the graphsare all directedacyclic
graphs(DAG).

Proof: Omittedto save space.Pleaseeferto [11] for de-
tails.

We now describethe algorithmfor consisteng checking
for conjunctive spatialconstraintsamonga setof pointsor

a setof intervalsbasedon dimensiongraphrepresentation.

Consisteng checkingfor conjunctive constraintsnvolves
two steps: 1) Constructingthe correspondingdimension
graph; 2) Performingcycle detectionon eachgraph. The
constraints consistentf noneof the graphscontainsa cy-

cle. The pseudo-codés describedn Algorithm 3.

The algorithm rst constructsthe dimensiongraph by
invoking subfunctionconstructGraphPoint or construct-
Graphinter val accordingto the type of the object. The
function detectCycleperformscycle detectionon the cor
respondinglimensiongraph. The algorithmreturnsTRUE
if nocycleis detected.

A nicepropertyof thisalgorithmis its ef ciency. Consis-
teng/ checkingis simply graphcycle detectionwhich can
easilybedonein lineartime. As in the previoussection et
N bethe numberof spatialobjectsandE be the numberof
spatialpredicatesnvolvedin the conjunctive constraint.

Time compleity = O(N+E);

O(N+E) is the time for cycle detectionin a directed
graphwith N nodesandE edges[$ As we explained
in section2, eachX-graph and Y-graphfor a set of

Algorithm 3 Consisteng checking: conjunctionConsis-
tencyCheck

Input: is a set of conjunctive predicates
Output: TRUE if consistent, FALSE otherwise

conjunctionConsistencyCheckSet of Predicates conjunctionCon-
straint)
Graph constraintGraph = ;
if the constraint is among
constraintGraph = constructGraphPoint (conjunction-
Constraint);
else //the constraint is among
constraintGraph = constructGraphinterval (conjunc-
tionConstraint);
if IdetectCycldconstraintGraph)
return TRUE;
return FALSE;

pointshasat mostN nodesand E edges,andthe di-
mensiongraphfor intervalshasat most2N nodesand
3E edges. Therefore,O(2N+3E)is the upperbound
time compleity for consisteng checkingfor a con-
junctive constraintwhichis the sameasO(N+E).

Spacecomplexity =(N+E).
We canproceson onedimensiongraphat atime, the
spacerequirements alsolinearto thegraphelements.

Since our methodof consisteng checkingis basedon
cycle detectionin the correspondinglimensiongraph,the
algorithm can always detectinconsistentconstraints. The
algorithmthusguaranteeglobal consisteny.

4 Consistency Checking for
Constraints Among MBRs

Conjunctive

In the previous section, we discussedthe dimension
graphsfor conjunctve constraintsamong2D points and
1D intervals,andalsodescribedhe dimensiongraphbased
consisteng checkingalgorithm. In this section,we extend
our dimensiongraphbasedapproacho 2D spatialobjects
approximatecby MBRs. Examplesof 2D spatialobjects
includepolygonregions.

It is commonin spatialdatabaset approximate2-D re-
gionsby minimum boundingrectangles(MBRsyvhich are
orthogonalwith respecto theglobalcoordinatesystem.

By usingMBR approximationyve canusetwo represen-
tative points,namelylower-left andupperright corners to
determinethe correspondingbject. In the restof the pa-
per, we usethe notation of and to representhe
lower-left andupperright cornersof the MBR for arny ob-
ject A. The notationsof and are
usedto representhe x andy coordinatedor the lower-left
andupperright cornersof MBR A.



The directionalrelationshipbetweenMBRs canbe de-
terminedby the relationshipsbetweenthe representatie
points. Table4 shavs the de nitions of thedirectionpredi-
cateshasedon the representatie pointsof the MBR of the
objects.The rst columnof thetableenumeratethedirec-

Predicates conditions

Table 4. Direction Predicates for MBR

tion predicates. The secondcolumn givesthe constraints
that shouldbe satis ed by the representatie points of the
objects.

The dimensiongraphfor eachdirection predicatecon-
tains an X-graph and a Y-graphwhich maintainthe con-
straintsthat mustbe satis ed on the X andY dimensions
respectiely. Thenodesn thesegraphgepresentheobjects
forming the constraints.The constraintaarerepresenteds
directededgesaccordingto the conditionsspeci edin col-
umn 2 of Table4. Similar to the X-graphand Y-graphfor
points, a directededgegoesfrom the nodewith a smaller
valueto thenodewith alargervalue.If thevalueassociated
with two nodesis same thetwo nodesarememgedinto one
node.We introducea new “thick arrow' edgehereto rep-
resentthe new relationshipoof or . If therelationship
betweertwonodes and is , a thickarron' directed
edgeis addedrom to . If therelationshipbetween and

is , a thick arron' directededgeis addedfrom
to . Thedashedarrow is usedfor theintrinsic constraint
betweerthelower-left pointandthe upperright point of an
MBR.

Thedimensiongraphfor aconjunctive constrainis con-
structedby addingthe constraintsspeci ed in eachpredi-
catein the X-graphandY-graph.Figure7(a)and(b) shavs
an exampleof the dimensiongraphfor a conjunctive con-
straintof . Figure
7(c) is a possiblespatialcon guration amongMBR A, B
andC.

Cpe-------

(b) Y-graph

(a) X-graph (c) MBR configuration

Figure 7. Example MBR con guration and its
corresponding dimension graphs, thick ar-
row represents , thin arrow represents

We now describedimensiongraphconstructiorfor con-
junctive constraintsfor MBRs. The pseudo-codef the
graphconstructingprocedures givenin Algorithm 4. For

Algorithm 4 ConstructingGraph for MBR constraints:
constructGraphMbr

Input: is a set of conjunctive predicates
between MBRs

Output: consists of the corresponding X/Y-
graphs.

Graph constructGraphMbr (Set of Predicates conjunctionCon-
straint)
Graph constraintGraph = ;
for each entry conjunctionConstraint
add_a_predicate MBR( , &constraintGraph);
return constraintGraph;

add_a_predicate MBR (Predicate aPredicate, Graph* aGraph )
pointPredicates= ndfromT able(aPredicate);
for each predicate pointPredicates
addNode( , , aGraph.graphX);
addEdge( , aGraph.graphX);
addNode( , , aGraph.graphY);
addEdge( , aGraph.graphY);

eachpredicatein the conjunctionConstrainthe algorithm
invokesthe sub-functionadd_a_predicate MBR to addit
to the dimensiongraph. The basicstratayy of this func-
tion is rst to transformthe MBR predicateinto a point-
predicateset,andthento addeachpoint predicatento the
graph.To accomplishthis, and arein-
voked. Pleasaeferto [11] for thedetailedalgorithm.

Let N bethenumberof objects(i.e MBRs) andE bethe
numberof predicatesn the conjunctionConstraintWe can
summarizehe compleity asfollows:

Time compleity = O(E);

Accordingto Table 4, at most four point predicates
shouldbe satis ed for eachMBR directionpredicate,
and henceat most four edgesaddedfor eachpredi-

cate. Thetime compleity for this algorithmis there-



fore O(E).

Spacecompleity = O(N+E).

The resultingconstraintGrapltonsistsof at most2N
nodesand4E edgesThespaceequirements linearto
thenumbermf nodesandedgesroughly2N+4E,which
is O(N+E).

After constructingdimension graphs for conjunctve
constraintamongMBRs, we cancheckthe consisteng by
detectingcyclesin the dimensiongraphs. Therearethree
possiblesituationsandcorrespondingesults:

Casel: Thereexistsno cycle (constraintpredicatesare
consistent)

Case2: Every cycle consistsof only thick edges(con-
straintpredicatesreconsistent)

Case 3: At least one cycle consists of non-thick
edges(constraimiredicates@reinconsistent)

Casel is obvious. No cycle meanghereexistsa consis-
tentspatialcon guration amongall objects.Figure7 is an
exampleof consistentonstraintavhosedimensiongraphs
containno cycle.

In case2, sinceevery cycle detectectontainsonly thick

edges. Recall that ary thick edge representghe
factthattherelationshipdetween and is™ ', i.e.,either
or couldhold. If welabelall thickedgesas' ',

all thenodesnvolvedin thecyclewill have samevalue.We
canthenmemethis cycle with a big nodeconsistingof all

nodesinvolved in the cycle. The transformedgraphcon-
tainsno cycle, andthe correspondingonstraintis consis-
tent. Figure8 shovs suchanexample.Figure8 (a) is thedi-

mensiorgraphfor constraint ,

it containsacyclewith only thick edgesn theX-graph.Fig-

ure8 (b)illustrateshetransformed-graphaftereachcycle
is megedinto onenode. Thereis no cycle in this resulting
graph.This constraintis obviously consistentFigure8 (c)

is asamplecon guration.

Case3 is easyto understandlf thereis a cycle contain-
ing atleastonenon-thickedge no matterhow we labelthe
thick edgesn thecycle,we cannotremovethecycle. There
mustbecon icts amongcoordinate®f the objectsinvolved
in thecycle,andhencetheconstrainis inconsistentFigure
9 shawvs an exampleof the constraintamongA, B, andC.
Theconstrainis: .
As canbe seenthereexist cyclesin boththe X andY di-
mensiongraphsof the constraint.No spatialcon guration
of A, B, C cansatisfythis constraint.Thusthe constraintis
inconsistent.

Basedon theabore agumentswe cannow describethe
consisteng checkingalgorithmfor MBRs in Algorithm 5.
The algorithm rst calls function constructGraphMbr to

(a) X-graph (b) Y-graph

Figure 9. Dimension graphs for

Algorithm 5 Consisteng checkingfor conjunctve MBR
predicatesMBRconjunctionConsistencyCheck

Input: is a set of conjunctive predicates
Output: TRUE if consistent, FALSE otherwise

MBRconjunctionConsistencyCheckSet of Predicates conjunction-
Constraint)
Graph constraintGraph = ;
constraintGraph = constructGraphMbr (conjunctionCon-
straint);
if IdetectCycldconstraintGraph)
return TRUE;
else if the cycle contains thin edge
return FALSE;
else return TRUE;

constructthe dimensiongraph,andthenusesdetectCycle
to detectcyclesin the dimensiongraph. It returnsTRUE if
nocycleis detectedIf adetectectycle containghin edges,
thealgorithmreturnsFALSE, otherwisereturnsTRUE.

Let N bethenumberof objects(i.e.MBRs) andE bethe
numberof predicatesn conjunctionConstraint.

Time compleity = O(N+E);

The time compleity for cycle detectionis O(N+E).
Checkingthe edgetypein acycle canbedoneby turn-
ing ona ag if thetraversepasses thin edge.There-
fore, this checkingdoesnot require extra time com-
plexity, andthetime compleity is thenO(N+E).

Spacecompleity = O(N+E).

The dimensiongraph consistsof at most 2N nodes
and4E edges.In orderto recordthe edgetype, each
edgemayneedanextra ag, whichwill addanotherE
space.The total spacerequiredis roughly 2N+4E+E,
whichis O(N+E).

5 Consistency Checking for Constraints in
General Format

In the previous sections,we describedthe dimension
graph representatiorand the consisteng checkingalgo-
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Figure 8. Dimension graphs for

rithms for conjunctive constraintsamongpoints, intervals,
andMBRs. In this section,we extendthe dimensiongraph
basecconsisteng checkingalgorithmto constraintsn gen-
eralformat.

Constraintsin generalformat can be transformedinto
Disjunctive Normal Form(DNF), which is a disjunctionof
conjunctionswhereno conjunctioncontainsa disjunction.
Eachconjunctionin the DNF constraintcanbe represented
by adimensiorgraphby applyingthe algorithmconstruct-
GraphPoint or constructGraphinterval. The dimension
graphof a generalformat constraintthereforeis a collec-
tion of all the dimensiongraphsconstructedfrom all its
conjunctions.The numberof graphsets(X/¥graphsor in-
terval graph)is the sameasthe numberof conjunctionsn
the DNF.

(a) before(S,R) and meets(S, L) and overlaps(L,R)

Figure 10. Constraint graphs for (S meets L)
and (S before or metby R) and (L overlaps R)

Figure 10 is an example of the dimension graph
maintaining the constraint of "S meetsL and S be-
fore or metby R and L overlaps R” for intervals
S, L and R. The DNF format of the constraint
is:

. Thetwo
conjunctionscorrespondto Figure 10(a) and (b) respec-
tively.

After constructingthe correspondingdimensiongraph
for theconstraintsthecycledetectiorfunctionis performed
on eachsubgraplrepresenting conjunctve constraint. If
eachsetof the subgraphgontainscycles,the constraintis
inconsistent.If a subsetf graphscontainscycle, the con-
straintcombinationsorrespondingo thosegraphscontain-
ing cyclesareinconsistent.The combinationscorrespond-
ing to thegraphswithoutcyclesareconsistentAlgorithm 6
is thepseudo-codéor consisteng checkingfor generafor-
matconstraintamongpointsor intervals. The consisteng
checkingalgorithm containsthree steps: Normalizing the
constraintgto standardDNF formats; constructingdimen-
siongraphsfor eachconjunctionin DNF; performingcycle
detectionon eachgraph.

Algorithm 6 Consisteng checking:consistencyCheck

Input: is the constraint needed to be checked
Output: TRUE if consistent, FALSE otherwise

consistencyCheciSet of Predicates constraint)
DNF dnfConstraint= normalize(constraint);
Set of Predicates consistentConstraint = ;
for each conjunction dnfConstraint
if objects are MBRs
if MBRconjunctionConsistencyCheck )
add to consistentConstraint;
else if conjunctionConsistencyCheck )
add to consistentConstraint;

(b) metby(S,R) and meets(S, L) and overlaps(L,R)

if consistentConstraint
return FALSE;
return TRUE;

The subfunctionnormalize preprocessethe constraint
andtransformsthe generalformat constraintinto its DNF
format. Secondly the consisteng for eachconjunctionof
the DNF representatiois checledby calling the Algorithm
conjunctionConsistencyCheclor MBRconjunctionCon-
sistencyCheckaccordingto the type of object. If the con-
junction constraintis consistentthe conjunctionto consis-
tentConstraints added. The nal resultof consistentCon-
straintcontainsall the consistentconstraintcombinations,



eachof which represents globally consistentonstraint.

In the exampleof constraintsamongintervals asillus-
tratedin Figure10,theconjunctiondepictedn Figure10(b)
containsa cycleandhencehecorrespondingonjunctionis
inconsistentFigure11 shovs the only consistentonjunc-
tion andoneof its possibleinterval con gurations.

Interval relationship

Figure 11. S meets L and S before R and L
overlaps R)

Let N bethenumberof spatialobjectsandE bethenum-
berof spatialpredicatedbeingchecledfor consisteng, and
CORbethenumberof all possiblecombination®f disjunc-
tive predicatesi.e.,thenumberof conjunctionsn DNF, the
complity of thealgorithmcanbe summarizedsfollows:

Time compl«ity = O(N+E)*O(COR);
Theconsisteng checkingalgorithmfor generaformat
constraintsrst generateshe DNF for the constraints,
andthencalls the conjunctionConsistencyCheckal-
gorithm for eachconjunction. O(N+E) is the time
for consisteng checkingfor a conjunctionconstraint.
Thereforethetotal time boundis O(N+E)*O(COR).

Spacecompleity = O(N+E).
CORdoesnot contributeto spacefactor sincegraphs
canbeprocessedneatatime.

6 Conclusionsand Future Work

In this paperwe proposea new strateyy to processon-
sisteny checkingfor Euclideanspatialconstraintsamong
objects.We usea geometricapproactby incorporatingspa-
tial domaininformation.Dimensiongraphsareproposedo
maintainthe spatialconstraintsamongobjects. Eachcon-
junctiveconstrainis projectedonbothX andY dimensions,
andagraphis constructedor theconstrainon eachdimen-
sion. The spatialconstraintsin generalformat are main-
tainedin a setof dimensiongraphconstructedrom their
conjunctions.By usingthis framework, we transformcon-
straint consisteng checkinginto a graphcycle detection
problemondimensiorgraph.Cycledetectioncanbesolved
efciently with O(N+E) time aswell asspacecompleity,
whereN is the numberof spatialobjects,andE is the num-
ber of spatial predicatesn the constraint. The proposed
approachto consisteng checkingfor spatialconstraintss

fasterwhenthe numberof predicatess muchsmallerthan
andtherearefew disjunctionsin the spatialconstraint.
SincethealgorithmreturnsTRUE if andonly if thedimen-
siongraphof atleastoneconjunctioncontainso cycle, the
algorithmguaranteeglobal consisteng.

In future work, we would like to explore consisteng
checkingamongmixed typesof objects,e.g. consisteng
checkingfor constraintdbetweenpointsandintervals. We
would also like to apply the dimensiongraph basedcy-
cle detectionalgorithmto imagesimilarity-basedmagere-
trieval.
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