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Abstract 

This paper presents DEDALE, a spatial database syst,cm irl- 
tended to overcome some limitations of current systems by 
providing an abstract and non-specialized data model and 
query language for the representation and manipulation of 
spatial objects. DEDALE relies on a logical model based on 
linear constraints, which generalizes the constraint database 
model of [KKRSO]. While in the classical constraint model, 
spatial data is always decomposed into its convex compo- 
nents, in DEDALE holes are allowed to fit the need of pract,i- 
cal applications. The logical representation of spatial dat,il 
although slightly more costly in memory, has the advantage 
of simplifying the algorithms. DEUALE relics on nest,c,tl rrla- 
tions, in which all sorts of data (thematic, spst,ial, etc.) arc 
stored in a uniform fashion. This new d&a model supports 
declarative query languages, which allow an intuitive and 
efficient manipulation of spatial objects. Their forma1 foun- 
dation constitutes a basis for practical query optimization. 
We describe several evaluation rules tailored for geometric 
data and give the specification of an optimizer module for 
spatial queries. Except for the latter module, the system 
has been fully implemented upon the 02 DBMS, thus prov- 
ing the effectiveness of a constraint-based approach for the 
design of spatial database systems 

1 introduction 

The introduction of spatial information in tlatabasc sys- 
tems raises important and specific issues. Apart from pear- 
formancc considerations due to the large volurnc of spatial 
data, the main challenge is the design of data. models gen- 
eral and powerful enough to handle both conventional data 
and spatial objects. The DEDALE system offers a sound data 
model which allows a uniform representation of all sort,s of 
data, and supports declarative query languages well-suit& 
for complex spatial queries. A powerful SQL like query lan- 
guage has been designed. Its advantages over most spatial 
query languages is to be extensible (e.g. no limitat,ion in t,hr 
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dimension) j simple (uon expert users allowed), and indepen- 
dent from t,he physical level and the algorithms (potential for 
query optimization). With respect to standard constraint 
database approaches, the DEDALE: framework offers better 
spatial data modeling, thanks to the nested relations and 
the explicit representation of holes. 

General purpose database management systems (DBMS) 
e.g. relational DBMSs, are not appropriate for storing and 
manipulating spatial data, in particular because of the com- 
plex struct,urc of geometric information and to the intricate 
topological relationships among sets of spatially related ob- 
,jects. Moreover, the costly operations involved in geomet- 
ric object, management seems at first glance to prevent the 
logical-level a.pproach based on simple data structures (e.g. 
relations) m;rnipulated through a limited set of simple oper- 
ations (e.g. relational algebra). The main trend has there- 
fore been to introduce, as additional logical components of 
the database model, carefully designed geometric structures 
associated wi t,h computational geometry algorithms in or- 
der to provide an efficient evaluation of spatial operations 
[TomSO]. 

Partly brcause of their specific implementation of spa- 
tial object management, most of the existing Geographic 
Information Systems (GIS) rely on a strict distinction be- 
t,wecn alpha-numerical dat,a and geometric data. For in- 
st,ancc,, Arc/Info [Mor89] extends an efficient module (ARC) 
for manipulating geometric and topologic information with a 
rc1ationa.l module (INFO) f or manipulating alphanumeric in- 
formation associat,cd with geometric objects. Many research 
models and prototypes favor ad hoc algebras and exten- 
sions of conventional database models with abstract spatial 
data types encapsulating geometric structures and opera- 
tions (see for example [RFS88, OM88, SV89, Giit89, GS95]). 
Even commercia.l DBMS such as Oracle [Her961 and Illus- 
tra [Uhe94] provide in their latest version a separate module 
devoted to spatial data. The common drawback of these sys- 
tems is the lack of uniformity for the representation of data. 

The collstraint, data model, first introduced by Kanel- 
lakis, Kuper and R.evesz [KKRSO] offered a promising para- 
digm for the rcprrscntation of all sorts of data in a unified 
framework. Linear constraints over rational numbers have 
been showu to fit the need of spatial data in the vector 
mode [KF’V95, CK97]. Spatial objects, seen as infinite sets 
of point,s, c,onltl 1~ dealt, with as first class citizens wit,h an 
explicit, rc~1)r(,s(,lit;ttion. This contrasts with the represen- 
tation of spatial objects by their boundary in vector mode 
for instance:, which lead to cumbersome data models with 
ad hor opcrat,ions, and no standard emerging. The funda- 
mental rlifl’crcncc> between the two approaches relies in the 
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explicit definition of the spatial object,s in the data model 
(e.g. a polygon is explicitly the infinite set. of points it con- 
tains versus the implicit definition by the sequence of bor- 
der points). It is uow possible to rmmipulate spat,ial ol>jccts 
through standard set operations (e.g. those of relational al- 
gebra). The user disposes from say an intersect~ion primitive, 
that the system will evaluate differently dcpeudiug upon the 
input. 

The basic idea of the constraint model is t,o represent spa- 
tial objects as infinite collections of points sat,isfyiug first- 
order formulae. For instance, a convex polygou, which is 
the intersection of a set of half-plants, is dcfiucd by t,he cou- 
junction of the inequalities defining each half-plauc. A uon 
convex polygon by the union (logical disjunction) of R set, of 
convex polygons. In the initial framework of [KKRXJ] HII( I 
subsequent publications in constraint dat)al);rses, I he formli- 
lae are assumed to be in disjunctivr normal form (DNF)- 
thus leading to a decomposition of spatial ol)jcct,s into con 
vex components. Although this does not, rest,ric,t the kind of 
spatial objects which can be stored in the dat,al)ase. it forces 
to decompose them into convex component,s while loading 
the database. Such a decomposition increases the size of t,he 
database [GRSS97], but simplifies the subsequent manipu- 
lation of the spatial objects during query evalua.tion. It, is 
still an open problem to know if the trade-off is in favor of 
the convexification of the data. 

Nevertheless, in practice, the increase of the dat,abast: 
size resulting from the convexification can bc, lowered if holes 
are allowed in the data representation. We therefore intro- 
duce a new logical representation (CHNF) which goucralixes 
the classical constraint approach, by allowing spatial objects 
with holes, which can themselves have holes. This new data 
model, offers strong advantages in practice while mairuairi- 
ing a low complexity of the basic operations. 

Finally, the data model of DEDALE provides nonfirst nor- 
mal form relations with one level of nesting. Alphanumeric 
information can be easily represented in unnested attribut,cs 
while one level of set nesting can be used for spatial data. 
Such a model has also been proposed in [BBC97]. 

The solid logical foundations of the data model allows 
the design of declarative query languages, which are not 
application specific, and do not require expert users unlike 
most of the query languages provided in spatial informa- 
tion systems. We follow the trend initiated with constraint, 
databases [PVV94, GST94, KG94], and develop a first-order 
(FO) based algebraic query language with additional func- 
tionalities related both to the particular data st,ructures of 
the model and to some fundamental spatial operators. In- 
deed, it is well known that while FO languages with con- 
straints enjoy a low data complexity [GS97], they suffer from 
a restricted expressive power: For instance, neither topolog- 
ical connectivity nor metric operations such as distance ca.n 
be expressed. Therefore we introduce in the language some 
metric and topological operators which siguificautly increase 
its expressive power, yet preserving the fundameutal feat.ure 
that both inputs and outputs of algebra,ic operators are lin- 
early representable. The result is a. powerful algebra that 
covers most of the classical operations required in spat,ial 
databases. In addition, fundamental geometric striict,urcs 
and operations such as convex hull and Voronoi dia.grarus 
can be expressed in a natural way, as well as some int,ricate 
queries addressing topological relationships. 

A simple SQL like query language is alsO proposed It 
allows the user to write complex spatial queries, ill a tlccl;ira- 
tive mode, without thinking of the algorit,hmic aspects of the 
queries. We illustrate the power of the langliiige t,hrough a 

large list, of queries from GIS, spatio-temporal applications, 
and robot,ics related problems. Queries like “nearest neigh- 
bor” or “visibility” (see section 4) which are usually diffi- 
cult to cxprcss in other languages can easily be expressed in 
l)I:I)AI,E. 

One of the most important characteristics of the DEDALE 
algebra is the fact, that it can be optimized. The optimiza- 
tion of query languages in current spatial database systems 
has been insufficiently addressed. Indeed, in most cases, 
either there is no high level query language (such as in 
Arc/Info) and the user has to write the proper sequence 
of langiiag<~ 1)rimitivcs to be efficient, or the system archi- 
t,ccturc~ is l)asf~(I on the extension of a conventional DBMS 
with gcomct ric, operations, which renders the DBMS opti- 
rnixatiou rrlotlulc obsolete in the presence of spatial criteria, 
Icadiu~, t 0 (lrast,ically inefficient f:xccution plans. We pro- 
pose new c~valiuit,ion techniques which differ from the classi- 
cal ou(‘s ailtl take into account the geometric nature of the 
tlat,a. In part,ic.ular, we show how to recognize patterns in 
queries c,orrc,sl)oli(lirlg to specific problems for which there 
are very efficient, algorithms, such as the convex hull. Spa- 
tial databases a,re usually very large and therefore, evalu- 
at,ing queries is time consuming. To improve the efficiency, 
parallel evaluat,ion of spatial database queries was studied 
in [Ja97]. Beca.use the DEDALE query language is based on 
firsttordrr, it potentially lends itself to a parallel implemen- 
tation. 

DEDALE has been implemented on top of the 02 object 
Dl3MS [RDK92]. In the current prototype, query evaluation 
part,ly relies on the standard O&L [BCD89]. Constraint 
operat,ions that, manipulate sets of points have been fully 
implemented, together with multidimensional access paths: 
this yields a set of physical operations and data structures 
which has already been validated. The implementation of 
the operations of relational algebra over spatial relations 
has been presented in [GRSS97]. A more advanced DEDALE 
query evaluator following the optimization rules and princi- 
ples prescrucd in the sequel is under implementation. 

Two geographic applications run on DEDALE. The first 
one is based on a dataset produced by the French Insti- 
tut,c for Geography, IGN, and the second one from the SE- 
QUOIA project JSFGM93J. The queries presented in section 
4 have been successfully evaluated on both applications. The 
system DI<IULE demonstrates the possibility to build effi- 
cient spatial da,tabasc systems that, unlike the classical ap- 
proach, respect the fundamenta1 distinction between logical 
and physical levels. 

The paper is organized as follows. In the following sec- 
tion, we present, the logical framework for the representation 
of spatial data with holes. Section 3 introduces the DEDALE 
nested da.ta model, together with the algebra. The user 
query language, along with some queries which illustrate 
the power of the language in the context of various applica- 
tions, is described in Section 4. The architecture of DEDALE 
is preseutctl in Section 5, with guidelines for the design of 
specific opt,iniization rules for operations on spatial data. 

2 Logical manipulation of spatial data 

In this section, we present a logical framework for the repre- 
sentation of sljatial data, modeled as infinite relations which 
admit, a fir1it.c representation in terms of first-order formulae, 
and tlefinc rc~lational algebra operators on spatial relations. 

We consider a very general framework for spatial data, in 
which data is modeled as infinite sets in the rational space. 
For r~xample, a polygon in the plane is seen as the infinite 
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set of points of @ inside its frontier, and a 3-dimensional 
pyramid is seen as the infinite set of points of @ inside its 
facets. 

At this abstract level, spatial data consists of infinite re- 
lations over the universe of the ra.tional numbers Q. Thcsr 
infinite relations can only be described a.nd manipulated 
through a finite representation. Following the t,rcAnds of con- 
straint databases [KKRSO], we use first-order logic to rep 
resent the relations of interest, and define a sl/mbol%c Ic~cl 
of representation. We distinguish clearly between the inten- 

sional representation of a relation at the symbolic level, and 
its extensional interpretation at the abstract, lrv~l. 

We consider linear constraints in the first-order language 
L: = (6, +} U Q over the structure & = (Q, 6, +, (g)(,t~) of 
the linearly ordered set of the rational numbers with rational 
constants and addition. Constraints are linear equations 
and inequalities of the form: Cr=‘=, odZ .x,(!no, where 0 is a 
predicate among = or 6, the Z,‘S denote variables a.nd t,hc 
aL’s are integer constants. Note that, rational constants can 
always be avoided in linear equations and incqualit,ies. The 
multiplication symbol is used as an abbreviation, ~L,z! stands 
for zz + + .ci (a, times). 

Let g = (R.1, , R,} be a database schema such that, 
L: fl D = 8, where RI,. , R, are relation symbols. We dis- 
tinguish between logical predicates (e.g., =, <) in L: and rela- 
tions in r~. Linear constraint relations are defined as follows. 

Definition 1 Let S C @ be a Ic-ary relation. The relation 
S is a linear constraint relation if there exists a formula 
‘~(“1,. ,ek) in C with k distinct free variables ~1,. , oh 
(called a representation of S) such that: 

& + VXl Xk(S(X1,. , Xk) ++ ‘p(n). ) XL)) 

The class of linear constraint relations constit,utcs a ra- 
ther drastic restriction over the class of all infinite relations 
over @. This restriction is necessary to ensure reasonable 
query complexity and is sufficient to encompass spatial data 
in computational geometry, GE, etc. as it has alrea.dy been 
widely demonstrated in the literature. 

More drastic restrictions have been traditionally imposed 
in constraint databases [KKRSO]. The first one is to repre- 
sent relations by quantifier free formulae. This restriction 
is harmless, since for each formula, there is an equivalent 
quantifier free formula, which moreover can be constructed 
effectively. Therefore each spatial object can be represented 
by a quantifier free formula. The rationale for the quantifier 
free representation is the resulting reasonable query con- 
plexity. The second restriction enforces the formula to be in 
disjunctive normal form (DNF). This restriction is harmless 
as well, since each formula can be put, in DNF, and again 
the motivation is complexity. 

A DNF formula 1p z @=, &, ‘pl,] is seen as a 
generalized relation, that is a finite set of generalized tuples, 
which are conjunctions of atomic formulae ‘pZ,,7 

The representation in terms of DNF formulae enforces a 
specific view of spatial objects. Indeed, trach relation is the 
union (disjunction) of a finite set of convex objectas (gencr- 
alized tuples). In terms of 2-dimensional applications, this 
implies for example that polygons must, be decomposed into 
convex component polygons (convexified). We call the pre- 
vious restriction the convex normal form. 

Figure 1: R.epresentation of a polygon with hole 

Agaiu note that the convexification doesn’t restrict the 
class of spatial objects that can be represented, but imposes 
a transformation of the objects prior to their manipulation, 
namely decomposition into convex components. 

We generalize t,his restriction, motivated both by its log- 
ical siml)licity and its algorithmic efficiency, to a represen- 
tation of objrcts with “holes”, a situation frequent in many 
spatial applications. 

Definition 2 A formula is in the convex with holes normal 
form (CHNF) if it is either quantifier-free in DNF, or it is of 
the form F - F’, where F and F’ are two formulae in CHNF 
of the same arity, and - is the set difference (i.e. A 7). 

Figure 1 shows how a spatial object can be represented 
by a formula either in DNF or in CHNF. In DNF it is seen as 
the union of the four polygons pl , pz, ~3, p4 while in CHNF 
it is seen as t,hr outside polygon pl minus the inner one pz. 

A (database) instance (of u) is a mapping which asso- 
ciat,es to each k:-ary relation symbol R in (T a linear con- 
straint relation of arity Ic. 

We havo exhibited above two views (normal forms) of 
the relations at the symbolic level. We now consider rela- 
tional algebraic operators applied to linear constraint rela- 
tions, and their variants depending upon the normal forms. 
We consider the algebra introduced by Codd for finite rela- 
tions [Cod70], in the case of infinite relations, i.e. operators 
a.pply to any relation, whether it is finite or infinite. We re- 
fer to this a.lgebra at the abstract level over infinite relations 
as the abstract algebra. 

It was shown in [GST94] that the abstract algebra is 
equivalent to first-order logic over the class of linear con- 
straint databases. The proof is quite similar to that of the 
equivalence of the classical relational algebra and calculus 
over finite structures. The combination of selection and 
Cartesian product can yield complicated forms of selections. 

For ea.ch of the three symbolic representations (quanti- 
fier free formulae with no normal form assumption, DNF 
and CHNF formulae), we consider a symbolic algebra, with 
operators applying to formulae representing possibly infinite 
sets, and which return formulae of the same symbolic repre- 
sentation. The effect of the operators on formulae emulates 
their effect on infinite relations. 

In the case of the DNF representation, the algebra was 
presented in pa.rticular in [GRSS97]. Briefly, the union of 
two relations is the relation represented by the conjunction 
of their corresponding formula, their intersection is repre- 
sented by the pairwise intersection of their convex compo- 
nents, and projection uses the Fourier-Motzkin algorithm 
[Sch86]. 
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We introduce below the symbolic algebra for the CHNF 
representation. The algebra contains the following opera,- 
tars, n, U, x, g, r, -, and p. Let FI = a-tr’ and F2 = p-p’ 
be two formulas in CHNF, where o., cy’, p ant1 fi’ are CHNF. 

i. FI n Fz is defined recursively by (o n 8) - (n’ U {j’). 

ii. Fl x Fz is defined recursivply by (n x 13) - ((0 x 0) ?J 
(P’ x (1)). 

iii am is definrd recursively by np((I) - (1’. 

iv. F1 U 5’2 is defined recursively by itu U $) - [(cl’ U /?) ~ 
((Q’ n p) u (u. n p’) - cli’ n [?‘)I. 

v. FI - F2 is defined recursively by (o - ru’) - (/j - 0’) 

vi. n, Fl is recursively calculated using an algorithm 
slightly more complex than the Fourier-Mot,xkin one 
but still quadratic when eliminating one variable. The 
output is (~5 a) - y where y is obtained by computing 
the intersection point,s of a and 0, and (Jxtracting those 
which are pa.rt of t,he boundary of y. 

We have studied the complexity of the operations in great 
detail. It differs from that of the algebra for the convex nor- 
mal form (DNF). One can easily show t,hat union, int,erscc:- 
tion, Cartesian product, and projection are quadratic, while 
selection is linear and set difference is constanf, tima (sirn- 
ple formula manipulation). Under the DNF reprrsentation, 
the complexity of union and set difference are inverted, that 
is union is constant time, while set difference is quadratic. 
At this stage, there is no reason to prefer one representation 
over the other, apart from the frequency of holes in the data. 

3 Spatial data models and languages 

In this section, we present the data motlcl implemented in 
the DEUAIX system, and the foundation for a spatial qur’rj 
language. The represent,ation of spatial data is based on the 
logical framework described in the previous section. 

Data is stored in non-first normal form r&tions [Ul188], 
to allow the manipulation of infinite sets of points as first 
cla.ss citizens. One level of set nesting is sufficient, to achieve 
this goal. Spatial objects are typed ob,jects, built from 
atomic ob.jects (constants and rational numbers) using the 
set and tuple constructors. We assume the existence of an 
infinite set of attribute names Att, and consider two ntom,rc 
typ(<s, rational, Q, and constant, U. Let D be an infinite set, 
of atomic constants of type U. The complex types and their 
domains are defined as follows. 

i. {Q”} is a set type (of arity Ic) with domain the set 
dorn({Q!“}) of k-ary linear constraint relations. 

ii. If Tl, . . . . T, are atomic or set types, and Al, ._.) A,, are 
attribute names, [AI : TI, . . . . A,,, : T,,] is a. tvple type 

with domain : dom([Al : Tl, . . . . A,, : T,,]) = (I.4, : 
al, . . . . A,, : un]lai E dom(T,)}. 

iii. If T is a tuple type, {T} is a relatrora t~/l/‘: with domain : 
dom({T}) = pf(dom,(T)), where f,,.(S) denotes the, 
set of finite subsets of S. 

In the sequel, a relatzon will denote an object, of s~mr 
relation type, and a set an object of some set, type. This 
distinction is fundamental. Note that rt:lat,ions arc finite, 
while sets might be infinite. Note that non-ncst,c~tl leht7,~rl~S 

with exclusively rational attributes can also b(A sem as .srt,s. 

For simplicity, in the type definition, we did not distin- 
guish between distinct non-rational atomic types, such as 
string, color, etc, that are used in the examples. An exam- 
ple of a relation type for geography is ground-occupancy, 
GO. 

GO = { [ name : string, ground-type : string, 
owner : string, geometry : {Q”}]} 

R.elat,ions admit a symbolic description which general- 
izes t,hc first-order formulae of the previous section. The 
la.ngua,gcl contains distinct sorts of variables corresponding 
to the types U, Q, and {Q”}, Variables w of type U occur 
in atoms of t.hc form 21 = a, where a E D, variables of type 
Q in 1inca.r constra.ints, and variables t of type {Q”} in ex- 
pressions of the form: t = (1~1, x2, . . . . z~]~P(E~,x~, . . . . z,)}, 
where the .c7’s are variables of type &. 

An example of a spatial relation of type GO is given on 
figure 2. 

Figure 2: Example of GO 

The symbolic representation of the previous relation 
(with t,he gcaometry in DNF) is given by the following table. 

WC: now introduce the dedale algebra which extends rela- 
t,ional algebra with operators for the specific types of dedale. 
The algebra contains a Tuple constructor [ul, . , ok] that 
builds t,uples (of tuple type) from objects 01, , ok of atomic 
or set types. 

We distinguish between valid and invalid tuples. A tuple 
is lialad if its attributes of set types sre non empty sets, 
and invalid otherwise. Invalid tuples are discarded. The 
intuition behind this semantical choice relies on the fact that 
the space is stored in the sets, and an object, with empty 
space is consitlrrcd as void. 

For each natural number i, there is an attribute projection 
t.i that ext,ract.s t,he ith attribute of a tuple, t, if t is valid, 
and is undefined otherwise. For example, if t = [3,0, (1,2}], 
and t’ = [3,0, {}I, then t.1 = 3 while t’.l is undefined. Note 
that the tuplc projection is a non-trivial operation, which 
relies on a c~mpty-set test. Testing the emptiness of the sets 
can rcquirr SOIIK costly computation. The empty tuple (i.e. 
tuple of arity zero) is denoted by [ 1. Sets (of set type) are 
constructed using the set operator, {Z(cp(~)), where Z is a 
tuple of rational variables, and cp(Z) is a formula. Sets can 
equivalent,l,y he constructed algebraically from @ Singleton 
relations arex constructed using the relation constructor, {t}, 
from a t,uple b. 

The alg(‘bril contains the following Boolean constants. 
113~2 is tlenotcxtl by { [ ] }, and False by { }. 
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l emptiness test, 8’, is modeled by 0”(R) = True if the 
relation or set R is empty, and S?(R) = False, other- 
wise. Note that because of the definition of True and 
False, 0? is idempotent over { } and { [ ] } (True a.nd 
False). 

l membership test, E’, defined between objects a of type 
T, and objects A of type {T}, is modeled by CLE”A = 
True if a is an element of A, and ~E’A = False oth 
erwise. 

Let E(X) be any algebraic expression, wit,11 a variable 
X. Then XX.E(X) denotes a function. For instance; let. S 
be a variable of type [V, {Q”}], then 

XX.[X.l,{[2,y]][z - l,y - l] E X.2}] 

denotes a function which performs a translation of the ge- 
ometry. 

The dedale algebra contains the following operations. 

set operations: union, U, intersection, n; and set dif- 
ference, -, apply to pairs of inputs of the same set or 
relation type. 

Selection, UF, applies to inputs of relation or set type. 
F is an atomic constraint over variables corresponding 
to the attributes given by name or position. This con- 
straint is either of linear form (e.g. 4X + 31’ = 2), or 
a set membership constraint (e.g. X E S). 

projection, 7r, applies to inputs of set or relation type. 

Cartesian product, x, applies to pairs of inputs of ei- 
ther both set types or both relation types. 

Restructuring, MAP applies to inputs of relation type. 
If E(X) is an algebraic expression of tuple type T’, 
with a tuple variable X : T, and R is a relation of type 
{T}, then MAPxx.E(x)(R) defines the relation of type 
{T’}, in which each tuple t of R, has been replaced by 
E(t). 

unnest applies to inputs of relation type with a nested 
attribute, and produces as output a set or a flat rela- 
tion by unnesting each tuple (not always definedi). 

unionest, applies to inputs of relation type with a 
nested attribute i. unionesti(R) replaces the tuples 
of R having the same values for all attributes other 
than i, by a single tuple having the same value for all 
attributes but i and for i the union of all the corre- 
sponding values of the i. attribute. 

Unless otherwise specified, the interpretation of the oper- 
ations on inputs of set type corresponds to the semantics of 
the operations on linear constraint relations as presented in 
Section 2, and the interpretation on inputs of relation type 
corresponds to the semantics of classical relational algebra 
over finite relations. Note that the two semantics coincide 
at the abstract level. 

We next consider a list of useful operations that are de- 
finable using the primitive operations introduced above. 

‘The operation vnnest is defined when its output, is finite (rela- 
tion), 01’ when all attributes are of type ‘2 (set). 

0 n.est applies to inputs of relation or set type; its out- 
put is of relatzon type. The attributes which are to 
bc nested have to be of type Q and independent’ of 
the ot,her a.ttributes, and the result must be of finite 
cardinality (undefined otherwise). Let 1 = {ir, . . . . ik} 
be a set of such attributes in a relation R, and J = 
{,$, ...l,jk~} be the set of the other attributes of R. 

nest/ CR) = MAPAY.[Y.J~ ,.../ ~.1~,,n,u(,~=~.~)~~~( R CR) )I 

. comphnent, corn&(R), applies to inputs R of relation 
type. It, replaces the attribute i which is of type {Qk} 
by its complement. Let .7 = {ji, . . ..jkl} be the Set Of 
the other attributes of R, 

compl,(R) = MAP XX[X.j~,_.., X.)b,,Qk-X.i](R) 

l rntemest is similar to unionest but computes the in- 
tersection of the attribute i values instead of the union 
for union& 

internest, = compli(unionest,(compli(R))) 

For convenience, we also introduce a Boolean selection. 

0 Boolean selection, fr’,u, applies to inputs of relation 
or set type. F is an atomic constraint. cr?~(R) = 
0”0’g~(R). So c?F(R) = True if cry is not empty. 

The primitive operators introduced above realize the ba- 
sic set operations over nested objects. They are powerful 
enough to express many useful spatial operations, but im- 
portant topological and metric properties cannot be defined 
in this restricted setting. 

We propose to include new operators in DEDALE with 
the followiug two requirements. First, the language must 
be lznear, tha.t is it should be closed for the relations we 
consider. Essentially, we have to preserve the linearity of 
the sets. Second the complexity of the queries should be 
tractable in practice. The following new operators respect 
those two requirements. 

We first introduce the following two fundamental geo- 
metric operators, axis and median. For simplicity, we re- 
strict our attention to 2 dimensions. Note that they can be 
generalized easily to higher dimensions. 

l arzs, azis({pi}, {pz}, {ps}), where the pi’s are points 
defines 

- undefined if pl = p2 
- the line including pr and pz if ps is on the line, 

and otherwise 

~ the half plane delimited by the line pi, p2 which 
contains ~3. 

l median, m.edian({pl}, {p2}, {ps}), where the pz’s are 
points defines 

- undefined if pi = p2 
- the median of pi and p2 if ps is on this median, 

and otherwise 

“A set of attrihrltes I is independent from another set of attributes 
.I 111 a mlation OL‘ a set R, if I f? J = 0, arid there is a formula up 
rep~esmt,ing R, such that no attribute of I occurs with an attribute 
of J irl a constl‘aint of ‘p, 
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- the half plane delimited by the median of pl and 
pi which contains ~3. 

4 The User Query Language 

Both axis and median. apply on triplp of singleton s(%s 
cont,aining points. Their output is a set. They can be used 
in combination with the MAP operator to c!xprc:ss compl(~x 
queries. 

The language with the previous operators is linc,a.r. Iu- 
teresting queries can be expressed such as the convex hull or 
the Voronoi diagram. The convex hull of a finite collection’ 
of points R : { [{ @}]} is definrd as follows. 

This scctiolr presents the user query language of DEDALE, 
along with some examples of queries. This language meets 
two requirements. First it hides as much as possible the 
underlying complexity of the data model. In particular the 
rules related t,o typing restrictions and to the nested struc- 
ture are transparent to the end-user. Second the language 
has a direct, a,nd easy translation towards the DEDALE alge- 
bra., thereby allowing the design of an optimizer generating 
efficient evaluations. 

where trlanyle(X.l,X.2,X.3) = clzis(.Y.l,S.2,.~.3) 
n cr.cis(s.1, 5.3, X.2) 
n o,:r~i~(X.3, .Y.2, .Y.l). 

Our language relies on an SQL-like syntax. It contains the 
following components: 

The Voronoi diagra.m of a finite collection of points II’ 
{[{Q”}]} d fi d f 11 is e ne as 0 ows. 

internestzMAPx,t-[x I,~,~~~~~~(x.I,.~- 2, x 1)1(11 x R) 

i. Algchraic, operations that operate on sets (i.e. spatial 
objcct,s) (see Table 1). 

For metric properties, a great care is due to guaranty our 
t,wo objectives of linearity and feasibilit,y. Indeed, a circle 
around a point can easily be defined with an unrestricted use 
of distance. Moreover, unrestricted selection conditions wit,11 
distance might express arbitrary polynomial conditions. Let 
d : @“” + Q be the Euclidean distance in @ WC allow the 
following Boolean use of distance between two k-ary srt,s R 
and S which preserves linearity and feasibility. 

ii. The limit,rd set of primitives which have been intro- 
tlucetl in t,he DEDALE algebra to augment its expres- 
sivc powrsr, namely, AXIS, MEDIAN, DIST, and CON- 
NECT?. 

iii. Macro-operations which simplify the expression of the 
most common spatial data manipulations. 

Note that macro-operations are simple shortcuts for com- 
plex algebraic expressions, while primitives may be consid- 
ered as external functions with respect to the algebraic op- 
erators. 

l distance, g’dea (R, S) = True if d(pl , py)@o holds for 
some pl in R and some p2 in S, and False otherwise, 
where 0 is a predicate and cy E Q. 

Regions of the relation R : {[U, {Q,” }]} at, dist,n.nce (v from 
a given region T : {Q2} are defined as follows. 

Table 1 gives the list of algebraic operators introduced 
in t,hc language. We use the following notation: g1 is any 
attribute of set type {Q”}, zi is one of its projection, (pi 
is the i”’ attribute of a relation R, and i, denotes the nfh 
input argumciit 

Syntax 
oi INTER g2 

.JNION g2 

The previous example illustrates the use of the Boolean 
functions together with the invalid tuples. For each tuplc 
[tl, tz] of R, if the region t2 is at distance a from r, t,hcn the 
tuple is mapped to itself, and otherwise to an invalid tuple 
ItI> { >I, 

Important topological queries are not expressible with 
the previous operations. Note that a,s long as linca.rit,y is 
concerned they can be freely added to the algebra. Indeed, 
the extension of the present algebra with any topo1ogica.l 
operator is linear. We therefore suggest t,he addition of an 
operator for connectivity. 

l connectivity, connect(R) = true, if R C @ defines 
a topologically connected region, and connect(R) = 
False otherwise. 

It can be verified that the evaluation of DEDALE queries 
defined with all the operators introduced above can be done 
in polynomial time. 

Algebraic equivalence 
91 r-l Q2 
91 u 92 

t 

91 1 
g, CROSS g2 91 x Q2 

MINUS g2 91 - Q2 .- ‘---‘H (F) flF(!?) 

Table 1: syntax of algebraic operations 

In addition, we will use a Boolean version OP’? of each al- 
gebraic opera.tor, simply defined as OP(...) IS NOT EMPTY. 

The macro-operations are the following. It is easy to ex- 
press MIN and MAX in the DEDALE algebra (although not 
always defined). The expression of TRIANGLE was given in 
section 3. The algebraic expression of the macro-operations 
ADJACENT, BOUNDARY and VERTICES can be found 
in [DGVG97]. BOUNDARY outputs the boundary of a con- 
nected region, and VERTICES the vertices of a connected 
region. 

Loosely speaking, the select . . . from . . . where struc- 
ture can bc seen as a convenient way to express the MAP 
operation. Inva.lid tuples are rejected in the 
select . . . from . . . where as in the MAP operation. Alge- 
bra.ic expressions on sets of points can be freely introduced 
in each clallsc in order to define complex spatial queries. In 
that cast, csithcr the spatial attribute is manipulated as a 
whole losing t,hc attribute projection (e.g. o.geti), or the op- 
eratlon ~SCS some particular variable (coordinate) which is 
simply deixhd by 21, 22, . , xk. 
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4.2 Example of queries 

The user language is now illustrated using a small sample 
of queries. There is no commonly accepted set, a typical 
spatial queries. For our sample queries choice, we follow 
the classification of [Giit94], which distinguishes (i) Spati,c~I 
selection (point query, windowing, topologzcnl queries), (ii) 
Spatial join, (iii) Spatial function applrcatron (clipprng for 
instance), and (iv) some other va,rious set opera.tions inclutl- 
ing fusion, nearest neighbor, etc. We also give more complex 
queries illustrating the ability of DEDALE t,o handle spat,ial- 
temporal and complex geometric operations. 

V. 

For each query, we give both its expression in the DEDALE 
algebra, and in the user query language. In the following the 
database schema is {GO, Cities, WateTpoin.ts, Forests, La- 
kes, Roads, Abbeys}, where GO stands for ground occupa.ncy, 
each relation having the simplified schema {[name : U, gee : 
{Q2}]}. For Cities, Waterpoints, and Abbeys. the geometry 
is assumed to be a single point. 

Water-points south of Orange (spatial join with a di- 
rectional condition) 

The strategy is as follows: project Orange on its y- 
coordinate (denoted yrange), then take Water-points 
whose y-coordinate is less than at least one value in 
y/7’ungr. 

~~~~~AX[X.1,X.2Xa~ =1<=!2 cnz2 (X.2)XTz2 bwl(R) 

whcrc R = Waterpoints x uname=~~range~ (Cities) 

select w.name, w.geo 
from w in Waterpoints, c in Cities 
where c.name = ‘Orange’ 
and RESTRICT?(PROJ (w.geo) ON (~2) 

CROSS 
PROJ (c.geo) ON (~2)) 

WITH (zi < ~2) 

i. Which parcel contains the point (cl,, h) (spatial selrc- 
tion) vi. Waler-pm& less than 1KM from Orange 

MAPAX[X.1,X.2X07 sl=“As*=b(xY aI 

The u&EaAzz=b expression simply denotes an empti- 
ness test on the result of the cr operator: if the result 
of the selection is false, (T? returns an empty set, there- 
fore the cross product with X.2 is also empty and the 
corresponding tuple is invalid. 

~~4X[X.1,X.2X07 d,st<,llcm,(X.2,X.4)j(Wate~points x 
u’name=‘~range’ (Citie.5)) 

select w.name, w.geo 
from w in Waterpoints, c in Cities 
where DIST (wgeo, c.geo) < “1KM” 
and cname = ‘Orange’ 

select onarne, o.geo vii. 
from o in GO 
where RESTRICT? o.geo WITH (~1 = n A 2% = b) 

Note that the expression of other spatial selections 
such as windowang would be similar. 

ii. Give the part of the parcels in GO con.tained rn a given 
rectangle (clipping) 

Nearest water-point from each city 

An intuit,ive solution to this problem is to select the 
wa.tcr-point(s) whose distance with respect to city c 
is minimal by computing the distance between two 
points, a functionality which is not in the query lan- 
gua.gr (see Section 3). However this query can be ex- 
pressed in DEDALE as follows: given a city c, the near- 
est water-point wi is the one whose Voronoi polygon 
contains c, that is such that for all water-points ~2, c 
lies in the half-plane defined by the median of (WI, 202) 
and containing WI. 

select o.name, o.geo INTER rect 
from o in GO 

MAPxx,f(x)(Cities x Waterpoints) 

with .f(-7,‘) = 
iii. Parts of roads within a forest (spatial join) 

MAPxx[x.l,x.znx-.4](Roads x Fowsts) 

[x.1, x.3, x.4 x 0?0?(X.2n 
ninterncstl(MAP~~,,(y)(Waterpoints))] 

select r.name, r.geo INTER f.geo 
with ~(1’) = [median(X.rl, Y.2, X.4)] 

from r in Roads, f in Forests 
select c.name, wname, wgeo 

iv. Parcels adjacent to a lalce (spatial join with a topolog- 
ical condition) 

from c in Cities, w in Waterpoints 
where c.geo INTER? GROUP-INTER ( 

select MEDIAN(v.geo, w.geo, v.geo) 
from v in Waterpoints) 

MAP~x[x.1,x.2XAd3acent?(x.2,x.4)](GU x La,kes) ON al 

select o.name, o.geo The a.bove expression defines for each city, the Voronoi 
from o in GO, 1 in Lakes polygon associated to each water-point. A naive evalu- 
where Adjacent? (o.geo, lgeo) ation would be far from optimal. Fortunately, it is pos- 

sible to obtain an efficient evaluation strategy thanks 
to the optimization rules presented in Section 5. 
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Vlll. 

ix. 

X. 

Give roads that come across the roman abbeys region 
in Provence 
By definition, a point is in the abbeys region as soon 
as it is contained by a triangle defined by three abbeys. 
The following expression defines the query. 

where f(X) = 

[X.1, X.2 n unionnest (MAPxY.[T. 17irlaglr(Y.%,Y.4.).Ci)l 
(Abbeys x Abbeys x Abbeys))] 

select r.name 
from r in Roads 
where r.geo INTER.? GROUP-UNION( 

select Triangle(al.geo, a2..geo, a3geo) 
from al in Abbeys, 

a2 in Abbeys, 
a3 in Abbeys) 
ON al 

Observe here again that a naive evaluation would com- 
pute the Abbeys convex hull for each road: once more 
one can use a better strategy by a clever rewriting of 
the query during the optimization phase. 

Give the boats which will be less than 10 KM from St 
Malo on Monday 22/09/97 

This query as well as the following one is related to a 
spatio-temporal application. In this first example, ob- 
jects are mobile, while in the foIlowing one the world 
is evolving. The query selects mobile objects, boats 
whose locations are changing with time. The schema 
of the relation Boats is {[name : U, traj : {&“}I}. 
The third component of the traj attribute denotes the 
time. 

mM-W,~,f(~)(Boats x uname=‘St M~,.w (Cities)) 

with 

f(X) = [X.1, &st<lOkm( K1:1,22(u23=122/09/971 (-y.211, 
X.4)1 

select b.name 
from b in Boats, c in Cities 
where DIST ( PROJ(RESTRICT b.traj 

WITH (za=‘22/09/97’)) 
ON (xl, x2), 

c.geo) < ‘10KM’ 
and cname = ‘St Malo’ 

Display couples of harbors which are connected by a 
15m-depth channel on 22/09/97 at 6pm. 
The sea is modeled as a 4-dimensional object. Its 
schema is {[name : U, shape : {Q”}]}, the third co- 
ordinate of shape represents the depth and the fourth 
one the time. 

~l,~kfAZ&f(~)(Sea x Cities x Cities) 

with 
f(X) = [X.3,X.5,Connect?(X.4 U ?1.6 U nr,,& 

~~4=‘22/09/97.18’Azg>‘lSm’ (-r.2)))1 

xi. 

select cl.name. c2.name 
from s in Sea, cl in Cities, c2 in Cities 
where CONNECT? (cl.geo UNION 

c2.geo UNION 
PROJ (RESTRICT s.geo 
WITH (zs >’ 15m’A 

x4 =’ 22109197 : 18’)) 
ON (XI, x2)) 

Note that the CONNECT? primitive allows Boolean 
queries such as Is this region connected?, but not to 
output information regarding the connected compo- 
nents of a region. 

Gz,ven a region R with holes, and a source point S, give 
the subregions of R which are visible from S. 
This query is similar to the Art Gallery problem: given 
a room modeled by a non-convex polygon with holes, 
which part of the room is covered by a guard located 
at point p inside the polygon? 

We assume that R and S are of set type {Q”}. The set 
of vertices of R, as well as its boundary are definable 
in IIFXMLE. We assume that they have the same set 
type a.s R. 

The strategy for computing the query consists in (i) 
drawing astraight line from S to every point in 
vertices(R), (ii) computing the set I of intersection 
points between each straight line and the boundary of 
R and (iii) keeping the triangles created from S and 
couples of points in Z U vertices(R) that lie entirely 
in R. The algebraic expression is decomposed below. 
First we define the set I. 

I(R, S) = unionnestlMAPxxf(x)vertices(R) 

with 

f(X) = [azis(S, {[X.1, X.2]}, {[X.l,X.2]})nbo~ndary(R)] 

Then compute the triangles. Z(R, S) is a finite set. Let 
J(R, S) = Z(R, S) U vertices(R). 

Triangles(R,S) = MAPxx,g(x)(J x J) 

with ,9(X) = (triangle(S, {[X.1, X.2]}, {[X.3, X.4]})] 

Finally the visible subregions of R are computed as: 

Visible(R, S) = MAPxx[x,lxe?(x,l-R)l(Triangles(R, S)) 

select Triangle(s, pl, p2) 
from pl in J, p2 in J 
where Triangle(s, pl, p2) Minus? R 

Where .J is defined by : 

Vertices(R) UNION GROUP-UNION ( 
select (Boundary(R) INTER 

AXIS(s,v,v) 
from v inl;;tices(R))) 
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5 Query processing in DEDALE 

In this section, we present the architectural framework of 
the currently implemented prototype, with a strong focus 
on the various modules involved in query optimisation and 
evaluation. We illustrate this core functionality upon some 
of the queries of Section 4. These examples show how logi- 
cal expressions which express in a declarative wiry c~ornplcx 
geometric operations ca,n be translated towards an eflicicnt, 
evaluation. 

Classical techniques tailored t,o spat,ial queries are (XX- 
hibitetl: access path selection, query rrwrit,ing and t,ra.usla- 
tion from a logical expression to a physical query execution 
plan (QEP). We then introduce some more intricate queries. 
They naively express geometric: operations which can be rc- 
lated to fundamental structures of computational gcomctlr,y: 
convex hull and Voronoi diagrams. Thanks t,o rewrite rules 
and pattern recognit,ion mechanisms, such queries can bc 
identified in DEDALE, and thus processed cfficicnt,l,y. 

5.1 Architecture 

DEDALE has been implemented on top of t,he Cr Database 
Management System [BDKSB]. It relies as much as possible 
on 02 existing modules, and in particular standard OQL 
evaluation is used for the part of queries on relational-like 
attributes. Howcvcr, for the query evaluation mechanisms 
related to spatial data, DEDALE provides its owu set of prim- 
itives, algorithms and access paths. Figure 3 illustrates the 
architecture of the prototype. It consists of the following 
components: 

i. 

ii. 

111. 

iv. 

A Graphical User Interface (GUI) which allows to 
query the database with parameters such as points or 
rectangles, and to display query results including maps 
and other thematic data. 

The DEDALE optimizer composed of the following motl- 
ules: (i) the lexical and syntactical analyzer of a query 
which requires the access to the data dictionary st,ored 
in the 02 database, (ii) the semantic analyzer whic,h 
transforms an algebraic expression into a near-optimal 
query execution plan. 

The query processor. It controls the split of individual 
operations in the QEP as follows: atomic attributes 
are processed through standard OQL evaluation, while 
spatial data is retrieved via multi-dimensional access 
paths and processed by functions of the constraint en- 
gine module. 

The 0s DBMS providing data storage and schema in- 
formation. 

Except for the optimizer which is under implementation, 
all the components of this architecture are already avail- 
able. In the current implementation, query processing relies 
on OQL standard evaluation. The first objective was to val- 
idate the choice of a representation with constraints as well 
as the primitives for constraints manipulation which are car- 
ried out through function calls in OQL. This work has been 
described in [GRSS97] where a detailed description for the 
various algorithms involved in constraint manipulation were 
given. 

Since O&L is not aware of the specific semantics of 
DEDALE algebraic operators, the current implementation 
yields non-optimal processing for queries i,hat mix atomic 
and point-sets attributes. In addit,ion, the, 1ac.k of spatial 
indexes in 02 makes it, difficult to tailor the st,andard OQL 

DEDALE 

“: ,... I 

ic Semantic 

I anll _ is\ ‘,Analysm 

\ 

Figure 3: Architecture of DEDALE 

evaluation for DEDALE queries. A new query optimizer, im- 
plementing t,hc evaluation principles presented below, will 
supply an a.clequate tool for an efficient processing of queries 
in DGIIALE. 

5.2 Acces paths and physical primitives 

DBMSs should provide access paths to data. This is usually 
fulfilled by physical access schemes such as B-trees or hash- 
ing provided by the system. For multi-dimensional data, 
many structures have been proposed, such as the 
R-Tree [Gut841 and its variants [SRF87, BKSSSO]. Unfor- 
tunately, most, of these structures rely on efficient clustering 
mecha.nisms, a feature which is difficult to handle in DEDALE 
since we build the system on top of the 0s system. 

Therefore we arc currently evaluating two different 
schemes. First, a variant of the R-tree, the R*Tree [BKSSSO], 
has been implemented and stored as an 02 object. Clus- 
tering, although not completely satisfactory, is partially ob- 
tained through some heuristics during insertion. The second 
approach follows [SGR96]. It proceeds in two phases: a sim- 
ple grid [NHS84] is first constructed, then linearized. The 
linear ordered cells are then automatically structured as an 
02 B-Tree. Such an approach, advocated in numerous pa- 
pers [AS83, Sa.mSO, Gae95], allows to take advantage of the 
DBMS native clustering mechanisms and possibly of some 
of the optimization and concurrency control provided by the 
DBMS. 

Next, we consider the physical operators that can be 
used t,o evaluate a logical algebraic expression. They are 
quite similar to those commonly found in classical relational 
databases [Gra93], the main differences arising from the par- 
ticular semantics of operators applied to set of points. 

i. Predicates used to filter data are subject to lazy eval- 
uation. The result, which must comply with the con- 
straint representation, is in this case a simple concate- 
nation of the operations input(s). The result might be 
inconsistent for some tuples which are thereby invalid. 

ii. As a. consequence, it may be necessary to carry out 
an intermediate evaluation at some step of the query 
exrcut,iou plan (QEP), depending on the laziness of 
the operations performed in the subtree. 
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We denote by normalization this evaluation. Normal- 
ization eliminates redundancy and detects inconsistencies: 
if the resulting set is empty, then the tuplc is unsa.tisfiablc. 
The normalization algorithm works then as follows: first, the 
constraints are scanned in order to count, t,he number of COII- 
straints with predicate equal. Except for dcgenerat,ed casts, 
this number indicates the type of the result,: if it, is larger 
than 2, the tuple is non satisfiable; if it is equal to 2, the 
constraint represents a point, 1, a linear ol,jef:t, ant1 0 means 
that every constraint defines a half-plane, in which case hnlf- 
plane intersection [PSS5] computes a ro11vcx polygon which 
is converted into constraints. 

Choosing the right place in the execut,ion plan to carry 
out the normalization process is an essential part, of the 
query processing strategy, arifl still an open issue. There 
are at least three motivations to perform a normalization: 
(i) to remove invalid tuples from a final result when lazy op- 
erations have been performed, (ii) to evaluate emptiness of 
a set of points before projecting out this set, and (iii) to rc’- 
duce the size of intermediate results. While motivations (i) 
and (ii) are easily introduced as optimisation rules ant1 illus- 
trated below, the latter is highly dependent on cost, models, 
a topic which goes beyond the scope of this paper. 

Given available access paths and physical primitives, the 
optimiser should rely on algebraic equivalences and trans- 
lation rules to convert a logical query towards an efficient, 
query execution plan. We illustrate t,he main principles be- 
low, in the style of [Fre87]. Further examples arc given in 
the full version [GRS98], as well as a presentation of the 
technical material. 

Give the part of Orange contained in thrs rectangle (clip- 
ping). 

We first consider the available access paths, and translate 
MAP and n operations. 

i. uname=fOrangd (Restruct(Fscan,(Cit~e,s), 

< 1 : Join(pn, rect, 2) >)) 

ii. ~,,,,=,~~~~~~‘(Rest~uct(lsca~(l~~~~~, <>), 
< 1 : JOi7l(pn, TCCt, 2) >)) 

Fscan. and Iscan stand respectively for Full scan of t,he 
collection and Index scan through the traversal of the spatial 
index Igeom. 

The bounding box of rect (i.e. rect itself) ca.n be used for 
index traversal in expression (ii). The refinement, step of the 
n operation can be performed either in lazy or normalized 
mode. 

1. ~name=‘~range~(Rest~~ct(Fscan,(Citl;Rs), 
< 1 : nzode (Ted, 2) >) 

ii. unamedOrangd (RestTuct(Iscan(Igeo71L, < Tect >), 
< 1 : flT”(TWt, 2) >) 

In a third step, one applies translation rules for selection. 
Selection is pushed down the QEP in expression (i). 

i. Restruct(Filter’““(‘Orange’, Fscan,(Cities)), 
< 1 : nyde(Ted,2) >) 

ii. Filter’” ‘(‘Ora,nge’, Restvuct(Isca,n(&,yje,,,,, < rcct >), 
< 1 : n,y”“( rfd, a) >) 

It is probably better to postpone the normalization after 
t,he relational selection: mode is set to lazy. This yields, as 
a result, of t,he whole expression, a set on non-normalized tu- 
plcs. ‘I’hcreforc a final Norm operation has to be performed. 
One finally gf%s: 

i. Nor~~n(Rcst~~~ct(Filter’““(‘Orange’, Fscan(Cities)), 
< 1 : nf:zy(rect,2) >)) 

ii. Nomn( Filter”““(‘Oran,ge’, 
Restruct(Iscan(Ig,.,, < rect >), 

< 1 : nzlzy (rect, 2) >))) 

It remains to evaluate the cost of the two expressions to 
choose the CJEP. (i) is probably the best one since it saves 
a full scan. 

5.3 Query pattern recognition 

We c~or~:ludc with some optimization principles which rely 
on the ident,ification of query patterns or sub-pat,terns that 
a.re frequent, in spa.tial queries. They correspond to geomet- 
ric problems for which there arc efficient algorithms. The 
sub-query corresponding to such a pattern should be rewrit- 
ten in order to exploit efficient evaluation techniques. 

We illustrate the optimization principle in the sequel 
with some examples. We start with the convex hull of a 
finite set of points R, defined for instance by the following 
query. 

~Ln,i.or~e.stlMAP~~.[~~~~(~.~,~.~,~,~~(R x R x R) 
nAzis(X.l,X.3,X.z) 

nArrs(x.3,x.z.x.i)] 

The complexity of the naive evaluation of this query is in 
O(n3), a r&her bad complexity compared to the O(nlog(n)) 
complexity of efficient algorithms based on a divide and con- 
quer strategy [PS85]. 

If we are able to follow a divide and conquer strategy we 
should improve the query evaluation as well. This is what 
permits the following generic pattern. It defines the convex 
hull as a union of triangles constructed over a set of points. 

Let P be a finite set of points. Then the following equiv- 
alence rule holds. 

UTrian,gZe({xl, x2,23}) = CH(P) 
P3 

ERl 

where CH(P) is the convex hull of P and U is the geometric 
union of a set, of convexes. Although unusual, the definition 
of the convex hull as the union of all triangles over li points 
might result from the declarativeness of the language. 

It remains to show how we can identify ERl patterns 
when rewriting queries. We illustrate this with the example 
of Roman abbeys m Prowence, using rewriting rules. 

The naive evaluation would result in a O(n x m3) com- 
plexity, where n = IRoads and m = IAbbeysl. From the 
DEDALE rewriting rule one obtains the second expression in 
Figure 4. 

A can bc rewritten in the third expression of Figure 4, 
and then finally, in the fourth expression. 

Part8 B in the above query matches the convex hull pat- 
tern defined in rule ERl. We are now able to compute sep- 
arately the convex hull in O(n log n), and the intersection 
with roads is linear in /RoadsI. 
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Figure 4: Query rewriting with geometric pattern recognition 

We now consider the Voronoi decomposition, which cor- Moreover we are greatly indebted to Michel who contributed 
responds to another class of useful problems. Let P he a from the tIcginning to the DEDALE system, and initiated 
finite set of points. The following equivalences hold. many of its features. 

f7 median(X, Y, x’) = VP(X, I’) 
YEP 
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