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Abstract

Surprisingly enough, there has been few in-
vestigations for typing references of semistruc-
tured data and XML documents. This paper
build on a previous proposal [7] introducing
simple schemas with well-typed references and
showing that such schemas, called normalized
ref-schemas, are expressible as formulas of Hy-
brid Modal Logic. The aim of the present
paper is to extend normalized ref-schemas in
order to allow one for general regular expres-
sions and provide a fully general notion of
schema capturing well-typed references, called
ref-schemas. The main contribution of the pa-
per is to show that ref-schemas are still ex-
pressible in Hybrid Modal Logic which entails
that tools like for instance the tableau system
developed in [9] can be used in order to check
for constraint satisfiability in presence of ref-
schemas.

1 Introduction

Having a well defined notion of schema for
semistructured data and XML documents is
widely recognized as a key feature for query
optimization, update manipulation and auto-
mated reasonning over such data in general.
Since semistructured data and XML docu-

ments contain references, an adequate notion
of schema should provide a mechanism for
specifying the “types” of the referenced ele-
ments. Surprisingly enough, this is either not
provided by the notions of schema currently
proposed in the literature or it is provided
indirectly [27, 26]. We would like to stress
that problems like subtyping, constraint im-
plication and satisfiability, query correctness
etc become trivial to state and easier to in-
vestigate when the same formalism (logic as
a matter of fact) is used to describe schemas,
constraints and queries. Indeed, the main pur-
pose of this paper is to show that Hybrid Modal
Logic (HML)[11] is a promising formalism for
specifying and reasonning about sophisticated
schemas, contraints and queries.

Indeed, HML was previously investigated by
[1, 20] for expressing constraints. The work
in [7] shows that HML is powerfull enough to
express, of course, quite general constraints
subsuming path contraints [15]. In [7], a
rather simple proposal of schema capturing
well-typed references (in the unordered set-
ting) is made. In a way, these schemas fur-
ther called normalized ref-schemas extend nor-
malized DTDs [5]. The logical formalization of
such schemas in terms of HML formulas is in-
vestigated and leads to show that: a document
conforms to a schema G iff it satisfies a HML



formula 7g. A slight extension of HML needs
to be done in order to define queries and leads
to an easy translation of Xpath queries.

In [9], thanks to the formalization of schemas
as HML formulas, we naturally address con-
straint satisfiability in presence of schema:
given a schema G and a constraint C, does there
exist a document conforming to G and satis-
fying C? This question reduces to: is 7¢ A C
finitely satisfiable? [9] provides a proof pro-
cedure based on tableau techniques for testing
satisfiability by generating models in the case
of non recursive schemas.

Because the notion of normalized ref-schemas
introduced in [7] does not allow one for general
regular expressions, in a first step, the present
paper provides a fully general notion of schema
capturing well-typed references, further called
ref-schemas. More importantly, we show that
this generalization is still expressible in HML.
This is done as follows: given a ref-schema G
we provide a reduction of G to a normalized
ref-schema G,, together with a contraint Cg ex-
pressed in HML meaning that, given an in-
stance 9, there exists an instance IM,, of G,
such that 991 is conforming to G iff 91, is con-
forming to G,, and statisfies the constraint Cg.
This translation from ref-schemas to normal-
ized ref-schemas implies, for instance, that the
tableau system presented in [9] can be used for
constraint satisfiability checking in presence of
ref-schemas. It also opens new directions for
investigating other problems linked to query
optimization.

The paper is organized as follows.  The
next section is devoted to introducting Hybrid
Modal Logic and to showing its relationship
with semistructured data and XML. Section
3 first defines general schemes capturing ref-
erences as “first class citizen” and then recall
the definition of normalized ref-schema! previ-

Yn [7], normalized ref-schemes are called pattern
grammars.

ously introduced in [7] although it is slightly
extended here. Of course, Section 3 provides
the characterization of a document conform-
ing to a normalized ref-schema in terms of a
model satisfying a set of HML formulae. Sec-
tion 4 is devoted to showing how general ref-
schema can be expressed in HML by mapping
such a schema to a normalized one together
with structural constraints expressed in HML.
Section 5 is a short overview? of a tableau proof
system for checking constraint satisfiability in
presence of non recursive ref-schema. Related
work and further research directions are dis-
cussed in Section 6 and Section 7.

2  Hybrid Modal Logic

We assume the reader familiar with modal log-
ics and just recall here the main features of
Hybrid modal logic (HML) [13, 2, 3]. Pre-
vious work [1, 20, 17, 7] have investigated a
modal logic approach to modelize semistruc-
tured data which is naturally motivated by
the fact that such data are commonly viewed
as edge labelled graphs thus as Kripke models
[25]. Although modal logic is a simple formal-
ism for working with graphs, it has no mecha-
nism for referring to and reasoning about the
individual nodes in such structures. HML in-
creases the effectiveness of modal logic by al-
lowing one to grasp the nodes via formulas: it
provides a mechanism to name states (or graph
nodes) and to assert that a formula is true at
a named state (or graph node). This is made
possible by four fundamental features: (1) a
nominal or a state variable is a special atomic
formula that names or denotes the unique state
where the formula holds; (2) the satisfaction
operator @, applied to a formula ¢ enables to
check satisfaction of ¢ at the state named (or
denoted) by the nominal (or state variable) u;
(3) the binder operator |z applied to a formula

2The full presentation can be found in [9].



1) binds the state variable x in v to the current
state.

The alphabet of a HML language is given
by four disjoint sets: propositions PROP =
{p,q,- -}, nominals NOM = {a,b,---}, state
variables SVAR = {z,y,---} and labels & =
{e1,...,en}. Well formed formulas (wffs) are
defined by:

WFF = p | T |
Vo | le]y | u| lz o | Qu
where 1, ¥ and v are wifs, p € PROP,
x € SVAR and u € NOM U SVAR.

The operators V, — and (e) are defined by:
Y1V by =gep ~(=th1 A —1ha),

Y1 — Y2 =gey 7P1 V1p2  and

(€)Y =ges —le]79.

A model (a document) 9 of HML is a Kripke
structure (S,r, R, V,Zyom) where: S is a finite
set of states (the nodes of the document) con-
taining a distinguished element r (the root of
the document); R = {rc|le € £} is a set of bi-
nary accessibility relations on S (the labelled
edges of the document linking nodes); the func-
tion V:PROP — Pow(S) assignes to each
proposition p the set of states where p holds
(the data component of the document); the
function Z,em:NOM — S assignes a unique
state to each nominal (see example below).

A valuation ¢ : SVAR — S assignes a state
to each state variable. By ¢ ~ ¢’ we denote
that ¢’ is a z-variant of g.

- | P A

The presentation of the semantics of HML is
restricted to hybrid features. A model 90T sat-
isfies the wif ¢ at state s wrt a valuation g,
noted M, g, s E ¥, if:

e Mg, skEpiff seV(p), pe PROP

e Mg, s =aiff Ipn(a) =s

e Mg, sEuziff glx) =5

e M, g,s =1 Ao iff M, g, s =11 and
M, g,s = 2

e M g, s = —iff M, g, sty

M, g,s = [e]y iff for any s' € S,
(s,s') € re implies M, g,s" =1

M,g,s = |z iff M, ¢, s k=1 with
g ~g,d@)=s

M, g,s | Quep iff M, g, g(x)

M, g,s | Quyp ift M, g, Lom (a) = ¢

The language is extended with two dual modal-
ities G and F' where M, g,s = G iff for any
state s accessible via a path from the current
state, ¢ holds at s and F'¢ =g4.p =G—1. We
also use G* for 1 A Gy and F* for ¢ vV Fap.
Recall that when such modalities are added,
HML is no longer a fragment of first order logic.

The next example illustrates how a semistruc-
tured data is mapped to a model of an HML
language and illustrates the semantics of the
hybrid operators.

In the following, when a node in a model 91 is
reached by an € edge, the node is said to be an
€ node.

Example 1 Figure 1 gives an example of a
document that is of a Kripke model M. It is as-
sumed that the only nominal of our language is
root which is intuitively used to name the root
of a document and hence that Zym(root) = r.
This assumption is kept in the rest of the paper.
Note that r in the figure is placed over the
root of the document and is not a proposition.
Proposition are placed inside the nodes of the
document. Note also that, in this example, no
proposition s assigned to internal nodes. Fi-
nally, next, a node which is the target of a é
label is called a € node.

Now let us use the example to illustrate the se-
mantics of HML formulas. The property which
says that the edges outgoing from the root of
the document are only e edges is expressed by:
@root(_'<p>T A _'<O>T A _'<7>)T

The property which says that an e node should
be the source of exaclty one reference T



if it is mot a leaf node is expressed by :
GH ()l (FT = (0,(T) |y @,[T]y)).

These two properties are satisfied by the doc-
ument depicted in Figure 1 or in other word
M, g,r = ¢ holds for any valuation g and for
© being one of the two above HML wffs.

3 Ref-Schemas : well-typed references

This section is devoted to the presentation of a
general notion of schema a la DTD capturing
well typed references.

Next, we assume that V is a finite set of
non-terminal symbols, containing the symbol
Start, and the empty word A. By convention,
a non terminal symbol starts with a capital
letter while a label starts with a non-capital
letter. The set of labels £ is partionned in two
disjoint sets £ and E: labels in E are called
child labels whereas labels in E are called ref-
erences. We use the following convention : e
(resp. €, &) denotes a child label (resp. a
reference, any label). For the sake of the pre-
sentation, we avoid to consider base types.

Definition 1 (ref-schema) A ref-schema G
is given by (€,V, Start,0) where E=E U E), 1%
and Start are defined as above and where the
typing function 0 associates to each non termi-
nal symbol X a reqular expression of the form:
R:=¢eéX|R+R|R,R|Rx|A.

The typing function 0 needs to satisfy that:
(1) for each child-label e, type(e) is a singleton
where type(€) denotes the set of non terminals
occuring in elementary pattern of the form éX
m G, and

(2) for each nmon terminal X distinct from
Start, Start =g X holds where = is the tran-
sitive closure of the relation =g naturally de-
fined by X =g Y if Y occurs in 6(X).

Note that condition (1) over typing function is
the usual one considered for DTD. Intuitively,

condition (2) ensures that all (definitions of)
types are linked to the initial type Start.

In order to define what are the documents
conforming to a ref-schema, G we need to as-
sociate to a regular expression R its extension
[R]. The multi-set [R] is defined according
to the following equations, where W denotes
union over multi-sets:

eX] = {{ex}}}

Ry + Ro] = [R1] U [R2]

Ry, Ro] = {{b1 W b2 | b; € [Ri]}}

R*]] :{{blﬂﬂ...@bn ’ b; € [[R]], n>0}}
u{{}}}

[A] = {{}}

We are now ready to formally define what are
the instances of a ref-schema. Recall here that
for us a document is a (Kripke) model.

= = ==

Definition 2 Let M = (S,r,R,V,Zpom) be
a finite model and G = (€,V, Start,0) be a
ref-schema. We say that I satisfies the ref-
schema G, denoted M : G, if:
(1) the model M restricted to the relations re
such that e is a child label, is a tree, and
(2) there exists a total mapping ¥ : S — V such
that:

(a) 9(r) = Start,

(b) forallmn € S if 9(n) = X and 6(X

then

{eY | (n,n') € Rs and Y =9¥(n')}} € [R]

)=R

Example 2 The recursive schema G specified
below aims at describing trees whose root has
an arbitrary number of e-nodes; each e-node
can have an arbitrary number of either p-nodes
or o-nodes as children; each p-node can have
an even number of e-nodes as children; an
o-node can have an odd number of e -nodes
as children. Moreover, each e-node can have
an arbitray nunber of 7 references pointing
either to an o-node or a p-node.
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Figure 1: A document

Oo(Start) = (e X)x,

o(X)=(pY + 0Z2)x, (T Y + 7 2)*
Oo(Y) = (e X,e X)x

00(Z) = (e X,e X)x, e X

Note that the document 91 of Figure 1 is an
instance of this ref-schema i.e. M : G.

For the sake of the translation of ref-schemas
into normalized ones, we proceed to a simpli-
fication of the regular expressions considered.
The reader should pay attention to the fact
that this simplification is only possible because
we are working under the unordered assump-
tion.

Lemma 1 Let R be a reqular expression.
There exists a simplified expression Simp(R)
such that [R] = [Simp(R)] where a simplified
expression is defined according to the following
grammar:

R:=B|(R+R)

B:=¢éX |B,B|Ax| A

Az=eX |AA

Proof: We give below the rules that are to
be used in order to construct the simplified
expression Simp(R) associated with R.

Simp(eX) =eX

Simp(Ry + R2) = Simp(Ry) + Simp(Rs)
Simp(Ry, Rg) = Simp(Ra, R1)

Simp(Ry, R) = Simp(Simp(R1), Simp(Rs))

if 31=1,2 Simp(R;) is a + expression

Simp(Ry, Ra) = Simp(Ry), Simp(R3)
if Yi=1,2 Simp(R;) is not a + expression

Simp((Ry1 + R2), R3) = Simp(Ry, R3)+
Simp(Rg, Rg)

Simp((Ry + Ra)*) = Simp((Ryx, Rox))

Simp((Ry*, R2)*) = Simp(Ry, Ra, R1%, Rax*)
+ Simp(Rox)

Simp((Ry*)*) = Simp((R1%))
Simp(A) = A
O

Example 3 The simplification of the ref-
schema given in example 2 yields a new typing
function 01 defined as follows:

01(Start) = (e X)x,

01(X) = (p ), (0 2), (7 V), (T Z)
01(Y) = (¢ X,e X)x

01(Z)=(e X,e X)*, e X

Next, wlog, all expressions considered are sim-
plified ones. A last slight modification of ex-
pressions is needed in order to cope with the
following situation: in a ref-schema G, it may
happen that an elementary pattern (¢X) has
multiple occurrences. Rather than disallowing
such cases and in order to keep our framework
fully general, we introduce markers in order
to distinguish these occurrences. Markers are
propositions. They are introduced in the def-
inition of simplified regular expression by re-



placing €X by (é,p)X where p is a proposition
symbol of the language.

Definitions 1 and 2 of a ref-schema and of ref-
schema instances need to be sligthly modified.
The changes are technical but not very deep.
Thus:

e A marked ref-schema G is given by
(€,V, Start,0) where # associates to each non
terminal symbol X a marked simplified regular
expression with conditions (1) and (2) of Defi-
nition 1 plus the following one:

(3) if (&,p)X and (f,q)Y occurs in G then

PF#q.

e The definition of the extension [R] of R
is updated by replacing [eX] = {{{eX}}} by
[(e,p)X] = {{(e;p) X }}}-

e Finally, definition 2 is changed by rewriting
condition (b) as: forall n € S if ¥(n) = X and
6(X) = R then {{(&,p)Y | (n,n') € Rz, Y =
d(n) and p € V(n')}} € [R].

Intuitively, if we consider a finite state au-
tomata associated to the schema, markers p
can be seen as unique identifiers of automata
states (assume that each €X corresponds to an
automata state). Then, over schema instances,
the set of p’s associated to each node represent
the set of automata states that successfully
recognised that node (a node can be anaized in
multiple states due to references). So proposi-
tion symbols associated to the instance nodes
can actually be seen as a successful run of the
schema automata.

For the sake of simplicity, in the following, we
will omit the marker p for expressions ¢X that
only occur once.

Example 4 For our running example, after
adding markers, we obtain the following typing
function 0y:

02 (Start) = ((e, po) X )x,

02(X) = (p Y)*, (0 Z)%, (7 Y)*,(7 Z)*
02(Y) = ((e;p1) X, (e, p2) X)*

92(2) = ((67p3)X7 (€,p4)X)*, (€,p5)X

[7] introduces schemas capturing well-typed
references in a limited way. Intuitively,
these schemas, further called normalized ref-
schemas® do not allow one for fully general ex-
pression and can be viewed as an extension of
the normalized DTD of [5] with well typed ref-
erences. The main contribution of [7] is to show
that documents conforming to a given normal-
ized ref-schemas G are exactly the finite Kripke
models satisfying a HML wiff 7. This entails
advantageously that a schema can be processed
as any and together with other constraints.

Definition 3 A normalized ref-schema
(€,V, Start,0) is a (marked) ref-schema based
on the normalized regular expressions defined
by:

R:=B| R+ R, and

B = A | ((e,p)X)°? | B,B where op is
either ! or x.

For instance, normalized ref-schema for-
bid expression of the following form:

((€1,p1) X1, , (€, P) Xk))™

The result presented below was stated and
proved in [7] although without markers.
Recall that when e is a child label, type(e)
is a singleton {X} and thus we abusively
write type(e) instead of X. Next, for a
reference ¢, child("€) denotes the set of child
labels {e | e € E and type(e) € type(e)}.

For instance, with our running example,
type(e) = X and child(7) = {p,0} be-
cause type(7T) = {Y,Z}, type(p) = Y and
type(o) = Z.

3In [7], they are called pattern schemas.



In order to state this result we need to associate
to each expression R an HML wif U(R) defined
as follows:

L. If Ris A then W(R) = N\sce ~(€)T

2. If R is of the form Ry, + Ry then
U(R) = V(1) V ¥(Ry)

3. If R is ((é1,p1)X1)oP1, -
then

\II(R) = /\i:l---k Ti N /\e not in 6(X) _\<€>T

, (ks pr) X ) OP¥

if op; =! then
i = lz (€)ly (pi N Qlél(pi — v))
if op; = * then
7 = ()T = Vyeprops, )
with Prope, = {p | ((€&,p)Y) in 6(X)}

Theorem 1 [7] Let G be a normalized ref-
schema and let MM be a model (document). We
have:

M:Giff Mg, r =19

where g is any state variable valuation and 1g
is the HML wff tree A TgE A TgE with:

e tree is the wff ensuring that the “subframe”
of M generated by child labels is a tree*

. 7'5 i8 Qroot (Tstart N Nee G* [G]Ttype(e)) where
Ttype(e) = \I/(H(type(e)))

—

ngE 18

@yt (/\?EE G* €]z (\/eeehﬂd(?) @0t F* <e>a:))

Intuitively, the wif TgE essentially checks that,
given a state x reachable by an e child edge,
the outgoing edges (child edges as well as ref-
erences) are the ones allowed by the schema.
The wif Tgﬁ is concerned with reference type
checking: it checks the type of the node which
are the target of references.

4For sake of simplicity, the wif tree is not presented
here.

4 How to express ref-schema in HML

This section is devoted to show that HML is
powerfull enough to express ref-schemas. In-
tuitively, we show that a ref-schema is equiva-
lent to a normalized ref-schema together with
a constraint. Because the constraint and the
normalized ref-schema are HML formulas, this
entails that general ref-schema are expressible
in HML. We would like to stress that our mo-
tivation to proceed to such a translation via
normalized ref-schema (rather than to a di-
rect one) is the tableau based technique that
we have developed in [9] for checking con-
straint satisfiability in presense of normalized
ref-schema. Hence our translation not only
serves to show that general ref-schemas are ex-
pressible in HML but also leads immediately to
make our tableau system available for checking
constraint satisfiability in presense of general
ref-schema.

The next result formalizes the fact that general
ref-schemas are expressible in HML.

Theorem 2 Let G be a marked ref-schema.
Then there exists a normalized ref-schema
Gnorm and an HML constraint Cg such that:

1. for each model M there exists a model
Moorm such that M : G iff Muorm :
Grorm and Mnorm, g7 = Cg.

2. for each model My, orm there exists a model
M such that M : G iff Muorm : Gnorm
and Myorm, 9,7 = Cg.-

Before sketching the proof of Theorem 2, let us
highlight that: on the one hand, because G,orm
is a normalize ref-schema, Theorem 1 implies
that HML can express general ref-schemas; on
the other hand, because of item 2 of theorem
2, given a constraint C, checking satisfiability
of C in the presence of the schema G reduces to
checking satisfiability of C A Cg in the presence
of Gnorm-
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Figure 2: A document

Sketch of proof : We proceed in a con-
structive manner to exhibit the normalized
schema Gorm and the constraint Cg. Let
G = (&,V,Start,0) be marked ref-schema.
We associate to G the normalized ref-schema
Norm(G) = (£',V, Start,8') where:

e &' =EU{¢} where ¢ is a new reference,

e 0 is obtained in two steps. Each
maximal  sub-expression of the form
((€1,p) X1, (€, pi) Xi))™ is  first  re-
placed by ((e1,p1)X1)* -, ((€r,pr) Xk)*

And each remaining sub-expression (é,p) is
replaced by (é,p)X!

Then for i=1 to k-1, 6(X;) (which already
may have been modified by the previous
action) is replaced by the simplified expression
Simp(0(X;), (¢ X;11)*). Note that we do
not associate any proposition with the new
reference ¢ .

For instance, when applied to the simplified
and marked version of our running example,
this transformation yields the new typing func-
tion fs:

93(Start) ((e, po)X)x*

03(X) = (p Y)*, (0 2)%, (7 Y)*,(7 Z)* (¢ X)*
05(Y) = ((e; p1) X)x, (e, p2) X)*
05(Z) = ((e,p3)X)*, (e, pa) X)*, (e, ps)X

Note that the only change concerns X.

We now turn to introducing the con-
straint Cg. This constraint is needed
in order to enforce that if an expression
((é1,p1) X1, , (€k,pr)X))* is present in the
ref-schema G, then each p; node needs to be as-
sociated by means of a reference ¢ to a unique
p2 node which is his brother and which is in
turn associated with a unique p3 node, and so
on. Note that, as desired, this constraint en-
sures that in each model, at a given level, for
each ¢ and j in 1...k, the number of p; nodes
is equal to that of p; nodes.

Formally, we have:

Let  FExzp; be the set of maxi-
mal sub-expressions of the form
((élvpl)le T (e~k7pk)Xk))* occuring in
G. Then:

Cg = /\ewaEmp; Pexp

s (€ky 1) Xi))*
= G|z (6)Ys, and, for i = 1.k — 1,

Assuming exp is ((€1,p1) X1,
Pexp
¢erp = ly (pi A _ -
@, ()2 (Pir1 A Qulej1)2AQy [Tz Aegy™))
k,x

e:cp—T
O



Example 5 Below, we give the contraint Cg
for our running example. Recall that the sim-
plified marked schema specified by the typing
function 0y has two sub expressions of the form

((élvpl)Xl)*) Ty ((ékvpk)Xk)*) namely:

Therefore we have

Co = D((ep)X,(ep2)X)x N\ P((ep3) X, (ep1) X)*

with qb((evpi)xv(evPiJrl)X)* defined as

G*lz (e)ly (pi A @u(T)]z (pig1 A @[Tz A
Q,(e)z AT))

fori=1 andi=3.

Let us now summarize the translation of our
running example. The normalized ref-schema
Grnorm associated with the general ref-schema G
of example 2 is specified by the typing function
03. The constraint Cg is given above. Intu-
wtively, item 1 of Theorem 2 above tells that if
M is a document conforming to the ref-schema
G, then there exists a document M, ppm con-
forming to Gporm and satisfying Cg. For the
document M depicted in Figure 1, the docu-
ment My orm 1S given in Figure 2. The reader
sshould be aware that in the presentation of
Moorm, we did place the proposition p; mark-
ing the node just next to the node. Thus he/she
should mnot be confused by the fact that r is
the name of the root as in Figure 1 and not
a proposition.

Let us consider the left most "subtree” of the
document of Figure 2. Note that the e leaves of
this subtree could be marked in anorther man-
ner as long as the number of nodes marked by
p1 1s equal to the number of nodes marked by
the propoition ps.

5 Constraint satisfiability un-
der non recursive schemas

In our framework, both schemas and con-
straints are HML wifs which advantageously
entails that the problem “does a document 9t
conforming to the schema G exist such that it
satisfies the constraint C'?” can be restated di-
rectly as ”is tgAC finitely satisfiable?”. This
section is devoted to the presentation of a
tableau proof system for testing satisfiability
of ¢ A C. Obviously, the ultimate goal is to
provide a terminating proof system. However,
HML is not decidable in general [13, 22]. Thus
we choose to consider several restrictions and
relax, in a first step, finiteness over models.
Here we consider non recursive normalized ref-
schema that is schemas that are not defin-
ing a non terminal symbol X by an expres-
sion using directly or indirectly X itself. We
also do not consider markers in order to sim-
plify the presentation. This restriction entails
that, wrt accessibility relations associated with
child labels, the depth of any instance of 7g is
bounded. Unfortunately, this is not sufficient
to entail that it is finite. The next example ex-
hibits a schema G and a constraint C, such that
7¢ A C does not have the finite model property.
Although found independently, this example is
strongly related to the query given in [18] to
show that the non positive fragment with left-
sibling axis of Xpath does not have the finite
model property.

Example 6 The schema is given by

9(Start) = (e End)* and 0(End) = (¢ End)*

and the constraint is 11 A Y9 A 3 A 1Py where:
¥ is (e)ly ((€)y)

P s [e][ €1y (Qroor(e) L2 (my A @y<?>z))7

s is [e] Lz [€][€]ly @ (€)y

Yy is [e]lx [€]ly (Quy vV Q,[€]z).

Intuitively, the wif 1 forces the instance to

contain at least one e edge followed by a (reflex-

ive) € reference. The wif 1) forces to create
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Figure 3: Infinite model

a new reference edge starting from the target
of an existing reference. This is the main rea-
son of the infiniteness of the model although it
needs to be combined with the wffs ¥3 and 4,
expressing resp. the transitivity and antisym-
metry over e references. Indeed each model is
isomorphic to the one given in Figure 3.

The satisfiability problem considered next is
the following :

Input : a non recursive normalized ref-schema G
a HML wif C without F and G modalities

Problem : Is 7g A C satisfiable?

In the rest of the presentation, we abusively use
the term instance of a schema G to designate
a potentially infinite model of 7g.

The tableau system The tableau system
defined below is geared to model building
rather than refutation. This reversed use of
tableau system is well-known [23]. Indeed the
tableau system does not use directly the wif 7¢
but rather the wifs 7., as side effects of some
of its rules. This has the advantage to make
the rules for the modalities G and F unnec-
essary as long as they are not allowed in the
constraint C. Adding rule for these modalities
is a subject of further study. Our tableau sys-
tem is a prefixed tableau system: prefixes, here
abusively called nominals®, are naming states

®We prefer not to use the term label for prefix as
done in the literature.

and they are prefixing modal wffs. Roughly,
the prefixed formula n : ¢ intends to capture
that during the proof, a state n has been cre-
ated and that ¢ has to be satisfied at state
n. This feature fits very well with modal logic
[23, 3, 21] and particularly with HML [10]. In-
deed, in a set of prefixed wifs ®, the prefixed
wifs of the form n : (€)m can be seen as (the
frame of) a Kripke model; in other words, it
means that, the tableau deduction for ® builds
Kripke models of @ internally while checking
its satisfiability.

We assume wlg that the wif C is closed rec-
tified® and in negation normal form”. The
rules of the tableau system are given in the
appendix. We provide an intuitive description
of these rules below. The tableau rule deal
with sets of (generalized) prefixed formulas;
each rule is dedicated to one formation rule and
thus a (generalized) prefixed formula is distin-
guished in the denominator of the rule. Gener-
alized prefixed formula will be introduced when
needed. The rules are partitioned in three
groups: the propositional rules, the state vari-
ables and hybrid rules (these are the classical
one [10, 12]) and finally the transition rules
specified for the purpose of satisfiability check-
ing in presence of non recursive schemas.

We define four transition rules. The (F)-rule
below considers a distinguished prefixed wif of

5 At most one binding |z for each distinct state vari-
able x.

"Negation only applied to propositions, nominals
and state variables.



the form (e)¢ where e a child label. It is a
choice rule:

e the left part of the denominator prop-
agates ¢ to an existing nominal (state)
reachable by an existing e-edge,

e the right part expands the "model” with a
new nominal (state) m and a new e-edge
from n to m and propagates ¢ to m. The
schema constraint 7g is locally enforced by
introducing the prefixed wif m : 7y,.()-

The (E>>—rule below considers a distinguished
prefixed wff of the form (€ )y with € a refer-
ence. It is a choice rule:

e the left part of the denominator is similar
to that of the (F)-rule;

e the center part creates a new € -reference
from n to an existing state m while the
condition f € child("€) ensures that m is
well-typed, in other word it is meant to
check that m is a valid destination for a
€ -reference;

e the right part creates a new e -reference
edge leading to a new nominal (state) m.
The wif (€, m) enforces that m is linked
to the root of the "model” by a well-typed
path of child edges. This is one of the im-
portant features of our system which en-
tails that a dandling state is never intro-
duced. It is worth noticing that writing
this formula is only possible because the
schema G is non recursive.

7'('(?, m) =def
\/eechild(?)(\/phePath(e) O (ph) m)

where Path(e) is the set of paths in
the dependency graph associated with
G whose source is Start and last edge
is labeled by e and where, if ph is the

path eq,... O(ph) is defined by

{e1) -~ (en).

» Ens

The next two rules deal with the [é] modality.

e The [£]-rule considers a distinguished pre-
fixed formula of the form [€]¢ with € be-
ing any label. It generates an initial gen-
eralized prefixed formula further used to
control that ¢ is propagated to all e-
successors of n. A generalized prefix for-
mula is of the form n : ([€]¢, A) where A
stores the é successors of n over which the
formula ¢ has already been propagated.

e The (Y')-rule processes new é-successors of
n by propagating ¢ in order to enforce [é]p
at state n.

Systematic construction of a G-tableau T
for C A G-tableau T for C is a proof tree, each
branch corresponding to an attempt to build
an instance of G satisfying C, hence a model
of 7¢ A C. The systematic construction follows
more or less a breath-first traversal strategy
with some priority over rule applications.

Stage 1 : root : Tsart A C is the initial prefixed
formula of the (root) of the tableau proof tree.

Stage 41 : Choose a leaf node L of the tableau
under construction as close as possible to the
root of the tableau. Assume that L contains a
set ® of formulas. Choose a (generalized) pre-
fixed formula n : ¢ in ® in order to apply one
of the tableau rules with the following priority:

(1) propositional rules, state variable rule,
hybrid rules,

(2) (E) rules,

—

(3) (E) rules,

(4) [€] and (Y).
Expand L by applying the corresponding rule
with respect to n : ¢ in all manners meaning
that if the rule is a choice rule, each possible
application of the rule is developed, each one



leading to create a new descendant for L con-
taining the appropriate prefixed formulas.

Proposition 1 (Fairness) If a (generalized)
prefixed formula n : ¢ belongs to some leaf L
of the tableau under construction at stage i,
then it will become the distinguished formula
at some later step of the systematic construc-
tion.

Note that the systematic tableau construction
may go on ad infinitum : the tableau con-
structed for the schema G and constraint C of
FExample 6 is infinite.

Definition 4 (Open/Closed G-Tableau)
A G-tableau T for the constraint C is a (poten-
tially infinite) tree constructed as described
above. A branch® B is closed iff one of its
nodes contains both prefixed wifs of the form
n: @ and n : -, or some statement n : m for
n # m. A branch is open if it is not closed and
the tableau T is open iff one of its branches is
open (otherwise it is closed).

Soundness and completness of the
tableau system The proofs of soundness
and completness of the tableau system can be
found in [9]. The proofs rest on the notion
of G-Hintikka set whose definition follows the
line of and extends the one in [10]. Intuitively,
a G-Hintikka set is a potentially infinite set of
prefixed formulas characterizing some model
of 7 and thus in the proofs, G-Hintikka sets
bridge the gap between open branches of a
G-tableau T and models (potentially infinite
instances of G) of 7¢.

We now briefly discuss the main limitation of
the tableau system presented in [9]: it is sound
and complete for checking satisfiability, but not

8 A branch of T' is any path from the root downwards
in the proof tree.

finite satisfiability which is of course the rele-
vant notion for XML databases. As usual, two
directions of investigation are possible: (1) the
syntaxic approach leads to exhibit conditions
over the constraint C in order to ensure the
finite satisfiability, (2) the second direction is
more “proof” oriented and involves enreach-
ing the tableau system itself in order to prune
infinite open branches. It turns out that in-
vestigating the first direction seems to lead to
restrictions similar to that given in [28] where a
new decidable fragment of HML is exhibited.
Concerning the second direction, we are cur-
rently working at showing that the system can
be enreached with a pruning test based on bis-
simulation. The claim is that, given S; and
So two proof segments such that S, extends
S1, if their associated sets of prefixed formulas
F1 and Fy are bissimilar then developing P»
leads to an infinite branch. It is worth notic-
ing that, proving the above claim would lead
to show the decidability of finite satisfiability
which is an open problem (see [5]).

6 Related works

Most of existing type languages for XML dis-
regard the problem of typing references. Con-
cerning type languages assuming sequence or-
dering, languages like DTD and all languages
a la XDuce/CDuce [24, 6] do not permit to de-
scribe data with typed references. Concerning
type languages not assuming sequence order-
ing, probably the most relevant one is the TQL
language [16], which does not contain mecha-
nisms to define references.

As already stated, besides our previous work
[8], quite a few studies address typing mecha-
nisms for references in semistructred and XML
data. XML Schema [27] contains some mech-
anisms to type references. These mechanisms
do not allow one to specify references and their
target type in a flexible and direct manner.



Indeed, XML Schema uses XPath to specify
typed references. As observed in [19], XPath is
rather complex, requires a good amount of ex-
pertize to be used correctly and moreover, rea-
soning about constraints defined with XPath
is highly intricate, if not impossible. XML
Schema does not allow one to specify references
whose target elements are possibly of different
type. No mechanism is provided to define and
check generic integrity constraints.

Simeon and Fan [19] propose an extension of
DTD able to model classical relational and
object oriented referential constraints. So the
focus is on problems related to key constraints
and foreign-key constraints. These constraints
can be used to capture reference enforcement.
It seems that the approach and that of XML
are closely related. Rather negative results
concerning decidability for key and foreign-key
constraints have been showed in [4].

The quite recent paper [14] provides another
interesting approach to the problem of logically
characterizing XML schemas and constraints.
Main differences wrt to that work, and refer-
ences therein, are the followings. The work
[14] proposes a decidable logic able to model
inclusion constraints only over one attribute,
otherwise decidability is lost. So, some kind of
references can be modeled in the standard way
by means of inclusions constraints. Of course
decidability is lost if the references require mul-
tiple attributes. Here, instead of capturing ref-
erences indirectly and partially like in [14], by
means of inclusion constraints, we model typed
references by using primitive mechanisms, de-
fined by means of HML primitives and which
are able to describe references in an abstract
and general way, as much as for object-oriented
databases. Also, differently from [14], the logic
we consider allows to model navigational prop-
erties requiring to visit all descendants of cer-
tain nodes (by using G¢ formulae); actually,
the logic [14] essentially enables only one step

navigation (parent, child, ...) plus a kind of
somewhere navigation, allowing to jump to
some arbitrary node, not necessarily related
with the current one. As stated in [14], if the
proposed decidable logic is extended with navi-
gational mechanisms like GG, decidability is not
proved to hold (it is an open problem). How-
ever, in our context, we are quite confident
that this property holds for a wide class of con-
straints (involving F and G) under the assump-
tion that data are constrained by a schema,
and currently we are actively investigating this
possibility.

Finally, a further difference wrt [14] , and
works referenced therein, is that while [14]
deals with ordered XML documents, we move
in a more database framework, where ordering
is uninfluential.

7 Conclusions

To summarize, the aim of our study is to pave
the way to a unique logical framework, allow-
ing to deal with type and integrity constraints
(as well as with queries) at the same time and
in a clear, simple and flexible way. We would
like to outline that the present work should
not to be intended as yet another formalism
to describe XML data with well-typed refer-
ences, although ref-schemas are elegant exten-
sions of DTDs. Indeed, this work presents ba-
sic techniques that can be easily extended in
order to obtain HML logical characterisation
of schemata defined according to existing tech-
niques, like the two above cited ones, and of
generic XML structural constraints . As stated
in the introduction, this allows the use of ex-
isting techniques [9] to formally check impor-
tant properties like constraint implication and
constraint consistency in a unique framework,
without the need of developing potential com-
plex and error prone tools to cope with for-
malisms of different nature, like, say, DTD for



types and XPath for constraints [27].

One of the limitation of our framework is that,
currently, we are not able to manage sequence
ordering. This is not a strong limitation be-
cause the class of database applications where
XML sequence ordering is non-influential is
quite wide. However, HML seems able to de-
scribe sequence ordering as well, by using tech-
niques similar to those we used to encode *
types in the previous section.



n:pAyp, @ n:pVvy, P

Propositional rules: ()

n:p, n:Y, P n:p, ® | n:,
: P . :
State variable rule: (Ref) ——— if n occurs in ®
n:n, P
) n:Q,p, n:lreo, O
Hyb les : _— —_—
ybrid rules (@) o © (1) P

Propositional Rules, State variable rule, Hybrid rules

n:(e)yp, P
m:, ¢ n{e)ym, m: Typee), m:p, P

forn: (eym € ® for a new m

Rules for the (¢) modalities, where ¢ is a child label

n:{e),
m:p, n:{e)m, m:p, & root : w(€,m),T00t : Tstart,
m:p, n:(€)m, ®
for forp: (fyme ® for a new m and
n:(e)med and f € child(e) 7(€,m) defined above

Rules for the (¢) modalities, where ¢ is a reference

n: ([elp,A), @

n: ([€lp,0), @ (¥) {m:p|meA’}, n:([elp,AUA), &
for A’ # () where

A'={mln: (ym € ¢} — A

Rules for the [¢] modalities, where ¢ is any label
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