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omAbstra
t. Data des
ription for XML usually 
omes in the form of atype spe
i�
ation (e.g., a DTD) together with integrity 
onstraints. XMLS
hema allows one to mix DTD features with semanti
 information, su
has keys and foreign keys. It was shown re
ently [2, 7℄ that the intera
tionof DTDs with 
onstraints may be rather nontrivial. In parti
ular, testingif a general spe
i�
ation is 
onsistent is unde
idable, but for the most
ommon 
ase of single-attribute 
onstraints it is NP-
omplete, and lineartime if no foreign keys are present.However, XML S
hema design did not adopt the form of 
onstraintsprevalent in the database literature, and slightly 
hanged the semanti
s ofkeys, foreign keys, and unique 
onstraints. In this paper we demonstratethe very 
ostly e�e
t of this slight 
hange on the feasibility of 
onsisten
y
he
king. In parti
ular, all the known hardness results extend to the XMLS
hema 
ase, but tra
tability results do not. We show that even withoutforeign keys, and with very simple DTD features, 
he
king 
onsisten
yof XML-S
hema spe
i�
ations is intra
table.1 Introdu
tionAny data-
entral system must provide a data de�nition language as well as adata manipulation language. For 
ommer
ial relational DBMSs, these languagesare well-understood. As a lot of data is be
oming available in XML [11℄, andmu
h of database resear
h fo
us is shifting from the traditional relational modelto semistru
tured data and XML [1, 6, 5, 9, 10℄, it is important to understandnew issues that arise in the 
ontext of des
ribing and querying XML.One su
h issue is the semanti
s of XML data spe
i�
ations. Traditionally,XML data was des
ribed by Do
ument Type De�nitions (DTDs [11℄). Butjust as in the relational 
ontext, where simple SQL's 
reate table must besupplemented with various 
onstraints to provide semanti
 information, 
on-straints must be added to XML spe
i�
ations as well. Most of the proposalsdeal with 
onstraints similar to those found in relational databases: keys andforeign keys [3, 4, 12℄. However, unlike traditional relational 
onstraints, XMLkeys and foreign keys intera
t in a nontrivial way with DTDs, allowing oneto write seemingly perfe
t spe
i�
ations that nevertheless are in
onsistent: nodo
ument 
an satisfy them.In [2, 7℄, we studied this problem, and demonstrated the following. First, ifarbitrary keys and foreign keys are added to DTDs, the 
onsisten
y problem



is unde
idable. Se
ond, with the restri
tion to one-attribute 
onstraints (unary
onstraints, by far the most 
ommon in pra
ti
e), the problem is intra
table: de-pending on the exa
t 
avor of 
onstraints, it is anywhere from NP-
omplete (sim-ple element-type absolute 
onstraints [7℄) to PSPACE-hard (regular-expression-based 
onstraints [2℄) to unde
idable (relative 
onstraints [2℄). However, withoutforeign keys, the problem is tra
table: it is solvable in linear time.Those results were shown for DTDs and (foreign) keys. These days, the primestandard for spe
ifying XML data is XML S
hema [14℄. It is a rather ri
h lan-guage that supports spe
i�
ations of both types and integrity 
onstraints. Itstypes subsume DTDs [11℄, and its 
onstraints { even keys and foreign keys {have a slightly di�erent semanti
s from what has been primarily studied in thedatabase literature. In this paper we investigate spe
i�
ations that 
onsist of aDTD and a set of 
onstraints with the semanti
s proposed by XML S
hema. Weshow that this little 
hange of semanti
s 
ompli
ates things 
onsiderably, as faras 
onsisten
y 
he
king is 
on
erned.We say that an XML do
ument satis�es a spe
i�
ation if and only if it
onforms to the DTD and satis�es the 
onstraints, and that a spe
i�
ation is
onsistent if there is a do
ument that 
onforms to it. A spe
i�
ation may bein
onsistent due to the intera
tion between the type and the 
onstraint parts.As an example, 
onsider a spe
i�
ation in XML S
hema S1 = (D1; �1), whereD1 is a simple DTD des
ribing insuran
e poli
ies for a transportation vehi
leand �1 is a set of keys and foreign keys:D1: <!ELEMENT vehi
le ((registr | plate), poli
y, poli
y)><!ATTLIST registr num CDATA #REQUIRED><!ATTLIST plate num CDATA #REQUIRED><!ATTLIST poli
y ref CDATA #REQUIRED>�1: (vehi
le=registr [ vehi
le=plate; f�numg),(vehi
le=poli
y; f�refg),(vehi
le=poli
y; f�refg) �FK (vehi
le=registr [ vehi
le=plate; f�numg)Here we omit the de�nition of elements whose type is string. The DTD saysthat ea
h vehi
le must present either a registration number or a plate number,and must pur
hase two insuran
e poli
ies. The �rst 
onstraint in �1 is a keyasserting that ea
h vehi
le 
an be uniquely identi�ed by either its registrationnumber or its plate number3. The se
ond 
onstraint, another key, says that thepoli
ies should use di�erent referen
es. The third 
onstraint in �1 is a foreignkey. It says that a poli
y referen
e must be either the registration number orthe plate number. This s
hema is in
onsistent: on one hand, as indi
ated inFigs. 1 (a) and (b), for any XML do
ument 
onforming to the DTD D1, thevehi
le element must have either a registr or a plate subelement, but it
annot have both; on the other hand, the 
onstraints enfor
e the presen
e ofboth a registr subelement and a plate subelement, sin
e otherwise two poli
yreferen
es 
annot be distin
t. As a result, there is no XML do
ument that both
onforms to D1 and satis�es �1. This example demonstrates that the DTD and3 We de�ne the syntax and semanti
s of keys and foreign keys in se
tion 2.2.
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Fig. 1. XML do
uments (represented as trees) 
onforming to DTDs D1 and D2
onstraints in an XML-S
hema spe
i�
ation may intera
t with ea
h other, andthe intera
tion leads to the in
onsisten
y of the spe
i�
ation.Worse still, a spe
i�
ation in XML S
hema may not be 
onsistent even in theabsen
e of foreign keys. As another example, 
onsider the following spe
i�
ationS2 = (D2; �2) for biomedi
al data:D2: <!ELEMENT seq (
lone+)><!ELEMENT 
lone (DNA, gene)><!ELEMENT gene (DNA)>�2: (seq=
lone; f==DNAg)The DTD des
ribes a nonempty sequen
e of 
lone elements: ea
h 
lone has aDNA subelement and a gene subelement, and gene in turn has a DNA subelement,while DNA 
arries text data (PCDATA). The key in �2 attempts to enfor
e thefollowing semanti
 information: there exist no two 
lone elements that havethe same DNA no matter where the DNA appears as their des
endant. Again thisspe
i�
ation is in
onsistent. To see this, re
all that XML S
hema requires thatfor any XML do
ument satisfying a key, the \�elds" (that is, //DNA in ourexample) must exist and be unique. However, as depi
ted in Fig. 1 (
), in anyXML do
ument that 
onforms to the DTD D2, a 
lone element must have twoDNA des
endants. Thus, it violates the uniqueness requirement of the key in �2.With this 
omes the need to answer the following question: is it possible totest 
onsisten
y of an XML-S
hema spe
i�
ation at 
ompile time? That is, givena spe
i�
ation (D;�), whether or not there exists an XML do
ument that both
onforms to the DTD D and satis�es the 
onstraints �. We refer to this problemas the 
onsisten
y problem for XML S
hema. The question is important as onewants to know whether or not a spe
i�
ation makes sense before attempting to
reate or validate an XML do
ument w.r.t. it.The 
entral te
hni
al problem investigated in this paper is the 
onsisten
yproblem for XML S
hema. To do so we propose a formalism for spe
i�
ations inXML S
hema, and study the 
omplexity of its stati
 
onsisten
y analysis. Ourmain 
on
lusion is that the semanti
s of keys and foreign keys in XML-S
hemamakes the 
onsisten
y analysis rather intri
ate and intra
table. Indeed, all thehardness and unde
idability results of [2, 7℄ 
arry over to spe
i�
ations of XML



S
hema. However, using a new te
hnique, we show that the most importanttra
table 
ases under the standard key semanti
s, be
ome intra
table under thesemanti
s of XML S
hema. We also identify several restri
tions, 
ommonly usedin pra
ti
e, that still allow relatively-eÆ
ient 
onsisten
y 
he
king.Organization. Se
. 2 introdu
es a formalism for XML-S
hema spe
i�
ations.We show in Se
. 3 that the 
onsisten
y problem is highly intri
ate in general.In Se
. 4 we identify restri
ted 
ases that allow relatively eÆ
ient 
onsisten
y
he
king. Finally, in Se
. 5 we summarize our results. Proofs 
an be found in thefull version at www.
s.toronto.edu/~marenas.2 XML S
hemaXML S
hema [14℄ de�nes both a type system and a 
lass of integrity 
onstraints.Its type system subsumes DTDs. It supports a variety of atomi
 types (e.g.,string, integer, 
oat, double, byte), 
omplex type 
onstru
ts (e.g., sequen
e,
hoi
e) and inheritan
e me
hanisms (e.g., extension, restri
tion). Its integrity
onstraints in
lude keys, foreign keys and unique 
onstraints, whi
h improve theID/IDREF me
hanism in DTDs. These keys and foreign keys have a slightlydi�erent semanti
s from their relational 
ounterparts. In XML S
hema, a spe
i-�
ation for XML data 
onsists of a type and a set of integrity 
onstraints.The goal of this paper is to understand how types intera
t with integrity
onstraints under the XML-S
hema semanti
s. To fo
us on the nature of theintera
tion and to simplify the dis
ussion, we 
onsider XML-S
hema spe
i�
a-tions in whi
h the type is a DTD and the 
onstraints are simple keys and foreignkeys4. We show that even in this simple setting, the intera
tion is already highlyintri
ate su
h that the 
onsisten
y 
he
k of XML-S
hema spe
i�
ations is in-feasible. In pra
ti
e, an XML-S
hema spe
i�
ation typi
ally 
onsists of a mildextension of a DTD as its type, as well as simple keys and foreign keys.In this se
tion, we �rst provide a formalism of DTDs, and then de�ne keysand foreign keys under the XML-S
hema semanti
s.2.1 DTDs and XML treesFollowing [5, 7℄, we formalize the de�nition of DTDs as follows. A DTD (Do
u-ment Type De�nition) is a tuple D = (E; A; P; R; r), where:{ E is a �nite set of element types;{ A is a �nite set of attributes , disjoint from E.{ For ea
h � 2 E, P (�) is a regular expression �, 
alled the element typede�nition of � : � ::= S j � 0 j � j �j� j �; � j ��, where S denotesthe string type, � 0 2 E, � is the empty word, and \j", \;" and \�" denoteunion, 
on
atenation, and the Kleene 
losure;4 We do not 
onsider relative keys and foreign keys [2, 3℄ here as the simple 
onstraintssuÆ
e to demonstrate the 
ompli
ations 
aused by the intera
tion between types and
onstraints.



{ For ea
h � 2 E, R(�) is a set of attributes in A;{ r 2 E and is 
alled the element type of the root .We normally denote element types by � and attributes by �l, and assume thatr does not appear in P (�) for any � 2 E. We also assume that ea
h � in E n frgis 
onne
ted to r, i.e., either � appears in P (r), or it appears in P (� 0) for some� 0 that is 
onne
ted to r.For example, re
all the two DTDs D1; D2 given in the previous se
tion. TheseDTDs 
an be naturally expressed in the formalism given above.Given a DTD D = (E; A; P; R; r), a path in D is a string w1 � � �wm overthe alphabet E [ A [ fSg su
h that wi+1 is a symbol in the alphabet of P (wi),for ea
h i 2 [1;m� 2℄, and wm 2 R(wm�1) or wm is a symbol in the alphabet ofP (wm�1). Let Paths(D) = fp j p is a path in Dg. We say that a DTD is non-re
ursive if Paths(D) is �nite, and re
ursive otherwise. We also say that D is ano-star DTD if the Kleene star does not o

ur in any regular expression P (�).An XML do
ument is typi
ally modeled as a node-labeled tree. Below wedes
ribe valid XML do
uments w.r.t. a DTD, along the same lines as XMLS
hema [14℄.LetD = (E; A; P; R; r) be a DTD. An XML tree T 
onforming to D, writtenT j= D, is de�ned to be (V; lab; ele; att; val; root), where{ V is a �nite set of nodes ;{ lab is a fun
tion that maps ea
h node in V to a label in E [A[ fSg; a nodev 2 V is 
alled an element of type � if lab(v) 2 E, an attribute if lab(v) 2 A,and a text node if lab(v) = S;{ ele is a fun
tion that for any � 2 E, maps ea
h element v of type � to a(possibly empty) list [v1; :::; vn℄ of elements and text nodes in V su
h thatlab(v1) : : : lab(vn) is in the regular language de�ned by P (�);{ att is a partial fun
tion from V �A to V su
h that for any v 2 V and �l 2 A,att(v; �l) is de�ned i� lab(v) = � , � 2 E and �l 2 R(�);{ val is a partial fun
tion from V to string values su
h that for any node v 2 V ,val(v) is de�ned i� lab(v) = S or lab(v) 2 A;{ root is the root of T , root 2 V and lab(root) = r.For any node v 2 V , if ele(v) is de�ned, then the nodes v0 in ele(v) are 
alledthe subelements of v. For any �l 2 A, if att(v; �l) = v0, then v0 is 
alled anattribute of v. In either 
ase we say that there is a parent-
hild edge from v to v0.The subelements and attributes of v are 
alled its 
hildren. The graph de�nedby the parent-
hild relation is required to be a rooted tree.For example, Figs. 1 (a) and (b) depi
t two XML trees that 
onform to theDTD D1, and Fig. 1 (
) shows an XML tree that 
onforms to D2.In an XML tree T , for ea
h v 2 V , there is a unique path of parent-
hildedges from the root to v, and ea
h node has at most one in
oming edge. Theroot is a unique node labeled with r. The subelements of x are ordered andtheir labels observe the regular expression P (�). In 
ontrast, its attributes areunordered and are identi�ed by their labels (names). The fun
tion val assignsstring values to attributes and to nodes labeled S.



2.2 Keys and Foreign KeysGiven a DTD D = (E; A; P; R; r), a key over D is a 
onstraint of the form(P; fQ1; : : : ; Qng); (1)where n � 1 and P , Q1, : : :, Qn are regular expressions over the alphabetE [A. Expression P is 
alled the sele
tor of the key and is a regular expression
onforming to the following BNF grammar [14℄.sele
tor ::= path j path [ sele
torpath ::= r//sequen
e j sequen
esequen
e ::= � j j sequen
e/sequen
eHere is a wild
ard that mat
hes any element type, � 2 E and // representsthe Kleene 
losure of , that is, any possible �nite sequen
e of node labels. TheexpressionsQ1, : : :, Qn are 
alled the �elds of the key and are regular expressions
onforming to the following BNF grammar [14℄.�eld ::= path j path [ �eldpath ::= //sequen
e/last j /sequen
e/lastsequen
e ::= � j � j j sequen
e/sequen
elast ::= � j j �l j �Here � is a wild
ard that mat
hes any attribute and �l 2 A. This grammardi�ers from the one above in allowing the �nal step to mat
h an attribute node.A key 
ontaining exa
tly one �eld is 
alled unary.It should be mentioned that XML S
hema expresses sele
tors and �elds withrestri
ted fragments of XPath [13℄, whi
h are pre
isely the regular expressionsde�ned above. In XPath, ` ' represents 
hild and `//' denotes des
endant5.A foreign key over a DTD D is an expression of the form(P; fQ1; : : : ; Qng) �FK (R; fS1; : : : ; Sng); (2)where P and R are the sele
tors of the foreign key, n � 1 and Q1, : : :, Qn, S1,: : :, Sn are its �elds. A foreign key 
ontaining one �eld in its left hand side andone �eld in its right hand side is 
alled unary.To de�ne the notion of satisfa
tion of keys and foreign keys, we need tointrodu
e some additional notation. Any pair of nodes x, y in an XML tree Twith y a des
endant of x uniquely determines the path, �(x; y), from x to y.We say that y is rea
hable from x by following a regular expression � over D,denoted by T j= �(x; y), i� �(x; y) 2 �. For any �xed T , let nodes�(x) stand forthe set of nodes rea
hable from a node x by following the regular expression �:nodes�(x) = fy j T j= �(x; y)g. If there is only one node y su
h that T j= �(x; y),then we de�ne x:� = y.5 XPath [13℄ uses `*' to denote wild
ard. Here we use ` ' instead to avoid overloadingthe symbol `*' with the Kleene star found in DTDs.



De�nition 1. Given an XML tree T = (V; lab; ele; att; val; root), T satis�esa key (P; fQ1; : : : ; Qng), denoted by T j= (P; fQ1; : : : ; Qng), if1. For ea
h x 2 nodesP (root) and i 2 [1; n℄, there is exa
tly one node yi su
hthat T j= Qi(x; yi). Furthermore, lab(yi) 2 A or lab(yi) = S.2. For ea
h x1; x2 2 nodesP (root), if val(x1:Qi) = val(x2:Qi) for every i 2[1; n℄, then x1 = x2.That is, (P; fQ1; : : : ; Qng) says that the values of Q1, : : :, Qn uniquely identifythe nodes rea
hable from the root by following path P . It further asserts thatstarting from ea
h one of these nodes there is a single path 
onforming to theregular expression Qi (i 2 [1; n℄).De�nition 2. An XML tree T = (V; lab; ele; att; val; root) satis�es a foreignkey (P; fQ1; : : : ; Qng) �FK (R; fS1; : : : ; Sng), denoted by T j= (P; fQ1; : : : ; Qng)�FK (R; fS1; : : : ; Sng), if T j= (R; fS1; : : : ; Sng) and1. For ea
h x 2 nodesP (root) and i 2 [1; n℄, there is exa
tly one node yi su
hthat T j= Qi(x; yi). Furthermore, lab(yi) 2 A or lab(yi) = S.2. For ea
h x 2 nodesP (root) there exists a node x0 2 nodesR(root) su
h thatval(x:Qi) = val(x0:Si) for ea
h i 2 [1; n℄.The foreign key asserts that (R; fS1; : : : ; Sng) is a key and that for every node xrea
hable from the root by following path P , there is a node x0 rea
hable fromthe root by following path R su
h that the Q1, : : :, Qn-values of x are equal tothe S1, : : :, Sn-values of x0.Observe that 
ondition 1 of Defs. 1 and 2 requires the uniqueness and exis-ten
e of the �elds involved. For example, the XML tree depi
ted in Fig. 1 (
)does not satisfy the key (seq=
lone; f==DNAg) be
ause the uniqueness 
ondi-tion imposed by the key is violated. Uniqueness 
onditions are required by theXML S
hema semanti
s, but they are not present in various earlier proposalsfor XML keys 
oming from the database 
ommunity [3, 4, 7, 2℄.Given an XML tree T and a set of keys and foreign keys �, we say that Tsatis�es �, denoted by T j= �, if T j= ' for ea
h ' 2 �.3 Consisten
y Problem: the General CaseWe are interested in the 
onsisten
y, or satis�ability, problem for XML-S
hemaspe
i�
ations; that is, whether a given set of 
onstraints and a DTD are satis�-able by an XML tree. Formally, for a 
lass C of integrity 
onstraints and a 
lassD of DTDs, the input of the 
onsisten
y problem SAT(D; C) is a DTD D 2 Dand a set of 
onstraints � � C and the problem is to determine whether thereis an XML tree T su
h that T j= D and T j= �.The same problem was 
onsidered in [7℄. The 
onstraint language introdu
edthere is properly 
ontained in the language de�ned in the previous se
tion. Givena DTD D, element types � , � 0 and attributes �l1, : : :, �ln, �l01, : : :, �l0n, keysand foreign keys in [7℄ are of the form



(r==�; f�l1; : : : ;�lng); (3)(r==�; f�l1; : : : ;�lng) �FK (r==� 0; f�l01; : : : ;�l0ng); (4)respe
tively. Then, from [7℄ we immediately derive:Corollary 1. The 
onsisten
y problem for XML-S
hema spe
i�
ations, i.e., ar-bitrary DTDs and keys, foreign keys of the form (1) and (2), is unde
idable.Observe that given an XML tree T 
onforming to a DTD D, for every node xrea
hable from the root by following a path r==� , there exists exa
tly one noderea
hable from x by following a path �li, whi
h 
orrespond to the attribute�li of x. In this 
ase, to 
he
k the 
onsisten
y of an XML-S
hema spe
i�
ationone does not need to 
onsider the �rst 
ondition of Defs. 1 and 2. For keys ofsu
h a form, and for arbitrary DTDs, this yields a linear time algorithm for the
onsisten
y problem.However, none of the previous results give us any hint as to what happenswhen the �rst 
ondition of Defs. 1 is imposed on arbitrary XML-S
hema keys.Somewhat surprisingly, this extra 
ondition makes the problem intra
table, evenfor unary keys and very simple DTDs. By using a redu
tion from SAT-CNF [8℄,we 
an show the following:Theorem 1. The 
onsisten
y problem is NP-hard for unary keys of form (1)and for non-re
ursive and no-star DTDs. �From these one 
an see that the 
onsisten
y analysis is impossible for generalXML-S
hema spe
i�
ations, and it is still not pra
ti
al even if only unary keysare 
onsidered. In light of these we 
onsider restri
ted 
ases of spe
i�
ations inthe next se
tion, by imposing restri
tions on the �elds of keys and foreign keys.4 Consisten
y Problem: A Restri
ted CaseIn this se
tion we study a 
lass of XML-S
hema 
onstraints that are 
ommonlyfound in pra
ti
e, and investigate their 
onsisten
y analysis. More spe
i�
ally,we 
onsider keys and foreign keys of the form(P; f�l1; : : : ;�lng); (5)(P; f�l1; : : : ;�lng) �FK (R; f�l01; : : : ;�l0ng); (6)where P and R are regular expressions de�ned by the BNF grammar for sele
torexpressions given in the previous se
tion. Furthermore, if these 
onstrains arede�ned over a DTD D = (E; A; P; R; r), then they must satisfy the followingexisten
e 
ondition: for ea
h � 2 last(P ), f�l1; : : : ;�lng � R(�), and for ea
h� 0 2 last(R), f�l01; : : : ;�l0ng � R(� 0), where last(P ) is the set of element typesthat are the last symbol of some string in the regular language de�ned by P .Note that these 
onditions 
an be 
he
ked in polynomial time.



Observe that the keys and foreign keys satisfying these 
onditions triviallysatisfy requirement 1 of Defs. 1 and 2. For this kind of 
onstraints, one 
an showthe following by redu
tion to the emptiness problem of �nite state automata.Proposition 1. For keys of the form (5) satisfying the existen
e 
ondition andfor arbitrary DTDs, the 
onsisten
y problem is de
idable in linear time.In pra
ti
e, unary 
onstraints are most 
ommonly used. That is, keys and foreignkeys of the form: (P; f�lg); (7)(P; f�lg) �FK (R; f�l0g): (8)The next result tells us that when 
onstraints are restri
ted to be unary andde�ned with attributes, the 
onsisten
y problem is de
idable even in the presen
eof foreign keys. This follows from results of [2℄. However, the 
omplexity is veryhigh.Proposition 2. For 
onstraints of the form (7), (8) satisfying the existen
e
ondition and for arbitrary DTDs, the 
onsisten
y problem is PSPACE-hard andde
idable.Obviously it is 
ompletely impra
ti
al to solve a PSPACE-hard problem.Thus one may want to 
onsider further restri
tions to get lower 
omplexity. Oneapproa
h is to further restri
t 
onstraints. Observe that 
onstraints of the form(3) and (4) are a restri
tion of (7) and (8): P and R are required to be of theform (r==�) for some element type � . This helps, but not mu
h: from [7℄ we getProposition 3. The 
onsisten
y problem for unary 
onstraints of form (3) and(4) is NP-
omplete for arbitrary DTDs, and is in PTIME for a �xed DTD.Note that Proposition 3 does not require the existen
e 
ondition as it 
an be
he
ked in linear time for 
onstraints of form 3 and 4. The motivation for 
on-sidering a �xed DTD is be
ause in pra
ti
e, one often de�nes the DTD of aspe
i�
ation at one time, but writes 
onstraints in stages: 
onstraints are addedin
rementally when new requirements are dis
overed.Alternatively, one may want to further restri
t the DTDs involved. However,this again does not help mu
h: even under some rather severe restri
tion onDTDs, the 
onsisten
y problem remains intra
table. More pre
isely, we showthat even if DTDs 
ontain a �xed number of elements and attributes, the 
on-sisten
y problem for unary keys and foreign keys is NP-hard.Let k > 0 be a �xed 
onstant and let Dk be the 
lass of DTDs D =(E; A; P; R; r) su
h that jE [ Aj � k.Theorem 2. If C is the 
lass of unary keys and foreign of the form (7), (8)satisfying the existen
e 
ondition, then for ea
h k � 11, SAT(Dk; C) is NP-hard.This again is a new result that does not follow from previously published resultson the 
onsisten
y 
he
king for XML.



DTD [7℄ XML S
hemaKeys and foreign keys unde
idable unde
idableUnary keys and foreign keys NP-
omplete PSPACE-hardKeys only linear time NP-hardNo 
onstraints linear time linear timeFig. 2. Complexity of the 
onsisten
y problem5 Con
lusionWe have shown that the semanti
s of XML-S
hema 
onstraints makes the 
on-sisten
y analysis of spe
i�
ations rather intri
ate. The main results of the paperare summarized in Fig. 2, whi
h indi
ate that stati
 
onsisten
y 
he
king forXML-S
hema spe
i�
ations is very hard: in general it is beyond rea
h (unde
id-able); for extremely restri
ted DTDs and 
onstraints, it is still rather expensive(NP-hard and PSPACE-hard). In parti
ular, with only unary keys, the 
onsis-ten
y problem is NP-hard under the XML-S
hema semanti
s, in 
ontrast to itslinear-time de
idability under the standard key semanti
s [2, 7℄.These negative results tell us that under the 
urrent semanti
s of XML-S
hema 
onstraints, there is no hope to eÆ
iently 
he
k whether or not anXML-S
hema spe
i�
ation makes sense. One may �nd that a seemingly per-fe
t spe
i�
ation turns out to be in
onsistent, after repeated failures to validatedo
uments. The designers of XML S
hema might want to take these results intoa

ount when revising the W3C re
ommendation.A
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