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Abstract

We discussthe de nition of keysfor XML documerts, paying particular attention
to the conceptof a relative key, which is commonly usedin hierarchically structured
documerts and scienti ¢ databases.
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1 Intro duction

Keys are an essetial part of databasedesign[2,14]:they are fundamertal to
data modelsand conceptualdesign;they provide the meansby which onetuple
in arelational databasemay referto anothertuple; and they areimportant in
update, for they enableusto guararteethat an update will a®ectpreciselyone
tuple. More philosophically, the key providesan invariant connectionbetween
the tuple and the real-world ertity it represets.

If XML documerts are to do double duty as databases,then we shall need
keys for them. In fact, a cursory examination® of existing DTDs reveals a
number of casesn which someelemen or attribute is speci ed { in commerts
{ asa\unique iderti er". Moreover a number of scierii ¢ databases,which
are typically storedin somespecial-purposehierarchical data format which is
ripe for corversionto XML, have a well-organizedhierarchical key structure.
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Various forms of key speci cation for XML areto be found in the XML stan-
dard [22], XML Data [23], and XML Sdema [25]. Through the use of ID
attributes in a DTD [22], one can uniquely identify an elemen within an
XML documert. Howeer, it is not clearthat ID attributes areintendedto be
usedas keysrather than internal \p ointers”. For example,ID attributes are
not scoped. In contrast to keys, they are unique within the ertire documert
rather than amonga designatedset of elemeis. As a result, one cannot, for
example,allow a studert (elemern) and a person(elemern) to usethe same
SSNasan ID. Moreover using ID attributes as keys meansthat we are lim-
iting oursehesto unary keysand, of course,to using attributes rather than
elemerns. Finally, onecanspecify at mostonelD attribute for anelemen type,
while in practice one may want more than one key. XML Data introducesa
notion of keysexplicitly. However, its keyscan only be speci ed in typesand
can only be de ned for elemen typesrather than for certain collections of
elemertts.

XML Sdemahasa moreelaborate proposal,which is the starting point of this

paper. The proposal extendsthe key speci cation of XML Data by allowing
oneto specify keysin terms of XPath [24] expressionsThere are a number of
technical problemsin connectionwith XPath. XPath is a relatively complex
languagein which one can not only move down the documen tree, but also
sideways or upwards, not to mertion that predicatesand functions canbe em-
beddedaswell. The problem with XPath is that questionsabout equivalence
or inclusion of XPath expressionsare, as far as the authors are aware, unre-
solved; and theseissuesareimportant if wewarnt to reasonabout keysaswe do
in relational databases. Yet until we know how to determinethe equivalence
of XPath expressionsthere is no generalmethod of saying whether two sud

speci cations are equivalert. Another technical issueis value equality. XML

Sthemarestricts equality to text, but the authors have encourered casesin

which keysare not sorestricted. SeeSection7.1for a more detailed discussion.

Howeer, the main reasonfor writing this paper is that noneof the existing key
proposalsaddressthe issueof hierarchical keys,which appearto be ubiquitous
in hierarchically structured databasesespecially in scierii ¢ data formats. A
top-level key may be usedto identify componerts of a documert, and within
ead componert a secondarykey is usedto identify sub-commnerts, and so
on. Moreover, the authors believe that the use of keys for citing parts of
a documert is suxciently important that it is appropriate to consider key
speci cation independerily of other proposalsfor constraining the structure
of XML documerts.

How then, are we to descrilke keysfor XML or, more generally for semistruc-
tured data? From the start, how we identify componerts of XML documerts
is very di®eren from the way we identify componerts of relational databases.

Consider the two structures shown in Figure 1. To idertify a tuple in the
relation we needto know, say, that nameand course constitute a key. In the



<db>
<student>
<name>Smith </name> <course> Math2 </course> <grade> B </grade>
</student>
<student>
<name>Jones </name> <course> Math2 </course> <grade> A+ </grade>
</student>
<student>
<name>Brown </name> <course> Phil5 </course> <grade> A- </grade>
</student>
</db>

name | course grade

Smith | Math2 B

Jones | Math2 | A+
Brown | Phil5 A-

Fig. 1. An example of a relation and an XML represeration.

absenceof a key the only way we can be sure of uniquely identifying a tuple
is to give the ertire tuple. For relational databasesthe way we specify a key
constrairt is to say that if two tuples agreeon their key attributes they agree
everywhere.By cortrast, XML documerts are, rst of all, documerts and we
can therefore usethe position in the documert (say a byte o®set)to identify
somepart of it, thereforethe way we might constrain the XML documert is
to say that if two elemerts agreeon the nameand course subelemetns then
they are the sameelemen. Put in the corntrapositive: two distinct student
elemens must di®eron a nameor course subelemer. This raisestwo issues
that precedeany discussionof the structure of keys:that of node identi cation
and that of equality. The latter is a thorny topic, but needssomeattention.

Organization. The rest of the paper is organizedas follows. Section 2 in-
troducesthe notion of node addressesnd value equality. Node addressesre
usedin node equality testing, i.e., testing whethertwo nodesare the samenode
and value equality is usedfor testing whether two nodeshave the samevalue.
Section 3 introducesour path expressionlanguagewhich is usedin the de -
nition of keysdiscussedn section4. Section5 addressesssuesin connection
with reasoningabout XML keys. The conceptof relative or hierarchical keys
together with its alternative notation is discussedn section6. In section 7,
we examinethe XML-Schemaproposalin somedetail, discussan alternative
form of keysand various issuesconcerningkeys.

2 Node addresses and equalit y

The Document Object Model (DOM) [21] provides someinsight into a seman-
tics for XML documerts. Accordingto the DOM, a documen is a hierarchical



<db>
<composer>
<name>J.S. Bach </name> <born> 1685 </born>
<work num="BWV82"xtitle> Ich habe genug </title>  </work>
<work num="BWV552"x/work>
</composer>
<composer period="baroque">
<name>G.F. Handel </name>
<work num="HWV19"xtitle> Art Thou Troubled? </title>  </work>
</composer>
</db>

name \@period
work

@num 1 .
C? @ period 1
@ e i o num num "baroque" @num
"J.S.Bach" "1685" 1 "BWV82" "BWV552" "G.F.Handel" num title
"HWV19"
1
"Ich habe genug"

"Art Thou Troubled?"

Fig. 2. SomeXML and its represettation asa tree

structure of nodes.Nodesare of seweral types, but there are three typesthat
are important to this discussion:elemen nodes, attribute nodes, and text
nodes.As illustrated in Figure 2 text nodes(T) have no namebut carry text,
attribute nodes(A) have both a nameand carry text, and elemen nodes(E)
have a name.Elemert nodesmay have children; attribute and text nodesare
terminal. In addition the DOM speci es how to read the children of an ele-
mert node. Text and elemen children are held in what is essetially an array,
the index in the array being determined by the order of the subelemerts in
the documern. Attribute children are held in a dictionary. The name of the
attribute, which must be uniquewithin an elemern, is usedasthe index. These
indexes,an integer for an elemen or text child, or the name pre xed by an
\@" for attributes, are shovn asedgelabelsin Figure 2. The important point
hereis that the edgelabels uniquely idertify children.

A consequencefthis modelis that a path of edgelabelsfrom the root uniquely
identi es a node. We shall call such paths node addressesand write them
Hq# oi# 1,1, for example hl#2#1i and hl#3#@num Node addresseswill be
our basic meansof identifying nodes. Note that an attribute name can only
occur at the end of a node address.We can alsotalk about the addressof a
subnade relative to a node. For exampleany subnade of a node with address
hai will have a node addressof the form ha# b whereha is the addressof the
subnade relative to hai. By a subnale of a node x we meanany node in the
subtreerooted at x, not necessarilya child node of x.



Value equalit y. Equality is essetial to the de nition of keys, and in order
to de ne keyswe need rst to de ne equality of the \v alues" assaiated with
nodes. XML-Schema restricts equality to text nodes, but the authors have
encourtered casesdn which keysare not sorestricted. An immediate example
is that when one treats nameas a key for person nodes, namemay have a
complex structure consisting of first-name and last-name subelemens. A
more generalway of describingequality is to usetree equality. The value of a
nodeis speci ed by giving (1) a setS of relative addresse®f its subnades, (2)
a partial function from S to namesand (3) a partial function from S to strings.
Two nodesare value-gual if they agreeon (1), (2) and (3). We shall usethe
notation =, for value equality. With respectto the textual represetation of an
XML elemen, this de nition statesthat the order of attributes is unimportant
in de ning equality. Obsene that the order of subelemens is speci ed and
presened by their indexes(integers).

It shouldbe pointed out that neither equality of text nodesnor tree equality is
entirely satisfactoryin the presenceftypes.XML-Schemadoesathoroughjob
of de ning basetypes,and onemight want to usethis to de ne a coarserform
of equality. For example,hd type="int" i 0 hid i and hd type="int" i
-0 hid i shouldprobably be treated asvalue-equal Also, there aretypessuc
asreal numbersfor which equality is problematic. A completespeci cation of
keyswould have to take accourn of theseissues.

3 Path Expressions

A path expressionis an expressioninvolving node names(tags and attribute
names)that describesa set of paths in the documert tree.

The choice of what languagewe useto de ne path expressionds important
to the expressie power of keys, and there are a number of choices.In XML-
Sdema, XPath [24] expressionsare used,while in semistructureddata regular
expressiond1] have beenused. Neither subsumeshe other. In the following
analysiswe shall assumetwo properties of path expressions:

2 There should be a concatenationoperation: P:Q is the result of following
“rst the path P and then the path Q.

2 A path should move down the tree. That is if we start at a node n, and, by
following a path described by P, we read a node n, then n, is a subnade
of n; (the addressn; is a pre x of the addressn,.)

The secondproperty is not enjoyed by XPath. We shall discussthe choice of
a languageof path expressiondater, but in the meartime adopt for illustra-
tive purposesa simple languagethat is a subsetof both XPath and regular
expressionsOur languagefor path expressionshas the following syntax: (1)
The empty path, \2", (2) anode name(tag or attribute name),(3) awild card
\ _", matching any single node name, (4) an arbitrary path \ &" and, (5) the



concatenationof paths P:Q, whereP and Q are paths de ned by theserules.

We have chosenan alternative syntax to that of XPath becausethe con-
catenation operation, which is certral to our understandingof keys, doesnot
have a uniform represemation in XPath. Howewer, the translation to XPath is
straightforward: Any path meart to start from the root is pre xed with \/".

In XPath, \/" itself denotesthe root node.\." is usedasthe empty path in
placeof \2", \*" in placeof \ " and \/" in placeof\_*'. Also, \/" is used
asthe path concatenatorin placeof \.". In XPath, \/* is usedasa separator
betweenlocation steps.Therefore,we have to disallowv certain concatenations.
For exampleconcatenationsof a=bwith =c=dto get a=b==c=dk disalloved.

We shall usethe notation n[P] to denote the set of nodes (node addresses)
readed by starting at node n and following a path that conformsto (is in the
languageof) P. We shall sometimesuse [P] as an abbreviation for rootfP].
The syntax is borrowed from Wadler's [17] description of semartics for pat-
terns in XSL. Examples(from Figure 2):

[commser] = fhi# 1, hi# 2i, hl# 3i, hl# 4i, 2# 10, R2# 2i;
# @eriodig
# 2i[a] = fh2#2i, h2#2# 1, e 2# 1# i, 2# 2# @nuny
[commpsemork] = fhil# 3i, hl# 4i, 2# 2ig

In somecasesijt will be usefulto restrict the path expressionlanguagesothat
paths are merely sequence®f labels and do not cortain _ or ©. Sud paths
are called simple paths For example,compserwork is a simple path.

4 De nition of Keys

In de ning a key we specify two things: a set on which we are de ning the
key (in relational databasesthis is a relation { the set of tuples identi ed
by a relation name) and the \attributes" (relational terminology for a set of
column names)which together uniquely iderntify elemerts in the set. This is
the motivation for our certral de nition of a key speci c ation, which is a pair

simple path expressionsThe idea is that the path expressionQ identi es a
set of nodes, which we refer to asthe target set on which the key constrairt

the key paths These correspnd to the absolute and relative location paths
respectively in XPath terminology. Obsene that for any node n 2 [Q] there
is a setof nodesn[P;] found by following P; from n. There is no restriction on
the sizeof n[P;]; in particular it may be empty. The key paths constrain the
target setasfollows: Take any two nodes(nq; ny) 2 [Q] and considerthe pair
of setsof nodesfound by following the key path P; from n; and n,, (n.[P;],
n,[P;]). If thereis a non-empty intersectionwith respect to value equality for
all sud pairs of setsof nodesthen the nodesn; and n, are the samenode.



For example,considerthe following key de nition:
(person.emplgees f name. rstnamename.lastnang

The target path person.emplgesiderti es a set of nodesin the documert.
This is the target set. Each of these nodes will de ne a subtree with an
emplgeedabel at the root. Within sud a subtreewewill nd zeroor morekey
paths name. rsthameand zero or more key paths name.lasthameTwo nodes
Ny, Ny in the target set are distinct if either they do not agreeon any of the
nodes readable via key path name. rstnameor they do not agreeon any of
the nodesreadable via name.lastname

As another example, obsene that the documert in Figure 2 satis es the
key (composer,f namag): There are two nodes at the end of the target path
compser For eat node, there is one elemen in the set of nodes found
by following the key path name \J.S.Bach" and \G.F.Handel". These ele-
merts are not value-equal. Less intuitiv ely, the documert also satis es the
key (composer,f borng) sincethe subelemen <born> only appearsin the rst
composerand is absern from the secondcomposer.

We are now ready to give the formal de nition of a key. For reasonswhich
will emergeshortly, it is usefulto de ne a key with respect to a given node in
the documern rather than assumingthat the target path starts at the root.

De nition. A noden satis es a key speci cation (Q;fPy;:::;Pxg) i®for any
Ny Ny in n[Q], if foralli, 1- i - Kk, there exist z; 2 n.[P;] and z, 2 n,[P;i]
sud that z; = 2, then ny = n,. That is,
8n1;n2 2 n[Q] (( 9z 2 m[Pi] 922 2 no[Pi] (z2 =v 22)) ! N1 = Ny)
1. i-k

Note that both forms of equality are usedin the de nition of a key. The rst
dealswith value-equaliy (=,) while the secondis node equality (=). Two
nodesare node equal if they have the samenode address.

When we talk about a documert satisfying a key speci cation we meanthat
the root of the documert satis esthe key speci cation. The key hasno impact
on thosenodesat which somekey path is missing i.e. nodesn sud that n[P;]
is empty for someP;. Obsene that for any n¢;n, in [Q], if P; is missing at
either ny or n, then n{[P;] and n,[P;] are by de nition disjoint. This is similar
to unique constraints introducedin XML-Schema.In cortrast to unique con-
straints, however, our notion of key speci cation is capableof comparingnodes
at which a key path may lead to multiple nodes.As an example,considera
key (A, fBg) expressedwith respect to the root of the following documert:

<db> <A><B>1 </B> </A> <A><B>1 </B> <B>2 </B> </A> </db>

This key assertsthat an Aelemen is uniquely identi ed by the valuesof its B
subelemerns. The documen doesnot satisfy the key becausehe B subelemen
in the rst Aelemen and the rst Bsubelemen of the secondA elemen have
the samevalue. With our de nition of keys,thesetwo A elemens are required



to be the sameelemen. Here are somefurther examplesof keys, expressed
with respect to the root of a documert.

(_=:personfidg) Any personelemen, if it hasid subelemerns, is uniquely
identi ed by the valuesof the id's. In other words, any
two personelemerts are disjoint on their id elds up to
value-equaliy.

(personf2g) Any two personnodesimmediately under the root have
di®eren values(? is the empty path).

(emplgeesfg) An empty key. This meansthat the path emplgees if it
exists, is unique at the root. That is, there is at most one
emplgeesnode immediately under the root.

(m; fidg) Any elemen that hasid subelemerts is uniquely identi-
“ed by the valuesof the id's. That is, any two nodesare
disjoint on their id elds up to value-equaliy. Note that
an id elemen doesnot have to have an id itself. This key
captures the sematiics of an ID attribute in the XML
standardin that id is unique within the ertire documert.

As with keysin relational databasesthis de nition of a key assertsthat the
values assaiated with key paths uniquely identify a node in the target set.
Howewer since one cannot require XML documerts to be in somekind of
‘rst normal form, there areimportant di®erencedetweenthe two de nitions.
First, the paths that de ne keysneednot exist? and do not haveto be unique.
In cortrast, in relational databasessince key values cannot be null, the key
must exist. Moreover, rst normal form requiresattribute valuesto be atomic
values, not sets. Second,our key paths specify a set of addresseswithin a
documert, unlike the relational casein which keysspecify a value.

There are, of course other ways of de ning keys,both moreand lessrestrictive
than what we have described. Somejusti cation of the choicesis in order.

2 We have useda setof key paths to de ne a key. In order to talk about a set
(as opposedto atuple or list) of path expressionsve needto be ableto talk
about equality of path expressionsThe equivalenceof two path expressions
in our languageof path expressionss decidable,asit is for the more general
classof regular expressions.

2 Giventhat we have de ned equality on trees,do we needto have morethan
onekey path in a key speci cation? We could always designour documerts
sothat all the key \attributes" are represeted as subnadesof somenode.
The problem hereis that we would have to constrain the node to contain
only thesesubnadesfor tree equality to have the desirede®ect.This seems

2 This might be taken as allowing null-valued keys, but whether we should equate
missing key paths with null valuesis arguable and dependson the semartics of the
languageswe useto query XML documerts.



to be too restrictive and constitutes unnecessaryinterferencebetweenkey
speci cations and data models.

2 The de nition of key satisfactiondi®erssigni cantly from the relational case
by allowing a (possiblyempty) set of nodesat the end of ead key path. We
shall examinea more restrictive de nition in which key satisfactionrequires
eadt of the key paths to exist uniquely from any node in n[Q] in Section7.

2 The languageof path expressionamay be regardedboth astoo weak and

Q to be an arbitrary path expressiorbut have restricted the P; to be simple
paths. Would one ever want an arbitrary path (_@) in one of the P;? Also,
it is not hard to come up with examplesin which one would like some-
thing more powerful to expressQ, e.g.,(person(motheij fathenz; fidg). This
meansa personelemen followed by zeroor more father or motherelemerts.
Our emphasisis that the languageof path expressionds provisional, and
that allowing arbitrary path expressionfor the P; merely complicatesthe
de nition of key but doesnot changemuch in the way of the theory.

5 Key Inference

In relational databasesone can infer somekeys from the presenceof others.
Indeed, if a set S of attributes is a key for a relation R, then any superset
of S is also a key for R. This obvious fact is of great importance in query
optimization. Keys are typically used as physical indexes, and this simple
inferencerule tells us whenwe have enoughinformation to usesud an index.
For XML keys as we have preserted them so far, the inferencerules are far
from obvious. Theserules are fully discussedn a companionpaper [6]. Here
are someexamples.

Fact. If (Q; S) isakeyandS p S° then sois (Q; S9.

This is the courterpart of the relational inferencerule. Below aretwo examples
that have no suc courterpart.

Fact. If (Q:Q%fPg) is a key then sois (Q;fQ%Pq).

This is soundbecausen a documert with atree-like structure, sharingof nodes
is not allowed. As a result, if a node is identi ed in a tree then its ancestors
are alsodetermined.In other words, if a key path P uniquely identi es a node
n in [Q:QY then Q%P is a key path for the ancestorof n in [Q].

Fact. If (Q;S) is a key and Q° is cortained in Q (i.e., the path language
de ned by Qis includedin the onede ned by Q), then (Q%S) is alsoa key.

This fact is soundbecauseany key of the set [Q] is alsoa key for any subset
of [Q]. Obsene that [QY is a subsetof [Q] if Q°is cortained in Q.

The last fact requiresoneto reasonabout the inclusion of path expressions.

Key inferenceis closelyrelated to the questionof key implication: supposeit
is known that an XML documert satis escertain keys,doesit follow that the
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Fig. 3. An XML tree conforming to D, and an XML tree satisfying '

documert must necessarilysatisfy someother key? We have deweloped algo-
rithms for reasoningabout the inclusion of certain classef path expressions
aswell asfor determining implication of XML keys. A detailed discussionof
these algorithms as well as nite axiomatization and complexity results in
connectionwith our key languagescan be found in [6].

Another natural questionto askis whether key constrairts are nitely satis -
able. In relational databasesall keysare nitely satis able: given any schema
S and any nite set 8 of keys, one can always construct a nite database
instanceof S that satis es§. The sameholds for XML documerts under our
de nition of a key.

Fact. For any nite set 8 of keys, there exists an ('nite) XML documert
satisfying 8.

This last fact only holdsbecauseey paths may be missing.Recallthe (_g; fidg)
example:if key paths were required to exist at all nodesspeci ed by the tar-
get path the XML documert would have to be in nite to satisfy the key (see
strong keysin section7.)

Also, we note that the last fact only holdsin the absenceof DTDs. To illustrate
this, let us considera simplekey' = (X;f g) andthe DTD D = <IELEMENT
foo (X, X)>. Obviously, there existsa nite XML documert that conforms
to the DTD D (see,e.g.,Fig. 3 (a)), andthereis a nite XML documern that
satis esthe key' (e.g.,Fig. 3 (b)). Howeer, there is no XML documernt that
both conformsto D and satis es' . This is becauseD requiresan XML tree to
have two distinct X elemens, whereas requiresthat thereis at most one X
node immediately under the root. This shavs that DTDs interact with XML
key constrairts. It should be mertioned that keysde ned in other proposals
for XML, sud asthoseintroducedin XML Sdcema[25], also interact with
DTDs or other type systemsfor XML. For a study of the interaction between
constrairts sud askeysand DTDs see[12].

6 Relativ e Keys

The needfor relative keysis partly motivated by scierti ¢ data formats. Many
scieni ¢ databasesdo not use corvertional databasetechnology and ewven
thosethat do transmit their data in oneof a variety of data formats. Someof
thesedata formats are generalpurpose(suc asASN.1, usedin GenBank[5],
and ACeDB [16]) while others are domain speci ¢ (such asEMBL [4]). These
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data formats have easytranslationsto XML. XML itself is alsoemergingasa
standard for data exdhange,especially with micro-array data (seefor example
the DTDs GEML [18]and MAML [19]). All of thesespeci cations have a hier-
archical structure, and typically at the top level consistof a large set of ertries
(the order of which is usually unimportant). Molecular biology databasescon-
tain particularly rich structures of metadata. In the protein sequencealatabase
Swiss-prot[3] there is an accessiomumber (a key) for ead ertry. Within ead
ertry there is a sequencef citations, ead of which is identi ed by a number
within the entry. Thusto identify a citation, we needto provide the accession
number for the entry and the number of the citation within the entry.

Another intriguing exampleis to be found in linguistic databases$. In this
casethe data sets (typically recordingsof speet) are held in Tes, but the
metadata is provided in part by the directory structure [20]:

ftimit/train/dr1/fcjfO/sal.wav

(TIMIT corpus, training set, dialect region 1, female spealker, speaker-ID
"cjf0", sertencetext "sal", speeh waveform le.) It would be quite reason-
able to represemn sud metadata in XML, but it is immediately obvious that
it requiresa non-trivial hierarchical key structure.

In relational databasedesignwe also nd the notion of a hierarchical key
structure in weak entities. The key of a weak ertit y consistsof the parert key
and someadditional identi cation of the dependen ertity [14] (e.g. course
Math120, section B).

To descrite hierarchical key structures we rst descrike a relative key, which
consistsof a pair (Q; K ) whereQ is a path expressionand K is a key.

De nition. A documernt satis es a relative key speci cation (Q, (Q',S)) i®
for all nodesn in [Q], n satis esthe key (Q%S).

In other words (Q; K) is arelative key if K is a key for every \sub-documert"
rooted at a node in [Q]. Examples:

2 (bible.lmok.chapter(versef numbkem)). A versenumber uniquely identi es a
versewithin a chapter.

2 (bible.look; (chapterf numbkerg)). Chapter numbersuniquely identify achap-
ter within a book.

2 (bible (book; f namag)). If there is only one bible node immediately under
the root, this is the sameas specifying a key (bible.look; f namey).

Obsene that in a relative key (Q; (Q% S)), Q starts from the root whereasQ®
starts at a node in [Q]. It is for this reasonthat we de ned key satisfaction
at arbitrary nodes.

3 We are grateful to Mark Liberman and Steven Bird of the Linguistic Data Con-
sortium at the University of Pennsyhania for providing us with this example.
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Transitivit y of relativ e keys. The purposeof keysis to uniquely specify
certain componerts of a documert. Obviously, a relative key sud as
(bible.lmok.chaptey(versef,numberg)) alone doesnot uniquely idertify a par-
ticular versein the bible. Howewer we beliewe that if we give a book name,
a chapter number, and a versenumber, we have speci ed a verse.lt is this
intuition that we needto formalize.

First obsene that the relative key (2; (Q% S)) is equivalert to the key (Q% S).
Thuskeysde ned in section4 are a special caseof relative keys.To distinguish
thesetwo notions we refer to the former as absolutekeysor simply keys Now
considertwo relative keys. We say that (Q1;(Q?;S;)) immediately precedes
(Q2;,(Q%;Sy)) if Q2 = Q1:Q9. Also, any absolute key immediately precedes
itself. De ne the precedesrelation asthe transitiv e closureof the immediately
precedegelation.

De nition . A set§ of relative keysis transitiveif for any relativekey (Q4; (Q%; S,)) 2
§ thereis a key (% (Q3;S;)) 2 § which precedeqQ; (Q%;S1)).

As an example,this set of keysis transitive:

(3; (bible.look; f namay)), (bible.book; (chapterf numberg))
This setis not:

(3; (bible.look; f nameg)), (bible.ok.chapter(versef numberg))
Any transitiv e set of relative keysmust cortain someabsolutekey.

Insertion-friendly  relativ e keys. Consider the following (transitive) key
speci cation:

(3 (universiy; f nama)), (universiy; (dept.emplgee f emp-idy))

To identify an employee node in this database,we needonly to specify a
university nameand an emp-id within that university. However, to add a new
employee to the database,we clearly needto specify a departmert for the
employee. Howeer, although this key speci cation is transitive, there is no
way to identify a departmert and hencethere could be many ways to add
an employee. This motivates our nal de nition of insertion-friendliness as
showvn below: With insertion-friendly keys, one can always insert an elemert
in the \k eyed" part of the documert unambiguously by specifying where to
insert the elemen using keys.

De nition . A set§ of relative keysis insertion-friendly if it is transitive and
wheneer (Q1; (Q.:n; S;)) 2 § thereis a relative key (Q?; (Q93;S;)) 2 § where
jQ% > 0and Q::Q, = Q%:Q%. Heren is a node name.

Informally, this de nition gives us the property that ewery elemen with a
pre x along the path Q;:Q, can be identi ed through some keys. There-
fore, it is easyto seethat the addition of the following key will make the
previous exampleinsertion-friendly. In particular, to insert an employee, we
now can specify which departmert they arein (in addition to the university).
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(universiy; (dept f dept-name))

Even though we can now add new employees,there is still somethinganoma-
lous: Although employeesare nested under departmerts, nothing about the
departmert is necessaryo identify them. This is reminiscert of the anomalies
that occur in non-secondhormal form of relational databases.There is some-
thing wrong with the designof this documert in that employeesshould not
be children of departmert nodes, but only of university nodes. The linkage
between employeesand departmerts should be expressedthrough a foreign
key. Formalizing the conceptof a well-designeddocumert with respect to its
key speci cation is beyond the scope of this paper.

6.1 A notation for relative keys

If a systemof relative keysis transitive, it forms a hierarchical structure. We
can therefore createa compressedyntax for sud systems.The basic syntac-

For example,bibleg .bookf namey.chaptef numberg.versé numberg speci esthe
insertion-friendly systemof keys:

(% (bible fg)); (bible (book; f namay)),

(bible.ook; (chapterf numberg)), (bible.lbok.chapter(versef numkerg))

Sofar the key hierarchies we have speci ed are linear. Considerthe following
two speci cations:

companyname.emplgyed idg, companynamey.depatmentf namey.

It is helpful to fold theseinto a single speci cation:
companynamey[.emplyed idg, .depatmentf nameg]

This is simply a syntactic shorthand: R[Ry;:::;Ry] for RRy, ..., RR,. As a
further example,consider

universiyf namey.schml[f name, .depatmentf name, .student idg]]

This is another example of a transitiv e set of relative keys. It is worthwhile
to remark again that for idertifying studert nodes, one doesnot needto be
aware of which school the studert belongsto. However, to insert a newstudert
into the documen, oneneedsspecify under which scdool (in addition to which
university) to insert the studert elemen soasto avoid ambiguity.

Speci cations suth asthesearereasonablycompactand understandable. Their
importanceis not only to ensurethe internal consistencyof a documert, but
alsoto tell othershow to cite a componert of our documern. This is especially
important if the documert is subject to change.
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Eventhough we have constructeda minimal systemfor describinghierarchical
key structures, it turns out that this takes us someway towards describing
a data model. Contrast the relational databasespeci cation and XML key
speci cation below:

Relational: student(snumname,maja), enroll(snuncnumgrade)
XML: [studenf snung[.namdg, .majafg], enrolf snum,cnurg.graddg]

They descrike closelyrelated structures. The speci cation [.namdg, .majafg]
ensuresthat under a studentnode there is at most one nameand at most
one maja node. However the key speci cation allows other unspeci ed nodes
to occur under a studentnode and, of course,it doesnot require any kind
of rst normal form. Newvertheless,we can specify that our documerns have a
structured \core" somewhatakin to the complex object or nestedrelational
structures that have beenstudied in databases[2]. Not surprisingly there is
closeinteraction betweenkey constrains and data modelswhich requiresmuch
further study.

7 Discussion

Our main reasonfor writing this documert was to clarify the notion of a
relative key and to understandthe hierarchical key structure that appearsto
occur naturally in a variety of data formats. What we have descriked hereis
a proposal for a key de nition, and there are a number of variations on this
de nition which should be considered.This sectioncortains a brief review of
thosealternatives, starting with the proposalsin XML-Schema.

7.1 XML-Schema

XML-Schema includes a syntax for specifying keys which is related to our
de nition, but there are somesubstartive di®erenceseven if we ignore the
issueof relative keys.Possiblythe mostimportant of theseis that the language
for path expressionsgs XPath. As mertioned before,XPath is a languageused
for accessingparts of XML documerts. XPath supports a variety of axesthat
allowsonenot only to move down an XML documert tree from a node, but also
to move to its ancestorsand siblings. Moreover, one can embed predicatesor
even functions in XPath. For example/A/B[last()]/C/D/E/ancesto r::* selects
all ancestornodesalongthe path A.B.C.D.Estarting from the root. Obsene
that a predicate (quali er) is speci ed in the expressionB must be the last B
child of A. With sud complexfunctionality, questionsabout the equivalenceor
inclusion of XPath expressiongemainsopen. As demonstratedby examplesin
Section5, theseissuesareimportant if wewant to reasonabout keysaswe do {
for quite practical purposes| in relational databasesHereis a brief summary
of the other saliert di®erencedbetweenour de nitions and the XML-Schema.

Equalit y. We have useda more generalform of equality than that in XML-
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Sdema. Howewer, as pointed out in Section2 a full treatment of equality
might involve typesor even someform of user-de nedequality.

De nition of the target set. In XML-schemathe path expressiorthat de-
‘nes the target set is taken to start at arbitrary nodes. Recall that in a
key (Q; (Q%S)) of our notation, the target path Q always starts from the
root (also recall that an absolute key (Q%S) is equivalert to (2 (Q% S))).
But it is straightforward to let Q start from an arbitrary node: one needs
simply to substitute _":Q for Q in our notation. More speci cally, we write
(:*:Q;(Q%S)) (obsene that _":Q starts from the root). It is, of course,
possibleto \ro ot" a path expressionin XML-Schema.

De nition of key paths. XML-Schema talks about a list (not a set) of
key paths. While this avoids issuesof equivalence of XPath expressions,
one can construct keysthat are, presumably equivalert, but have di®eren
or anomalouspresertations. For example (temporarily using [...] for lists):
(person,[ rstnamelastname]) (person,[lastnamerstname]),
(person,[lasthnamdastname, rstname])
imposethe sameconstrain. Sincethe issueof equivalenceof XPath expres-
sionsis unresohed, there is no generalmethod of cheking whethertwo sud
speci cations are equivalert.

Relativ e keys. While there is no direct notion of a relative key in XML-
Sdema,in certain circumstancesone can achieve a related e®ect.Consider
for example: bookf namey.chaptef namey.versénumterg. In XML-Schema
one can specify a key for verse(this is not XML-Schemasyntax) as
(book.chapter.versgnumkber, up.name,up.up.name])Here\ up" isthe XPath
instruction to move up onenode. Thus part of the key is outside of the value
of a versenode. One of the inferencesone could make for suc a speci ca-
tion is that (book.chapter[nameyp.name])is a key provided the nodesin
the target setall contain at leastoneversechild node. Again, it is not clear
how to reasongenerallyabout suc speci cations.

7.2 Somealternative de nitions of keys

The de nition of keyswe have adoptedin this paper is quite weak, which we
beliewe is in keepingwith the semi-structurednature of XML. This certainly
does not mirror the requiremers imposedby a key in relational databases,
i.e. the uniquenessof a key and existene of key values,i.e., eat tuple must
have a key value. We now explore a de nition which captures both these
requiremens.

Strong Keys. In astrong key de nition, we requirethat the keyspaths exist
and are unique i.e. n[P;] cortains exactly onenode for 1 - i - k. The key
paths constrain the target set as follows: Take any two nodes(ny;n,) 2 [Q]
and considerthe pairs of nodesfound by following a key path P; from n, and
n,. If all sud pairs of nodesare value-equal,then the nodesn; and n, arethe
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samenode.

As an exampleof what it meansfor a path expressionto be unique, consider
Figure 2: nameis unique at hli, but work and numare not unique at this node.
The de nition of satisfaction for strong keys now becomeshe following.

De nition. A node n satis es a key speci cation (Q;fPy;:::;Pxg) if

2 For all n%in n[Q] and for all P;(1 - i - k), P; is unique at n°.
2 For any nq;ny in n[Q], if ny[Pi] =v no[Pi](X - 1 - k) thenny = n,.

To distinguish the two de nitions of keyslet us referto keysde ned above as
strong keys and the keysde ned in Section4 asweak keys Given this strong
notion of keys, let us re-examinesomeexamplesgiven before.

(_=:personfidg) Any two personelemerts, no matter where they occur,
have unique id subelemerts and di®eron those elemerts.

personf2g e interpretation of this key remainsunchangedunder
( f2g) The i i f this k [ ch dund
a strong key semartics.

(emploeesfg) Again, the semartics of this key is the samewith respect
to the strong and weak key speci cations.

(o T ko) This requiresthat ewvery elemen has a key k, including
any elemen whosenameis k.

The last exampleillustrates that under a strong key semarics, nite satis a-
bility (the nite model property) doesnot hold for all keys:The key (_g; f kg)
imposesan in nite chain of k nodes and therefore, there is no nite docu-
mert satisfyingit. The problem arisesbecausewe requirethat key paths must
exist. It should be mentioned that the correspnding key in XML-Schema,
(==o; [id]), is not meaningful either, becausean id node cannot have a base
type if it is to have an id subelemen itself.

Due to the existencerequiremen on key paths in the de nition of strong
keys, a strong key imposescertain structural (typing) constrairts which are
typically found in schemaspeci cations in a traditional databasesystem.For
example,the following documert doesnot satisfy the strongkey (A, f Bg) since
the key requiresthat B elemens must exist under every A elemen (and be
unique). In other words, it doesnot allow keys paths to have a \null" value.
In cortrast, the samedocumert satis esthe weakkey (A, f Bg) asa weakkey
permits \null" value. Obsene, howewer, the weak key clearly doesnot allow
oneto distinguish betweentheseA elemers.

<ROOTxA>1 </A> <A>2 </A> </ROOT>

It should be mentioned that the distinction between (traditional) structural
constrairts (types) and (traditional) integrity constrairts is not always well-

16



de ned. It is dictated largely by what convertional programming languages
treat astypes. See[7] for detailed discussionon this topic.

The conceptof relative keyscan be naturally adaptedfor strong keysaswell.
We say a documert satis”es a strong relative key speci cation (Q; (Q%S)) i®
for all nodesn in [Q], n satis esthe strong key (Q% S).

The strong notion and weak notion of keysimposedi®eren restrictions on
key paths. At oneend of the spectrum, all key paths must exist and be unique
(strong keys). At the other end, no structural constraints are imposedon
key paths (weak keys). There are also possibilities in between; for example,
adopting a slightly strongernotion of weak keyswhich substitutes equality for
valueintersection of the node setsreadable by a simple key path.

Keys that determine value equalit y. So far we have assumedthat key
equality implies node idertity; however David Maier has pointed out to us
that occasionallywe want key equality to imply value equality. This happens
in \non-second-normal-form" keys discussedbrie®y in Section 6. Considera
scieni ¢ databasethat consistsof a sequencef ertries (eat entry describes
somestructure, e.g.a gene)and within ead ertry there is a list of citations.

The key for citations would be: (db.entry.citation, fISBNy). This is not
insertion-friendly. More importantly two ertries may cortain citations with

the samelSBN. Here we do not want to insist that the two citations are the
samenode, but rather that they are value-equal.Of course,sut a database
now has redundancy but allowing occasionalredundanciesof this kind may
be preferableto having a separatelist of citations and doing a join in order
to recover the citations relevant to an ertry. An analog of this happensin

relational databaseswhere, for exciency purposes,it is sometimesuseful to

have non-second-normal-fornrelations. We have yet to investigate inference
properties for sud keys.

7.3 Choice of a path expressionlanguage

We have used a languagefor path expressionghat cortains just enoughto
illustrate most of the issuesthat occur in connectionwith keysfor XML. In
orderto reasonabout keys,it is essetial that equivalenceand inclusion of path
expressionsare decidable.This is the casefor the more expressie languageof
regular expressionsand we could equally well have usedthis language;none
of the resultswould be a®ectedHowever the exampleswe found that usedthe
addedexpressie power were somewhatcortriv ed, and it is not clear whether
this larger languageis of practical use.

for key paths that is a sublanguageof the languagefor target paths. In fact,
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we only require that the composition Q:P; of a target path and a key path
should be in the languageof target paths.

To simplify the discussion,so far we have required key paths to be simple
paths. Howewer, we could seeno other bene t to simplifying the languageof
key paths. Belov we extend the current proposal by allowing key paths to
include _ and _g, i.e., to be expressedn the samelanguagethat de nestarget
paths. To do so,we rst de ne a notion of value intersection. Obsene that
the regular languagede ned by a path expressionis a set of simple paths. Let
us use¥sto rangeover simple paths. Given a path expressionP, we use%22 P
to denotethe simple path %2in the languagede ned by P.

Value intersection. Let n; andn, betwo nodesin an XML tree T and P be
a path expressionin the languagede ned in Section3. The valueintersection
of n{[P] and n,[P], denotedby ni[P]\ \ no[P], is de ned as follows:
NP1\ v no[P1= (2,29 j 9%2 P;z 2 ny['4;2°2 n,[A; 2 =\ 2%
Intuitiv ely, n{[P]\ v n2[P] consistsof pairs of nodesthat are value equaland

are reacable by following the samesimple path in the languagede ned by P
starting from n; and n,, respectively.

Using this notation, we extend our key speci cation as follows.

Key speci cation. A keyis a pair (Q;fPy;:::;P,0), whereQ and P;'s are
path expressionsn the languagede ned in Section3. A node n satis es the
key i® for any nq;n, in n[Q], if for alli, 1- i - k, the value intersection of
n.[P;] and n2[P;] is not empty, then n; = n,. That is,
8nyn; 2 n[Q] (( (NPJ\ v n2[Pi] 6 5) I ni=ny):
1k

It should be mertioned that the complexity results of [6] were deweloped for
this generalde nition of keys.

7.4 Node namesas key values

The choice of an appropriate de nition for keysfor XML will ultimately be
determinedby practice. The aim of setting out a key speci cation is to cover
the practical caseswithout usingde nitions that aretoo complexto allow any
kind of reasoningabout keys. Have the proposalsin this paper covered the
practical cases?There is one issuethat may arisein \unconstrained” XML.
Considerthe database
<db>
<parts>
<widget> <id> 123 </id> <weight> 1.5 </weight> </widget>
<widget> <id> 234 </id> <weight> 2.5 </weight> </widget>
<gadget> <id> 123 </id> <weight> 3.2 </weight> </gadget>
</parts>
</db>
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The type of a part { widget or gadget { is expressedn the tag. In alternative
XML represemations it might be expressedas an attribute or subelemen of
a part elemen. The key for a part is to be taken as its type together with
its id . With our current madinery, the key constraint can be expressedas
patsfg [.widgef idg, .gadgetidg]. Howewer, if we introducea new part type, a
thingy , the key speci cation will have to be changedto include a key path
involving thingy . No changewould be neededin the alternative represeta-
tions. The problem arisesbecausewe are interchangingstructure (the names)
with data (their values); but the ability to do this is supposedto be one of
the strong points of semistructureddata and XML.

Our de nition of a key (weak or strong) can be extendedto expressthis by
adding a \virtual" subelemern, node-nameto eath named node, whosevalue
consistsof the node name. With this extension,the key for our examplecan
be expressedas partsfg ._.f node-namejdg.

This doesnot alter any of the propertieswe expectto hold for keysand appears
to accourt for any practical useof tag namesin keys.

7.5 Applications

Keys have alsoprovento be usefulin for indexing [10], archiving XML data [8]
as well asfor designingrelational storage[11]. The constrains and structure
given by keysare often exploited in sud systemsin order to provide a more
e®ective implemertation. Keys are also nding their way into the data model
of XQuery [26]. Since indices are typically built on keys and keys provide
information on the structure of the data, it would be interesting to investigate
how keyscan be applied in the generalframework of query optimization [13].
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