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1 Introduction

Background. Mediation of information from heterogeneous sources is a crucial task for future
Web information systems. The MIX1 project at SDSC/UCSD relies on the well-known mediator
architecture [Wie92] to provide the user with an integrated view of the underlying sources. To facil-
itate a uniform and 
exible representation of arbitrary source data, MIX employs XML[XML98b].
XML can be used for marking up and structuring data by means of semantically meaningful tags.

The novel features of the MIX architecture include:

� Data exchange and integration solely relies on XML, i.e., instance and schema information
is represented by XML documents and XML DTDs, respectively.

� XML queries are denoted in a high-level, declarative query language XMAS2, which builds
upon ideas of languages like XML-QL, Yat, MSL, and UnQL [XML98a, CDSS98, PAGM96,
BDFS97]. For example, XMAS allows object fusion and pattern matching on the input XML
data. Additionally, XMAS features powerful grouping and order constructs for generating
new integrated XML \objects" from existing ones.

� The graphical user interface BBQ (Blended Browsing and Querying) is completely driven
by the mediator view DTD and integrates browsing and querying of XML data. Complex
queries can be constructed in an intuitive way, which resembles QBE. Due to the nested
nature of XML data and DTDs, BBQ employs a novel graphical way to specify the nesting
and grouping of query results.

MIX Architecture. The main architecture of MIX is depicted in Fig. 1: The graphical user
interface BBQ allows the construction of queries in an intuitive way. BBQ is driven by the XML
DTDs of the mediator view and guides the user in formulating complex queries. A design goal of
BBQ is to provide a seamless blend of browsing and querying modes, in the spirit of Garlic's
Pesto interface [CHMW96].

The MIX mediator comprises several modules to accomplish the integration; its main inputs
are XMAS queries generated by BBQ, and the mediator view de�nition (also in XMAS) for the
integrated view. The latter has to be provided by the \mediation engineer", and prescribe how
the integrated data combines the wrapper views. The resolution module resolves the user query
with the mediator view de�nition, resulting in a set of unfolded XML queries that refer to the
wrapper views. These queries can be further simpli�ed based on the underlying XML DTDs.

The DTD inference module can be used to automatically derive view DTDs from source DTDs
and view de�nitions, thereby supporting the integration task of the mediation engineer.3 The
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Figure 1: MIX architecture

translation module maps the simpli�ed queries into the XMAS algebra which can then be further
optimized. Finally, the execution engine issues XMAS queries against the wrappers, and returns
the requested XML data to the user, after integrating the retrieved data according to the mediator
view.

Wrappers are used on top of the heterogeneous sources to export data in a uniform format
to the mediator. In contrast to previous approaches, which rely on \schema-less" semistructured
models, we use XML as our model for semistructured data and exploit the structuring information
provided by XML DTDs. Depending on the source's capabilities, a wrapper may support only
certain types of XML queries, in which case it is the meditor's responsibility to issue only such
queries.

Similar to TSIMMIS, MIX's query evaluation corresponds to a lazy approach (also called on
demand or virtual), i.e., XML queries (expressed in XMAS) are unfolded and rewritten at runtime
as they 
ow downwards from the user to the sources. In contrast, for example Strudel [FFK+97]
and Florid [LHL+98] follow the eager (or warehousing) approach, where data integration occurs
in a separate materialization step, before the actual user queries.

2 XMAS by Example

XMAS is a declarative rule-based query language for XML. XML can be seen as an instance of the
semistructured data model. Thus it can hold a wide variety of data, i.e., data with few or irregular
structure (e.g., wrapped HMTL pages) but also highly structured data like data from relational
databases. In the following examples, we consider the latter to illustrate the basic features of
querying XML with XMAS.

Consider, the following neighborhoods relation:
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neighborhoods

zip name type population

91901 Alpine Rural/Town 13238
91903 Alpine Rural/Town 4783
91902 Bonita Urban/Suburban 18120
92003 Bonsall Rural/Town/Satellite City 5897
92004 Borrego Springs Rural/Satellite City 2377
91905 Boulevard Rural 1018
: : : : : : : : : : : :

We can represent such a relation directly in XML as follows: The neighborhoods relation is
represented by a neighborhoods element. For each tuple of the relation we create a neighborhood
subelement. Thus, neighborhoods can hold an arbitrary number of neighborhood subelements.
Finally, we represent each attribute (zip, name, ...) as a subelement of neighborhood with the
corresponding name.4 This element structure can be described in the following form as an XML
DTD:

<!ELEMENT neighborhoods (neighborhood)*>

<!ELEMENT neighborhood (zip, name, type, population)>

<!ELEMENT zip (#PCDATA)>

<!ELEMENT name (#PCDATA)>

<!ELEMENT type (#PCDATA)>

<!ELEMENT population (#PCDATA)>

Observe that the declaration of the element name is followed by a regular expression specifying
the element content. The actual relational data can now be represented in XML as follows:

<neighborhoods>

<neighborhood>

<zip>91901</zip>

<name>Alpine</name>

<type>Rural/Town</type>

<population>13238</population>

</neighborhood>

<neighborhood>

<zip>91903</zip>

<name>Alpine</name>

<type>Rural/Town</type>

<population>4783</population>

</neighborhood>

<neighborhood>

<zip>91902</zip>

<name>Bonita</name>

<type>Urban/Suburban</type>

<population>18120</population>

</neighborhood>

...

</neighborhoods>

How can we query such an XML database with XMAS? The basic idea is to use XMAS rules
which are of the form

CONSTRUCT head WHERE body

The body (WHERE-clause) speci�es the data which is to be extracted from the XML sources under
consideration, the head (CONSTRUCT-clause) describes how the extracted data is arranged into
a new answer XML document. These clauses roughly correspond to SQL's WHERE and SELECT

clauses, respectively. However, rather than de�ning relational views like SQL or Datalog, XMAS
rules de�ne XML views on the underlying (XML) data.

For example, assume we want to retrieve all names of \big" neighborhoods, say where the
population is greater than 30,000. In XMAS we can write the following:

4Alternatively, we could make them attributes of the parent element.
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CONSTRUCT

<big_neighborhoods>

<big_neighborhood>

<name>$N</>

</> {$N}

</>

WHERE

<neighborhoods>

<neighborhood>

<name>$N</>

<population>$P</>

</>

</>

IN "http://www.npaci.edu/DICE/MIX/tutorial/neighborhoods.xml"

AND $P>30000.

Body. Consider �rst the rule body, i.e., the WHERE-clause: Observe how the tree pattern mimics
the tree structure of the input XML document, and how variables $N and $P are used to \get a hold"
of the data at the corresponding locations in the tree. More precisely, the tree pattern speci�es
that the root element of the XML document (at http://...) has to be of type neighborhoods.
Within neighborhoods there must be some neighborhood subelement, which itself contains name
and population subelements.5 In this way, the tree pattern speci�es a list of pairs of variable
bindings for $N and $P. From this list, we want to select only those which satisfy the condition
$P>30000. Summarizing, the body de�nes a list [(n1; p1); : : : ; (nk; pk)] of all variable bindings for
($N,$P), which match (or satisfy) the body.

Head. In the rule head (CONSTRUCT-clause) we specify how to construct an answer XML element
from this list. The head consists of an XML tree pattern which contains some or all of the variables
from the body. Ignoring the collection label f$Ng for the moment, we see that the head de�nes
a root element big neighborhoods with a big neighborhood subelement, having in turn a name

subelement. The latter is used to hold the bindings for $N which have been obtained through the
body.

Now, if we omit the collection label f$Ng, we obtain one big neighborhoods element for each
binding n1; : : : ; nk. This answer structure is not intended6. Instead, we want to have only one
root element big neighborhoods which has a number of subelements big neighborhood, one for
each name $N obtained from the body. This is accomplished using the collection label f$Ng which
follows the big neighborhood element (and thus applies to this element). This collection label
speci�es that

(i) we create exactly one big neighborhood element for each binding n1; : : : ; nk of $N (thereby
�xing the value of $N within the big neighborhood element to one ni), and

(ii) that all these elements are collected as subelements of the parent element
(here: big neighborhoods).

For elements in the head which do not have an explicit collection label, there is an implicit collection
label. Roughly speaking, the implicit collection variables of an element E are those which are free
in E.7 In our case, the collection label for big neighborhoods is fg since there is no free variables
within this element (the $N gets bound by the collection label f$Ng). The collection label for the
name element is f$Ng since $N occurs free within the name element. However, note that this label
will not cause $N to range over di�erent bindings, since $N is already bound from above.

5Note that we allow abbreviated end-tags of the form </>.
6Indeed, it is not well-formed XML since there must be a unique root element.
7A variable is free in an element, if it is not bound by a collection label; see the de�nitions below for a detailed

explanation on how to determine these implicit labels.
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Expressing Relational Algebra Operations. It is instructive to see how the usual relational
algebra operators (�, �, 1, : : :) can be expressed in XMAS. Note that the XMAS rule above
performs a selection based on $P (in the body) followed by a projection on the name and a
renaming8 (in the head). Thus, neglecting the renaming and the tree structure of the output, the
rule essentially computes �name(�population>30000(neighborhoods)).

A join can be obtained by equating variables in the body: Assume, e.g., that we have an XML
source with information about schools, including their zip codes. We can integrate the information
from these sources by joining on the zip code:

CONSTRUCT

<neighborhoods_med>

<neighborhood_med>

$N

$S

</> {$N, $S}

</>

WHERE

<neighborhoods>

$N: <neighborhood>

<zip>$Z</>

</>

</>

IN "http://www.npaci.edu/DICE/MIX/tutorial/neighborhoods.xml"

AND

<schools>

$S: <school>

<zip>$Z1</>

</>

</>

IN "http://www.npaci.edu/DICE/MIX/tutorial/schools.xml"

AND $Z=$Z1

Here we have de�ned an integrated (or \mediated") view neighborhoods med where each subele-
ment neighborhood med contains one neighborhood $N and one school $S such that $N.zip=$S.zip.
Note how the collection label is used to collect neighborhood med subelements as children of the
root element.

What happens if we omit the equation $Z=$Z1? Then the result constructed in the head
corresponds to neighborhoods� schools, i.e., a cartesian product just like in the relational case.

Finally, note the di�erent occurrences of variables in the body: $Z and $Z1 occur in the content
position of a zip element. Hence, these content variables are bound to the character content of
the zip element.9 In contrast, $N and $S are element variables since they precede (separated by a
colon \:") a complete element. In this way we can pick complete elements from the source without
knowing their precise structure (indeed their structure may vary for di�erent picked elements).
The latter is very useful when querying semistructured data, i.e., XML documents having a DTD
that is less rigid than a \relational" DTD, or documents for which a DTD is not given: For
example, we can obtain the complete document tree $D of any XML source and the name $N of
its root element as follows:10

CONSTRUCT

<answer>

<document>$D</>

8Here, neighborhood becomes big neighborhood, etc. Since XMAS allows variables at tag positions, one can
express data-driven renaming and schema update.

9If zip had subelements, these variables would range over those subelements (in the case of mixed content:
subelements and character contents).
10A more general construct for querying semistructured data are regular path expressions, which are not discussed

here.
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<root_name>$N</>

</>

WHERE

$D: <$N/> IN ...

2.1 XMAS Semantics

Let us take a closer look at the sematics of a XMAS rule

CONSTRUCT head WHERE body .

Assume that the body contains the variables �X = X1; : : : ; Xn (for notational convenience, we
denote variables by uppercase letters and omit the \$" symbol). Thus, evaluation of the body
yields a list of variable bindings Bs = [�x1; : : : ; �xk] where each �xi = (xi;1; : : : xi;n) de�nes a value
for all the variables �X . This list is obtained by matching the tree patterns in the body with the
corresponding input XML documents and applying the usual operations (AND, OR, =, etc.); see
Section B.1 for details.

The more involved construction is the semantics in the head. Assume for the moment that all
elements in the head have an attached collection label. The semantics sem(C;Bs; �) of a XMAS
expression C in the head is given wrt. the variable bindings Bs (obtained from the body) and a
variable binding � for the currently �xed variables (initially, � is empty). Using these, we de�ne
the semantics of head to be11

sem(head; Bs; ;)

Depending on the expression C, we de�ne sem(C;Bs; �) recursively as follows:

� if C = s (i.e., we are looking at a string constant) then we return a list containing that
string:

sem(C;Bs; �) := [ s ]

� if C = Xi (i.e., we are looking at a variable from the body) then we return a list of all
bindings for Xi in Bs which satisfy the currently �xed variables �, i.e.,

sem(C;Bs; �) := [xi j �x 2 ��(Bs) ]

� if C = hp AiC 0 h=i f �Y g (i.e., we are looking at an element pattern with collection label f �Y g)
then we return a list as follows:

First consider � �Y (��(Bs)) which is the list of variable bindings for Bs which satisfy �,
projected on the collection variables �Y . This yields a list of bindings describing the range
of the variables �Y . For each such binding � we construct one element h�(�(p A))=i. The
contents of this element is de�ned by applying sem recursively, but now with the additional
�xed variables �. Finally, we return the list of all these elements which thereby become
children of the enclosing parent element. Thus,

sem(C;Bs; �) := [ h� � �(p A)i sem(C 0; Bs; � � �) h=i j � 2 � �Y (��(Bs)) ]

� if C = f(C1; : : : ; Cn) (i.e., we are looking at some function on lists like ORDERBY), then we
just return the result of that function applied to the sem of the arguments:

sem(C;Bs; �) := f(sem(C1; Bs; �); : : : ; sem(Cn; Bs; �))

11Strictly speaking, for head, the function sem has to return a one-element list; otherwise the query result is not
an XML document and hence unde�ned.
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Implicit Collection Labels. Recall the e�ect of a collection label f �Y g when applied to an
element E. For each binding of �yi of f �Y g it creates an element Ei; all of these become children of
the enclosing parent element. There are two shortcuts which allow to omit the explicit mentioning
of a collection label:

First, we may simply omit the collection label. This indicates that we do not want to �x the
bindings of variables at this level in the answer tree.

Second, we can use brackets around the E to indicate that we want to make a collection at
this level of the tree: the collection label corresponding to the bracketed expression [E] comprises
all free variables in E. To illustrate this, consider the following XMAS head:

<ans>

<a>

$A

<b>

$B

<c> $C </c> {$C}

</b> {$B}

</a> {$A}

</ans>

This creates one <ans/> element which has for each value of $A a subelement <a/>, each of which
has the value of $A as the �rst child, followed by a list of <b/> elements, one for each value of $B
(given the already �xed value of $A); similarly for $C. In a sense, this corresponds to a nested loop
structure, with the outermost loop ranging over the values of f$Ag, the innermost loop ranging
over f$Cg, and the f$Bg loop inbetween. With the implicit collection labels de�ned by brackets,
we can write this more intuitively as follows:

<ans>

[<a>

$A

[<b>

$B

[<c> $C </c>]

</b>]

</a>]

</ans>

Now assume we drop the brackets around the <b/> element. Then we create for each pair of values
for $A and $B one <a/> element (since both $A and $B are free within <a/>), which corresponds
to the explicit collection label f$A,$Bg for the <a/> element (the implicit label f$Cg for <c/> is
not changed).

Formally, we can rewrite any head expression with implicit collection label into an equivalent
one with explit collection label; see Appendix B.2.
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A XMAS Grammar

rule ::= "CONSTRUCT" head "WHERE" body

head ::= startTag collection endTag
collection ::= head collection label % explicit listify

j head % implicit listify
j "[" head "]" % implicit listify
j identi�er "(" collection ("," collection)? ")" % function application
j variable

collection label ::= "f" variable* "g"

body ::= body "AND" body
j body "OR" body
j "NOT" body
j "(" body ")"

j bodyPattern
bodyPattern ::= bodyContent "IN" source

j predicate
j assignment

bodyContent ::= (variable ":")? bodyElement % [[variable]] � elem
j variable % [[variable]] � elem [ str (*)

bodyElement ::= startTag bodyContent* endTag
j emptyElement

startTag ::= "<" term attributes ">" % [[term]] � tag
endTag ::= "</" (identi�er)? ">"

emptyElement ::= "<" term attributes "/>" % [[term]] � tag
attributes ::= (term1 "=" term2)* % [[term1]] � att; [[term2]] � str
term ::= variable j constant
variable ::= "$" identi�er

Remark. To avoid ambiguities between the lazy (i.e., empty) endTag h/i and an unrestricted
bodyElement, we have to write the latter as hih/i (indeed, this is enforced by the rule for emp-
tyElement).

B XMAS Semantics (Continued)

Remarks.

� The XMAS variable pre�x \$" is dropped.

� For simplicity, we assume that element names, attribute names, and character data come
from the same data domain D. Then E is the set of all elements (=XML trees) over D.

� Variable bindings can be extended to XMAS expressions (especially, the XMAS body) in
the obvious way.
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� Variable bindings can be conceived as sets of variable/value pairs, i.e., � = fX1=x1; : : : ; Xk=xkg.
Thus we can use them as selection conditions (see below).

B.1 Body

De�nition 1 (Variable Binding)
A variable binding � over a sequence of variables �X = X1; : : : ; Xn is a mapping � which assigns
to every variable X 2 �X either an element e 2 E or a data value d 2 D. 2

De�nition 2 (Binding List)
Given a sequence of variables �X = X1; : : : ; Xn, a binding list over �X is a list [�1; : : : ; �k] s.t. each
�i is a variable binding over �X. 2

Remarks. Below, for convenience of notation, we blur the di�erence between a variable binding
and a tuple. Indeed, given a binding list Bs over a �xed sequence �X of variables, each variable
binding de�nes a tuple and vice versa.

De�nition 3 (Satisfaction)
Let e = hp AiC h=pi be an element from E, � a variable binding, and B a XMAS body. Then
e; � j= B holds ...

� for B = (B1 ANDB2) :, e; � j= B1 and e; � j= B2 (similar for OR, NOT)

� for B = (x : hp0iA0 C 0 h=i) :,

{ �(x) = e,

{ �(p0) = p,

{ f.a. (a0=v0) 2 A0 ex. (a=v) 2 A s.t. �(a0)=a and �(v0)=v, and

{ f.a. c0 2 C 0 ex. c 2 C s.t. c; � j= c0

� for B = B0 IN source :,

{ e0 = root element(source),

{ e0; � j= B0

2

Order Among Sibling Elements. Observe that this de�nition implies that the order among
sibling elements in the body is irrelevant. Thus, XMAS relieves the rule programmer from remem-
bering the speci�c order in the input. However, the order in which elements occur in the head is
signi�cant, since it is used to construct the XML output (hence should not be left to the system).

B.2 Head

We assume that the XMAS head contains explicit collection labels.

De�nition 4 (Head semantics)
The semantics of a XMAS rule CONSTRUCT head WHERE body is given as follows:12

Let �X = X1; : : : ; Xn be the sequence of free variables of body, and Bs the ordered list of
variable bindings which satisfy body. Then the semantics of head is de�ned as

sem(head;Bs; ;)

where the function sem(C;Bs; �) is de�ned as follows:13

12Here, the selection �� and the projection � �X produce lists of tuples/variable bindings instead of sets (thus
preserving a given order).
13cf. Section 2.1

9



� if C = s % string constant

then sem(C;Bs; �) := [ s ]

� if C = Xi % variable

then sem(C;Bs; �) := [xi j �x 2 ��(Bs) ]

� if C = hp AiC 0 h=i f �Y g % element pattern (with collection label)

then sem(C;Bs; �) := [ h� � �(p A)i sem(C 0; Bs; � � �) h=i j � 2 � �Y (��(Bs)) ]

� if C = f(C1; : : : ; Cn) % list function

then sem(C;Bs; �) := f(sem(C1; Bs; �); : : : ; sem(Cn; Bs; �)) 2

For every head expression C, the explicit collection label ex label(C) can be derived, based on
free(C), i.e., the free variables of C:

De�nition 5 (Free Variables)
The free variables of a XMAS expression in the head are de�ned as follows:

free(C) :=

8>>>><
>>>>:

fg ; if C = s
fg ; if C = [C 0]
fXg ; if C = X
free(p) [ free(A) [ free(C 0) ; if C = hp Ai C 0 h=pi
free(C 0) n f �Xg ; if C = C 0 f �Xg

2

Observe that a collection label f �Xg binds exactly the variables �X and a bracket expression [C 0]
binds all variables free variables inside C 0.

Using this de�nition, we can de�ne for every expression the explicit collection label as follows:

De�nition 6 (Explicit Collection Label)

ex label(C) :=

8>>>><
>>>>:

fg ; if C = s
free(C 0) ; if C = [C 0]
fg ; if C = X
fg ; if C = hp Ai C 0 h=pi
f �Xg ; if C = C 0 f �Xg

2
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