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Overview

• Context

• Algebra – Data Level

• Algebra – Type Level

• Challenges
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XML Query – Requirements
• General:

– Formal Basis:
XML Query Datamodel, XML Query Algebra

– XML Schema: operators on all types, (static) typing
– Declarativity: Optimizability

• Functional (Dave Maier)
– Selection: of documents/elements by content, structure, 

or attributes
– Extraction: selection of subelements from an element
– Reduction: projection of subelements from an element
– Restructuring: nesting, unnesting, aggregations
– Combination: joins
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XML Query Algebra – Context
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The 4 C‘s of the XML Query Algebra
• Closedness

– input: xml fragment (forest of nodes)
– output: xml fragment

• Compositionality
– Expressions composed of expressions 
– No sideffects

• Correctness
– Strong typing, no adhoc overloading
– Static type inference (as far as possible)

• Completeness
– For every constructor some deconstruction
– (at least) relationally complete
– and yes, we do care about mixed content, document-order, 

comments, PIs, namespaces, etc.
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Data Level
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Syntax: Documents
<bib>

<book year="1999"
isbn="1-55860-622-X">

<title>Data on the Web</title>
<author>Abiteboul</author>
<author>Buneman</author>
<author>Suciu</author>

</book>
<book year="2001" 

isbn="1-XXXXX-YYY-Z">
<title>XML Query</title>
<author>Fernandez</author>
<author>Suciu</author>

</book>
</bib>

bib[
book[

@year[1999],
@isbn["1-55860-622-X"],
title["Data on the Web"],
author["Abiteboul"],
author["Buneman"],
author["Suciu"]],

book[
@year[2001],
@isbn["1-XXXXX-YYY-Z"],
title["XML Query"],
author["Fernandez"],
author["Suciu"]]

]       
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XML Query Datamodel
• Tree/Forest

– Essentially: XPath DM +
XML Schema Types

• Nodes
– DocumentNode
– ElementNode
– AttributeNode
– ValueNode
– NamespaceNode
– CommentNode, PINode

• Accessor Functions
• Constraints

– Unique parent
– Parent/Child intVal(1999)

book book

bib

strVal(
1-55860-622-X)

year title author authorisbn author

strVal(
Data on the Web)

strVal(
Abiteboul)

strVal(
Buneman)

strVal(
Suciu)

bibType

children

childrenattributes

children

bookType

titleTypeyearType isbnType authorType authorType
value

type

D1

E1

E2

A3

V4

A5

V6

E7

V8

E9 E11 E13

V10

V12

V14

E15

...

Int Str

root

author
Type
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Example (1) Extraction & Reduction
Query

Result

bib0/book/author =>
for v11 in

for v21 in bib0 do
for v22 in nodes(v21) do

match v22 case v23: book[AnyCmpType] do v23 else ()
do
for v12 in nodes(v11) do
match v12 case v13: author[AnyCmpType] do v13 else ()

author["Abiteboul"],
author["Buneman"],
author["Suciu"],
author["Fernandez"],
author["Suciu"]
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Concepts (1)
• XPath Expressions

– are derived from more primitive operators

• Iteration by for:
– for v in exp1 do exp2

concatenates the sequences returned by exp2
for each binding of v in exp1

– therefore: no nested sequences, singleton sequence = 
singleton value

– preserves input order
• Type Match:

– match v1 case v2: Type do v2 else ()
allows to statically type v2 to type(v1) /\ Type

– we‘ll come to that... if time permits
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Example (2) Selection

Query

Result

bib0/book[@year <= 2000] =>
for v1 in bib0/book do

if empty(for v2 in v1/@year/data() do
if v2 <= 2000 then v2 else ())

then v1 else ()

book[
@year[1999],
@isbn["1-55860-622-X"],
title["Data on the Web"],
author["Abiteboul"],
author["Buneman"],
author["Suciu"]]
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Concepts (2)
• Filters in XPath Expressions

– are translated into an iteration by for
and selection by if with existential quantification

• if vs. match
– if selects based on values
– match selects based on types

• data()
– exp/data() is derived:

for v in nodes(exp) do
match v case v1: AnySimpleType do v1 else ()

– We have only one @year per book, therefore
book/@year also yields only one integer per comparison
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Example (3) Restructuring
Query

Result

for a in distinct_value(bib0/book/author/data()) do
biblio [

author[a],
for b in bib0/book do

for a2 in b/author/data() do
if a = a2 do b/title else ()]

biblio[author["Abiteboul"],
title["Data on the Web"]],

biblio[author["Buneman"],
title["Data on the Web"]],

biblio[author["Suciu"],
title["Data on the Web"],
title["XML Query"]],

biblio[author["Fernandez"],
title[XML Query]]]
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Concepts (3)
• distinct_value()

– built-in function: removes duplicates based on 
value-equality

– distinct_node()

• Element Construction
– biblio contains copies of title-elements
– otherwise, title-elements would have multiple 

parents
– ref() for generating node-references  
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Example (4) Combination

for b in bib0/book do
for r in review0/book do
if b/title/data() = r/title/data()

then book[b/title, b/author, r/review]
else ()

bib[
book[

title["Data on the Web"],
author["Abiteboul"],
author["Buneman"],
author["Suciu"],
review["A darn fine book"]],

book[
title["XML Query"],
author["Fernandez"],
author["Suciu"]],
review["This is great! "]]]       

reviews[
book[

title["Data on the Web"],
review["A darn fine book"]],

book[
title["XML Query"],
review["This is great! "]]]       

review0

Query

Result
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Concepts (4)
• Nested-loop join on sequences

– Order preservation
– Not commutative

• Nested-loop join on bags
– No order => no order preservation
– Commutative:

for v1 in exp1 do for v2 in exp2 do exp3 =
for v2 in exp2 do for v1 in exp1 do exp3
if exp1 and exp2 return bags
and v1 is free in exp2

• Also expressible: (Homework;)
– (left)outerjoins
– n-way joins 
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XQA Syntax on one Slide (almost)
Exp ::= Const atomic constant

| @NameExp[Exp] attribute constructor
| NameExp[Exp] element constructor
| Exp, Exp sequence
| NameExp name expression
| Var variable
| () empty sequence
| error error
| if Exp then Exp else Exp conditional
| for Var in Exp do Exp iteration
| match Exp CaseRules type match
| let Var = Exp do Exp local binding
| FuncName (Exp ;...; Exp) function application
|   Exp BinaryOp Exp binary operator (including SetOp)
| UnaryOp Exp unary operator
| Exp : Type explicit type
| sort v in Exp by Exp sort expression
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Type Level
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Why Types?
• Validation

– Types as grammar:
– Given a document, check conformance to a type

• Interpretation
– Types as abstract data types:
– Types determine set of functions applicable to a typed 

value
• Verification

– (Static) type checking: input-type, query, output-type:
does result always conform to output-type?

– (Static) type inference: input-type, query:
what is the output-type?

• Optimization
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XML Schema vs. XQA Types (1)
<xs:group name="Bib">
<xs:element name="bib">

<xs:complexType>
<xs:group ref="Book" minOccurs="0"
maxOccurs="unbounded"/>

</xs:complexType>
</xs:element>

</xs:group>
<xs:group name="Book">

<xs:element name="book">
<xs:complexType>

<xs:attribute name="year„ type="xs:integer"/>
<xs:attribute name="isbn" type="xs:string"/>
<xs:element name="title" type="xs:string"/>
<xs:element name="author" type="xs:string"
maxOccurs="unbounded"/>

</xs:complexType>
</xs:element>

</xs:group> 

type Bib =
bib [ Book{0,*}]

type Book =
book [

@year [ Integer ] &
@isbn [ String ],
title [ String ],
author [ String ]{1,*}

]
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XML Schema vs. XQA Types (2)
• Commonalities

– sequence, choice, repetition, (allgroup)
– mixed content
– simple types – to a certain extent

• XQA is more expressive
– wildcard types, shuffle product vs. allgroup
– less restrictive (at least for interim results)
– bags vs. lists
– explicitly defined structural type hierarchy
– comments and PIs are visible at type level

• XQA is less expressive
– no distinction between complex types and groups
– global elements only within a named group
– no user defined type hierarchy (derived types, substitution groups)

We work 
on that
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XQA Types on one Slide
type variable y
type t ::= y type variable

| () empty sequence
| Ø empty choice
| Wild wildcard type
| u unit type
| t1 , t2 sequence, t1 followed by t2
| t1 & t2 shuffle product, nodes in t1

interleaved with nodes in t2
| t1 | t2 choice, t1 or t2
| t {m, n} repetition of t between

m and n times
| {t} bag of list of nodes in t
| pic t t interleaved with comments

and processing instructions
| mixed t t interleaved with strings

bound m, n ::= natural number or *
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Type Equivalence and Subsumption

• Two types are equivalent if they accept the same set 
of documents, e.g.:
– t, t{m,n} = t{m+1, n+1}
– Name[t1] | Name[t2] = Name[t1 | t2]

• Type t1 <: t2 if t2 accepts a superset of the 
documents that t1 accepts, e.g.:
– t1 <: t1 | t2
– t1, t2 <: t1‘, t2‘ if t1 <: t1‘ and t2 <: t2‘

• No directly recursive complex types or groups
=> only regular content models
=> decidable
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Type Inference
• Goal

– given: input types and query expression
– compute output type (or check against given output 

type)
– independent of actual data 

• Approach
– type inference rules
– compute output type of expressions based on output 

type of their constituent expressions until you 
encounter an expression with given type

– In other words: walk up the expression tree from 
typed leaves to root and compute type on the way
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Type Inference: Example Rules
• Element Construction (elt)

• Sequence (seq)

• Constant (const)

|- exp: type
|- Name[exp]: Name [type]
read: if exp has type type

then Name[exp] has type Name[type]

|- exp1: type1 |- exp2: type2
|- exp1, exp2: type1, type2

|- const: simpleType
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Type Inference for Validation

book[title["Data on the Web"],
author["Abiteboul"], author["Buneman"]]: 

book[title[String], author[String]{1,*}]

?
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elt: book[type]

|- book[title["Data on the Web"],
author["Abiteboul"], author["Buneman"]]: 

book[type]

|- title["Data on the Web"],
author["Abiteboul"], author["Buneman"] :
type(elt)
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seq: type = type1, type2

|- book[title["Data on the Web"],
author["Abiteboul"], author["Buneman"]]:

book[type1, type2]

|- title["Data on the Web"],
author["Abiteboul"], author["Buneman"]:
type1, type2

|- title["Data on the Web"]:
type1

|- author["Abiteboul"], author["Buneman"]:
type2

(seq)

(elt)



Peter Fankhauser, XML Query WG 29

elt, const: type1 = title[String]

|- book[title["Data on the Web"],
author["Abiteboul"], author["Buneman"]]:

book[title[String], type2]

|- title["Data on the Web"],
author["Abiteboul"], author["Buneman"]:
title[String], type2

|- title["Data on the Web"]:
title[String]

|- author["Abiteboul"], author["Buneman"]:
type2

|- "Data on the Web": String

(seq)

(elt)

(elt)
(const)
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seq, elt, const: type2 = author[String]{2,2}

|- book[title["Data on the Web"],
author["Abiteboul"], author["Buneman"]] 

book[title[String], author[String]{2,2}]

|- title["Data on the Web"],
author["Abiteboul"], author["Buneman"]:
title[String], author[String]{2,2}

|- author["Abiteboul"], author["Buneman"]:
author[String], author[String] =
author[String]{2,2}

|- author["Abiteboul"]:
author[String]

|- "Abiteboul": String

|- author["Buneman"]:
author[String]

|- "Buneman": String

(seq)

(elt)

(const)

(seq)
(elt) 

...
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author[String]{2,2} <: author[String]{1,*}
t1 <: t2 => book[t1] <: book[t2]

|- book[title["Data on the Web"],
author["Abiteboul"], author["Buneman"]]: 

book[title[String],
author[String]{2,2}] <:

book[title[String],
author[String]{1,*}]                                q.e.d.

|- title["Data on the Web"],
author["Abiteboul"], author["Buneman"]:
title[String], author[String]{2,2}

...

|- author["Abiteboul"], author["Buneman"]:
author[String], author[String] =
author[String]{2,2}  

|- author["Abiteboul"]:
author[String]

|- "Abiteboul": String

|- author["Buneman"]:
author[String]

|- "Buneman": String

(seq)

(elt)

(seq)

(const)

(seq)
(elt) 
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More Type Inference Rules (1)

Γ |- for v in exp1 do exp2: t2
Γ |- for v: t1 do exp2: t2
Γ |- exp1: t1

Γ |- for v: t1, t2 do exp2: t3, t4
Γ |- for v: t2 do exp2: t4
Γ |- for v: t1 do exp2: t3

Γ |- for v: t1{m,n} do exp2: t2{m,n}
Γ |- for v: t1 do exp2: t2

Γ |- for v: t1 do exp2: t2
Γ, v: t1 |- exp2: t2

for

for-seq

for-rep

for-var

Γ |- nodes(exp): t
Γ |- exp: Wild[t]

nodes
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More Type Inference Rules (2)

match

Γ |- match exp0
case v1: t1 do exp1
else exp2: t1‘ | t2‘

Γ |- exp0: t0
Γ |- case v1: t1 /\ t0 do exp1: t1‘
Γ |- t0 <: t1 else exp2: t2‘

Γ |- case v1: t do exp: t‘
not t = Ø Γ, v1: t |- exp: t‘

Γ |- case v1: t do exp: Ø
t = Ø

match-case1

match-case2

match-else1

Γ |- t0 <: t1 else exp: t‘
not t0 <: t1 Γ |- exp: t‘

match-else2

Γ |- t0 <: t1 else exp: Ø
t0 <: t1
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Type Inference for Paths
let b0 = book[

title["Data on the Web"],
auth["Abiteboul"],
auth["Buneman"],
auth["Suciu"]]:

book[
title[String],
auth[String]{1,*}]

b0/auth =>
for v1 in nodes(b0) do

match v1
case v2: auth[Any] do v2
else () :

type

?
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for: type1, type2

Γ |- for v1 in nodes(b0)  do
match v1 case v2: auth[Any] do v2 else (): type2

Γ |- for v1: type1 do
match v1 case v2: auth[Any] do v2 else (): type2

Γ |- nodes(b0): type1
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Γ |- for v1 in nodes(b0)  do
match v1 case v2: auth[Any] do v2 else (): type2

nodes: type1 = title[Str], auth[Str]{1,*}

Γ |- nodes(b0): title[Str], auth[Str]{1,*}

Γ |- b0: book[
title[Str],
auth[Str]{1,*}]

Γ |- for ...
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for-seq: type2 = type21, type22

Γ |- for v1 in nodes(b0)  do
match v1 case v2: auth[Any] do v2 else (): type21, type22

Γ |- for v1: title[Str], auth[Str]{1,*} do
match v1 case v2: auth[Any] do v2 else (): type21, type22

Γ |- ...

Γ |- for v1: title[Str] do
match v1 case v2: auth[Any] do v2
else (): type21

Γ |- for v1: auth[Str]{1,*} do
match v1 case v2: auth[Any] do v2
else (): type22
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for-var: v1: title[Str] into Γ

...

Γ |- for v1 in nodes(b0)  do
match v1 case v2: auth[Any] do v2 else (): type21, type22

Γ |- for v1: title[Str], auth[Str]{1,*}  do
match v1 case v2: auth[Any] do v2 else (): type21, type22

Γ |- ...

Γ |- for v1: title[Str] do
match v1 case v2: auth[Any] do v2
else (): type21

Γ |- for v1: auth[Str]{1,*}  do
match v1 case v2: auth[Any] do v2
else (): type22

Γ, v1: title[Str] |-
match v1 case v2: auth[Any] do v2
else (): type21
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match: type21 = type211 | type212

...

Γ |- for v1 in nodes(b0)  do
match v1 case v2: auth[Any] do v2 else (): (type211 | type212), type22

Γ |- for v1: title[Str], auth[Str]{1,*}  do
match v1 case v2: auth[Any] do v2 else (): (type211 | type212), type22

Γ |- ...

Γ |- for v1: title[Str]  do
match v1 case v2: auth[Any] do v2
else (): type211 | type112

Γ |- for v1: auth[Str]{1,*}  do
match v1 case v2: auth[Any] do v2
else (): type22

Γ, v1: title[Str] |-
match v1 case v2: auth[Any] do v2
else (): type211 | type212

Γ, v1: title[Str] |- v1: title[Str]
Γ, v1: title[Str] |- case v2: title[Str] /\ auth[Any] do v2: type211
Γ, v1: title[Str] |- title[Str] <: auth[Any] else (): type212
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match-case2: type211 = Ø
match-else1: type212 = ()

...

Γ |- for v1 in nodes(b0)  do
match v1 case v2: auth[Any] do v2 else (): type22

Γ |- for v1: title[Str], auth[Str]{1,*}  do
match v1 case v2: auth[Any] do v2 else (): (), type22

Γ |- ...

Γ |- for v1: title[Str]  do
match v1 case v2: auth[Any] do v2
else (): ()

Γ |- for v1: auth[Str]{1,*}  do
match v1 case v2: auth[Any] do v2
else (): type22

Γ, v1: title[Str] |-
match v1 case v2: auth[Any] do v2
else (): Ø | () = ()

Γ, v1: title[Str] |- v1: title[Str]
Γ, v1: title[Str] |- case v2: Ø do v2: Ø
Γ, v1: title[Str] |- title[Str] <: auth[Any] else (): ()

title[Str] /\ auth[Any] = Ø
not title[Str] <: auth[Any]   Γ |- (): ()
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for-rep: type22 = type23{1,*}

...

Γ |- for v1 in nodes(b0)  do
match v1 case v2: auth[Any] do v2 else (): type23{1,*}

Γ |- for v1: title[Str], auth[Str]{1,*}  do
match v1 case v2: auth[Any] do v2 else (): (), type23{1,*}

Γ |- ...

Γ |- for v1: title[Str]  do
match v1 case v2: auth[Any] do v2
else (): ()

Γ |- for v1: auth[Str]{1,*} do
match v1 case v2: auth[Any] do v2
else (): type23{1,*}

Γ |- for v1: auth[Str] do
match v1 case v2: auth[Any] do v2
else (): type23
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match: type23 = type231 | type232

...

Γ |- for v1 in nodes(b0)  do
match v1 case v2: auth[Any] do v2 else (): (type231 |  type232){1,*}

Γ |- for v1: title[Str], auth[Str]{1,*}  do
match v1 case v2: auth[Any] do v2 else (): (type231 |  type232){1,*}

Γ |- ...

Γ |- for v1: title[Str]  do
match v1 case v2: auth[Any] do v2
else (): ()

Γ |- for v1: auth[Str]{1,*}  do
match v1 case v2: auth[Any] do v2
else (): (type231 |  type232){1,*}

Γ |- for v1: auth[Str] do
match v1 case v2: auth[Any] do v2
else (): (type231 |  type232)

Γ, v1: auth[Str] |- v1: auth[Str]
Γ, v1: auth[Str] |- case v2: auth[Str] /\ auth[Any] do v2: type231
Γ, v1: auth[Str] |- auth[Str] <: auth[Any] else (): type232
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match-case1: type231 = auth[Str]
match-else2: type232 = Ø

...

Γ |- for v1 in nodes(b0)  do
match v1 case v2: auth[Any] do v2 else (): auth[Str]{1,*}

Γ |- for v1: title[Str], auth[Str]{1,*}  do
match v1 case v2: auth[Any] do v2 else (): (), auth[Str]{1,*}

Γ |- ...

Γ |- for v1: title[Str]  do
match v1 case v2: auth[Any] do v2
else (): ()

Γ |- for v1: auth[Str]{1,*}  do
match v1 case v2: auth[Any] do v2
else (): auth[Str]{1,*}

Γ |- for v1: auth[Str]  do
match v1 case v2: auth[Any] do v2
else (): (auth[Str] | Ø)

Γ, v1: auth[Str] |- v1: auth[Str]
Γ, v1: auth[Str] |- case v2: auth[Str] /\ auth[Any] do v2: auth[Str]
Γ, v1: auth[Str] |- auth[Str] <: auth[Any] else (): Ø

auth[Str] /\ auth[Any] = auth[Str] Γ, v2: auth[Str] |- v2: auth[Str]
auth[Any] <: auth[Str] Γ |- (): Ø
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Type Challenges

• Fully align with XML Schema
• Completeness of Type Inference

– (built-in) recursive functions, e.g. descendants()
– types for unordered collections
– typing parent()
– typing keyref
– where‘s the 80:20 cut?

• Closedness of Typesystem
– Intersection?
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More Challenges

• Standardization
– XML Query in context

– XSLT, XPath
– XML + Namespaces
– DOM
– Internationalization

– operations for simple types (including fulltext)
– explanation

• R&D
– mapping to existing (physical) algebras
– optimization
– queries as grammars?
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Further Reading

• XML Query Requirements
http://www.w3.org/TR/xmlquery-req

• Use Cases
http://www.w3.org/TR/xmlquery-use-cases

• XML Query Datamodel
http://www.w3.org/TR/query-datamodel/

• XML Query Algebra
http://www.w3.org/TR/query-algebra/

• XQuery
http://www.w3.org/TR/xquery/
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