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SAT-FO2(<,~) € NExplime

Suppose w = ¢.
Collect in D all data values d so that for some complete type 7

(valuation for all unary predicates) d is equal to:
o the last data value appearing with type 7
e next to last value appearing with type t
o first value appearing with type 7
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SAT-FO2(<,~) € NExplime

Let w'be w after removing all positions a data value not in D

We still have w'E= ¢.

We can code a data word with 27 data values with a word with 7
new unary relations.
Polytime reduction:

SAT-FO?(<,~) ~ SAT-FO2(<) e NExplime
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Let w'be w after removing all positions a data value not in D

We still have w'E= ¢.

We can code a data word with 27 data values with a word with 7
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Agenda

Monday: Introduction, motivation
Tuesday: Data words, first-order logic
Wednesday: Data words, temporal logics

Thursday: Data trees, path-based logics

Friday: Data trees, other formalisms for data trees
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data word

...or XML documents.



<author name = “Julio Cortazar”>
<book name =*“Octaedro” numpages =“125">
<chapter name = “Liliana llorando”/>
<chapter name =““Los pasos en las huellas”/>
</book>
<book name= “Rayuela” numpages = “..”>

</book>
</author>
<author name =*“Hermann Hesse”’>

</author>

e—— —
XML



<author name = “Julio Cortazar”>
<book name =*“Octaedro” numpages =“[25">
<chapter name = “Liliana llorando”/>
<chapter name =“Los pasos en las huellas”/>
</book>
<book name= “Rayuela” numpages =“...”>

</book>
</author>
<author name =*“Hermann Hesse”’>

</author>

|

Julio

name
Cortazar

|

|

name numpages
Octaedro 125

data tree

chapter

root

author

[ chapter ] [

name
Hermann Hesse

] [num?ages ]

name
Rayuela

|

name
Liliana llorando

|

name
Los pasos en las huellas
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<author name = “Julio Cortazar”>
<book name =*“Octaedro” numpages =“[25">
<chapter name = “Liliana llorando”/>

<chapter name =“Los pasos en las huellas”/>
</book>
<book name= “Rayuela” numpages =“...”>

</book>
</author>
<author name = “Hermann Hesse”>

</author>

data tree

A finite, unranked
tree over

a finite alphabet -
&

an infinite domain —

name
Octaedro

numpages

data tree

book book name
- - Hermann Hesse

chapter name numpages
- Rayuela .

name
Liliana llorando Los pasos en las huellas

S——



Formalisms for data trees
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navigation

category
all

category id || id
[electronicsj 257 || 381

category category product
phones notebooks - product
[\ -
product name || id '
: iPad || 104 [ name j
A i

ir - Moon Safar
name id
android || 381

“return all products in stock”

X joins
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XPath, what’s that...?
o path expressions

two sorted language
5145 T~ node expressions
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XPath: Syntax

path expressions binary relations
o, Bu=c|lal]|[d]|o o€ {—, =T, =%
—, T e
\1/7 \L-|—7 \L*a
17,17}
node expressions sets of nodes

dVu=ala¢[dav|la) | a=B)]|Carp)
a€c€ A



Semantics by Examples
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Semantics by Examples
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Semantics by Examples
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o @
1 1

b Al—[ch Ad=1,]a]>])

A [c]# L, [c]

There is an a and a b nodes with
the same data value.

There are two c's with different
data value.

- (4, [b]= {,[b] >  All the b's have the same value.
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the same data value.
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Semantics by Examples

© Qb A(—[ch A =1 1a])])
3
(1.[a] = L.[b]) There is an a and a b nodes with
(b © (&) the same data value.
7 1 1
(L, [c)= L.[c]) There are two ¢'s with different
data value.
() (a)
7 6 - {d,[b]= 1,[b]> All the b's have the same value.
(a) (&) (b) - {{,.[b]=1,[c]) Thereisno datavalue shared
1 6 7 byabandac.
2222 c is a key

3 7 —|<l*[C/\(<E:T* > >*l*[c]>\/
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Undecidable full XPath . }
e~

® [Geerts, Fan, PODS’05]



Satisfiability of XPath

Decidable,
non-PR

Undecidable

Forward ¢ ¢

XPath({, $«, =, =)

Vertical

* o

XPath(}, ., 1,1%)

full XPath® * ¢ [EICDT’10]
| & [F, Segoufin, STACS’10]
P —— ., oeg
® [Geerts, Fan, PODS’05]



http://www.informatik.uni-trier.de/~ley/db/indices/a-tree/s/Segoufin:Luc.html

Satisfiability of XPath

Downward ¥ - o
. wihiwad ! XPath without data tests
Explime XPath(J, |..) f
g W .
Decidable, Forward ¢ " Vertical * °
non-FR XPath({, }«, =, —=") XPath({, J«, T, 1%)
¥ [E. PODS09]
Undecidable full XPath® ¢ [E.ICDT’10]
—— | & [F, Segoufin, STACS’10]
’.— -~ 8
® [Geerts, Fan, PODS’05]
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Satisfiability of XPath
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Explime
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non-PR
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[ I
Positive-XPath

v/ are
Downward ~ | XPath without data tests
XPath(, 1. — —
Forward ¢ ¢ Vertical *
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Satisfiability of XPath

rXPath: undecidable® ‘

XPath without data tests: ExpTime—complete‘Y‘
Positive-XPath: NP-complete* A

N

o [Geerts, Fan, DBPL 2005]
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rXPath: undecidable
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By reduction from the 2-counter Minsky automaton.

Any accepting run of the automaton,
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By reduction from the 2-counter Minsky automaton.

Any accepting run of the automaton,

A+++ B++ A- B- A++ A++ A- A- A=07

OO eSO SR G (9 S
9 2 £ 1 9 4 J4 9 £ 3

A++ B++ A-

Has associated a tree over the finite alphabet 2 = { OO, OO, OO0 ,:.. }
! : B B rsp
A++ B++ A-- B-- A++ A++ A e A=0¢
OO CE=E [ O~ O~ St SO SR &)k Ee®
q P Ber % r_<p ? 4 g=. L3P P 9 q r P
1his is a forest, but the proof would be equivalent adding a root. And vice-versa.




Satisfiability of XPath

rXPath: undecidable ‘

- -

Main Idea: to use data values to synchronize
increments and decrements.

A++ B++ A-

Has associated a tree over the finite alphabet X ={ O GO EEE.o T }
- , 7. P P ey D

A++ B++ A-- B-- A++ A++ A-- s A=0?
Al el
=D B 4 o Y g B i L= P P=cd deonl L

1his is a forest, but the proof would be equivalent adding a root. And vice-versa.




Satisfiability of XPath

rXPath: undecidable ‘

- -

Main Idea: to use data values to synchronize
increments and decrements.

Conditions to test:

:%2 Any pair of successive elements are in the ‘chain’ relation

? ? S, S
2 .”}[ /\ _)l: ] ]
2eab e ..for any pair of states p#7.

:2 The run starts with the initial state and ends with a final state.




Satisfiability of XPath

rXPath: undecidable ‘

- -

There are #wo kinds of illegal transitions wrt the counters:
- to decrement a counter with value 0,
- to perform a “C=0?" transition with a non-zero counter C.

Conditions to test:

:%2 Any pair of successive elements are in the ‘chain’ relation

9 5
2 .”}[ /\ _)l: ] ]
2eab e ..for any pair of states p#7.

:2 The run starts with the initial state and ends with a final state.




Satisfiability of XPath

r XPath: undecidable ‘

N -

Data values are used to pair incrementing and decrementing instructions.

Every “A--” instruction must be o giie,
preceeded by a “A++” with the = P[ OO Aaeg=¢[| OO |
same data value. £ e

Hence, “A--" cannot be performed if the counter value is 0.

A++ B++ A++ A++ A 02
O*O O*O O+O O*O g)»(q) O»O O+O
9

O
\/




Satisfiability of XPath

r XPath: undecidable ‘

N -

% Every “A++ instruction that is to the left of a “A=0?" instruction, has a “A--"
instruction with the same datum in between.

™
ERES: TRE
AT A=0¢? il
[ (
A=0¢ A--
Rl B

Hence, “A=02"is only performed when

the counter value is 0.

A++ Bt A++ A++
$is®, [O{)j O»O O+O O+O O+O
=P Bs & p=q
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Downward XPath

r .
XPath(|) PSpace-complete

XPath(.) Explime-complete

XPath(l,}«) Explime-complete
R 4

& [Geerts, Fan, DBPL 2005]
@ [Figueira, PODS 2009]
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XPath(l,}.) Explime-complete

Mia=pF) @a#p O-(la#ph @-{a=p)

Markings aIways disjoint.
Poly-width model property.

[II) For every node: at most one witnessing data value for each type (3) formula.

(Polynomially many.)

[V) Every two sibling subtrees share only a polynomial number of dv’s.

V') Using this, we devise a
—(}[c]}[b] # 1]b]) bottom-up algorithm to

compute all possible types.




Key properties:

o closure of duplication of subtrees

e absence of horizontal navigation

e unranked trees
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Forward XPath

XPath({, |, —,—") is decidable, non-primitive recursive ™
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ARA

© Decidable emptiness problem

@ With non-primitive recursive complexity

© Closed under complementation, intersection, union
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(X3 (X3
ATRA + (a) + () is decidable.
o) 23

guess universal

© Still decidable emptiness problem
p p
@ No longer closed under complementation

Can't be closed under complement preserving decidability



Reduction:

XPath ~ ATRA + guess + universal
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How do we code...?

- (& [b]

: ] ) There is no data value

shared byabandac

If it is unsatisfiable: there was a #=f before.
Otherwise, assume # data values.

For all data values considered in the run:
*we cannot reach : |[b] with the value, or

*we cannot reach : [c| with the value.

Spread: for all data values that
were 7ead in the word, or
were guessea’ by some previous conﬁguration



Satisfiability of XPath

NP

Explime

Decidable,
non-PR

Undecidable

[ I
Positive-XPath

v/ are
Downward ~ | XPath without data tests
XPath(, 1. — —
Forward ¢ ¢ Vertical *
XPath({, {«, =, =) XPath({, L+, 1,17) ¢
¥ [E. PODS09]
full XPath® ¢ [FICDT'10]
" g -!-EF., Segoufin, STACS’10]
® [Geerts, Fan, PODS’05]



http://www.informatik.uni-trier.de/~ley/db/indices/a-tree/s/Segoufin:Luc.html
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Vertical XPath

XPath({, |+, T,7") is decidable, non-primitive recursive »

- -

+ unary key constraints : undecidable
+ regular languages / D'TDs : undecidable

+ unary foreign key constraints : decidable

&b |Figueira, Segoufin, STACS 2011]
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Satisfiability of XPath on data words

XPat]

XPat]
XPatl
XPatl

): undecidable *
»+*«—): undecidable *
): undecidable *

K X
ld 5 N

In particular, any fragment with —+*or t«—is

® [Demri, Lazi¢, 2006]
& [E, Segoufin, 2009]

or has a

SAT-XPath( >+)
v
SAT-XPath(—>+)
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n counters INC(I)

instructions < DEC(i)
TEST ZERO(i)

faulty increments during the run

Non-emptiness of [CA is decidable, non-primitive recursive  [Demri/ Lazi¢ / Schnoebelen]

€.4.

a run with 2 counters...

faulty increment

. inc(1) - dec(2) - dc:c:(l)> . dec(l)> 45 tz(1) <

a b a a b
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Technical idea of the coding

Blocks defined by Begining Next block End

Using only F and G...

. points to next block

All (N ) ( - ) have different data

N h block
FOY@VCI‘Ythereisa o more thanone ( 8 )( N )( E ) per bloc

with the same data value Order (B, x) C ) ( N ) (E, x)

next-block(d) := (¢ = —*[N A (¢ = —*[BA¢]> | —*[E]
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dec(1)
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» Y
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qs » Y5

qa Cq4 a, dec(1
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> > > 43

dec(2)

dec(1) dec(1)

b

as: @0, a, inc(1

» Y
a a

>

qs » Y5

qz) @2 b, dec(2 qa Cq3 a, dec(1 qa @4 a, dec(1

the blocks are:

45) C% b, tZ ) %)

...............................
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inc(1) dec(2) dec(1) dec(1)

9o > 9 > s > s
a b a a

>

qs » Y5

@0, a, inc(1 qz) @2 b, dec(2 qa Cq3 a, dec(1 qa @4 a, dec(1

45) C% b, tZ )s%)

the blocks are: @ m

....................................................................

check:

(ends) start with initial state, end with final state

(tran) every (g, a, inc(1), ¢,) is in 3.

...............................



we code:

. inc(1) . dec(2) . dec(l) " dec(1) s tz(1) i

a b a a b
@0, a, inc(1 qz) @2 b, dec(2 qa Cq3 a, dec(1 qa @4 a, dec(1 45) CqS b, tz(1), qé)

e blocksare: (B} (@HE)

...................................................................................................

check:

(ends) start with initial state, end with final state

(tran) every (g, a, inc(1), ¢,) is in 3. next-block(o)

(chain) (8.1 )0 & nc(D), 4 }{@3 N 2 { E1 {52 {. b, dec(2). 45




we code:

o o @ e e (D)

a b a a b
qu, a, inc(1 qz) @2 b, dec(2 qa Cq3 a, dec(1 qa Cq4 a, dec(1 45) CqS b, tz(1), qé)

e blocksare: (2GR} (@ HE)

...................................................................................................

check:

(ends) start with initial state, end with final state

(tran) every (g, a, inc(1), ¢,) is in 3. next-block(o)

(chain) (8.1 )0 & nc(D), 4 }{@3 N 2 }{ E1 (5.2 {. b, dec(2). 45

(pair) every increment is decremented before the first test_zero to its right

...........................................................................................

.........................................................................................



Complexity

Therefore, we have:

o XPath(—*) is (decidable and) non-primitive recursive

o XPath(+<—, —>+) and XPath(*«—, —>+) are undecidable

o LTL(F) is (decidable and) non-primitive recursive
o LTL;(EF1) is undecidable

o LTL(EF)



Horizontal
XPath(—, =%, -, "+)

XPath(—1, 7<) :undecidable*
XPath(—™, %) : undecidable *
XPath(—, —*,*¢) :undecidable*
XPath(—7) :decidable, non-PR**

In particular, any fragment with — " or T¢— is
undecidable or has a non-PR complexity

® [Demri, Lazié, LICS06]
& (E, Segoufin, MFCS’09]
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Horizontal
XPath(—, =%, -, "+)

XPath(—1, 7<) :undecidable*
XPath(—™, %) : undecidable *
XPath(—, —*,*¢) :undecidable*
XPath(—7) :decidable, non-PR**

R — — ————

In particular, any fragment with — " or T¢— is
undecidable or has a non-PR complexity

What about XPath(—™)?
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Proof idea

there is only one dv under a ¢
@ : < foreverya, thereis a b accessible via a ¢ with the same dv

there is a ¢ with the same dv as the current position
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adding simulated values of flexible values: <
we only need to consider <-minimal mosaics

there are boundedly many (since there are boundedly many rigid values)

we reduce to a derivation problem for a fizite transition system




