






and close, respectively. In the end, we remove the originalXi and
also duplicateXj ’s from the select clause. The where clause is also
updated to reflect theNameTest requirement, similar to the ‘self’
axis above.

parent: For everyXi in the current select clause, we replace it
with its ‘immediate parent’ in the current pattern definition, as fol-
lows: an immediate parent ofXi is defined as the first upper level
(Xj : Aj · · ·Bj) that enclosesXi. If suchXj does not exist for a
givenXi (i.e., whenXi is the root element) we eliminateXi from
the select clause without adding any new variables. Otherwise, we
replaceXi with Xj and update the where clause appropriately to
reflect theNameTest requirement forAj . DuplicateX variables
are removed from the select clause to avoid identical outputs.

descendant (ancestor): For everyXi in the current select clause,
we replace it with its ‘descendants’ (‘ancestors’), as follows: a
descendant (ancestor) ofXi is defined as either anEj

tj or an
(Xj : Aj · · ·Bj)

tj (for ancestor, it can be only of form(Xj :
Aj · · ·Bj)

tj ) that is enclosed betweenAi andBi (for ancestor,
Xj should be enclosingXi definition). For the descendants ofXi

that are of formXj , we just addXj to the select clause, while for
the descendants of formEj

tj , we first replace them with the new
patternEj1

∗(Xj : AjEj2
∗Bj)

tjEj3
∗, and then we add the new

Xj to the select clause. (For ancestors, we simply replaceXi with
all its ancestorXj ’s.) Trivially, in the where clause we declare all
the newE,A andB variables asisElement, open and close, re-
spectively. In the end, we remove the originalXi and also duplicate
theXj ’s from the select clause. The where clause is also updated
to reflect theNameTest requirement forAj .

following sibling (preceding sibling): For everyXi in the cur-
rent select clause, we replace it with its ‘next’ (‘previous’), as fol-
lows: next (previous) ofXi is defined as the variable that immedi-
ately follows (precedes) the definition ofXi in the pattern clause,
and has the same immediate parent asXi. If such a variable does
not exist, we simply removeXi from the select clause. If the next
(previous) is of formXj , we just addXj to the select clause, while
for variables of formEj

tj , we first replace them with the new pat-
tern (Xj : AjEj1

∗Bj)Ej2
tj (for previous, we replaceEj

tj with
Ej2

tj (Xj : AjEj1
∗Bj)), and then we add the newXj to the select

clause. Trivially, in the where clause we declare all the newE,A
andB variables asisElement, open and close, respectively. In
the end, we remove the originalXi and also duplicateXj ’s from
the select clause. The where clause is also updated to reflect the
NameTest requirement forAj .

following (preceding): For everyXi in the current select clause,
we replace it with its ‘rights’ (‘lefts’), as follows: right (left) of
Xi is defined as any variable that follows (precedes) the defini-
tion of Xi in the pattern clause. If no such variable exists, we
simply removeXi from the select clause. If the right (left) is
of form Xj , we just addXj to the select clause, while for vari-
ables of formEj

tj , we first replace them with the new pattern
Ej1

tj (Xj : AjEj2
∗Bj)Ej3

tj , and then we add the newXj to
the select clause. Trivially, in the where clause we declare all the
newE,A andB variables asisElement, open and close, respec-
tively. In the end, we remove the originalXi and also duplicate
Xj ’s from the select clause. The where clause is also updated to
reflect theNameTest requirement forAj .

Adding node filters. In navigational XPath [34], node expres-
sions are used as node filters, with an existential semantic, i.e.
R[N ] is the subset of nodes satisfying path expressionR from
which node expressionN evaluates to at least one node. Thus, for
translating a path expressionR[N ], we apply the process above to
translateR first, then by appendingN to R we have another path
expression that can be similarly translated into a separate query

in K*SQL, which then will be added as a conjunct. When the
node expression contains ‘not’ we first negate the pattern (through
its where clause) and then add it a conjunct; Similarly, for node
expressions with ‘or’/‘and’, we use disjunctive/conjunctive sub-
queries, accordingly.

For instance, for translatingR[N1 or N2] we will have:

SELECT select clause for R
· · ·
WHERE whereclause AND (

EXISTS (K * SQL query for R/N1)
OR EXISTS (K* SQL query for R/N2))

E. XPATH FOR SEQUENCE QUERIES
XPath is strictly subsumed by K*SQL. Core XPath 2.0 rep-

resents a fragment of XPath that is complete for First Order (FO)
logic for trees [34]. From Theorem 5 we know that K*SQL is as
expressive as VPLs which are equivalent to monadic second order
(MSO) logic over nested words [26]. Thus, K*SQL is strictly more
expressive than Core XPath 2.0.

Optimization of sequence queries in XPath/XQuery.While
there are MSO queries over XML that cannot be expressed in Core
XPath 2.0 (e.g., modulo counting [27] such as returning every 4’th
tag), and FO queries that cannot be expressed in Core XPath 1.0
(see [34] for an example), in practice, the main deficiency of XQuery
and XPath in expressing sequence queries lies in the inevitable
complexity of such queries, which compromises their optimiza-
tion and readability. For instance, consider the following simple
sequence query over XML:

EXAMPLE 7. For the following stock data xml, find the decreas-
ing sequences of consecutive close prices, with length at least 1.

<Stocks>
<Stock close="0.98"/>
<Stock close="0.95"/>

....
</Stocks>

Below is a possible way of writing this query, which clearly exem-
plifies the limited room for optimizations of such complex queries
in XPath/XQuery21:

<results>{
for $t1 in doc("mydoc.xml")//Stock
return <result><head>{$t1/@close}{

for $t4 in $t1/following-sibling::Stock
let $x:=(for $x in $t1/following-sibling::Stock

where $x<<$t4 return $x)
where $t4/@close<=$t1/@close

and (every $t2 in $x satisfies
$t2/@close<=$t1/@close and
$t2/@close>=$t4/@close)

and (every $t2 in $x, $t3 in for $x in
$t2/following-sibling::Stock
where $x<<$t4 return $x

satisfies $t2/@close>=$t3/@close
and $t3/@close>=$t4/@close)

return <tail>{$t4/@close}</tail>
}</head></result>}</results>

This situation becomes significantly worse if we want to search
for several Kstar patterns. For instance, in [22], we have expressed
the ‘V’-pattern query (similar to Example 2) in XPath and XQuery
using double negations and nested queries resulting in an extremely
complex expression which cannot be easily optimized (e.g. see the
performance of queryS1 in Section 5.1). However, such queries
can be easily represented as a regular expression in K*SQL (see
Example 5).

21None of the available XQuery engines were able to execute this
query on any XML document larger than a few kilobytes.
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F. FROM VPE TO K*SQL
Background on Visibly Pushdown Expressions.The class of

visibly pushdown languages (VPL) has been proposed [5] as em-
beddings of context-free languages that is rich enough to model
data with hierarchical relations (such as XML, software analysis,
and RNA) and yet is tractable and robust like the class of regu-
lar languages. Visibly pushdown automata (VPA) recognize VPLs,
where the input symbol determines when the stack should be pushed
or popped.

Pitcher [26] generalized the notion of regular expressions for
representing VPLs, called Visibly Pushdown Expressions (VPE).
VPEs represent another equivalent notion for VPLs: every VPL
can be expressed as a VPE, and every VPE can be translated into
a monadic second order logic (MSO) over a nested relation, and
there exists a VPA that accepts the same language that that VPE
expresses. Below is the formal definition of a VPE:

The symbol patterns used in a VPE are defined as follows (where
Σc, Σr andΣi are the set of call, return and internal symbols, re-
spectively):

p :: = a (symbols,a ∈ Σc ∪ Σr ∪ Σi)

| p+ p (union)

| ¬p (complement)

| ∼c (wildcard forΣc)

| ∼r (wildcard forΣr)

| ∼i (wildcard forΣi)

In the following, we use the abbreviationp1&p2 to denote¬(¬p1+
¬p2). Also, Pc refers to all symbol patterns of the form∼c &p,
and so on. Thus, a well-matched VPE (denoted asT ) is defined as:

T :: = φ (empty set)

| () (empty sequence)

| p (symbol pattern where,p ∈ Pi)

| p1[T ]p2 (element,p1 ∈ Pc, p2 ∈ Pr)

| T.T (concatenation)

| T + T (union)

| T&T (intersection)

| A (VPE variable)

| T∗ (repetition)

And finally, below is the grammar for VPEs:

S :: = T (Well-nested VPE)

| p (symbol pattern)

| S.S (concatenation)

| S ⊕ S (overlapped concatenation)

| S + S (union)

| S&S (intersection)

| S∗ (repetition)

Here, the⊕ operator insists that the last symbol of the first string
is the same as the first symbol of the second string, e.g.a⊕ a.b =
a.b, but a ⊕ (b + c) denotes an empty language. Next, we show
how our K*SQL3 language can encode any arbitrary VPE.

F.1 Proof of Theorem 5

PROOF. We prove this by induction, with the base case being
the expression of the symbol patterns.

Expressing symbol patterns (SP).An arbitrary symbola in
K*SQL3 is a simple patternA with a predicateA = a. The union
of two SPsA andB can be written asA|B in the pattern clause with

the disjunction of their predicates in the where clause. The com-
plement ofp is derived by negating the predicates of the K*SQL3
query forp. Wildcards for calls, returns and internal symbols can
be encoded using simple checks, e.g.A = c1 OR · · · OR A =
ck for all ci ∈ Σc and so on.

Expressing well-matched VPEs.Empty sets and sequences are
trivial. SPsp ∈ Pi are derived by encodingp inductively, and then
adding a conjunctive predicate to enforce that all the symbols are
internal. Forp1[T ]p2, once we recursively encodep1, T andp2,
we append their patterns and conjunct their predicates. Note that
according to our induction assumption,p1 andp2 are guaranteed
to be made of open and close tags, i.e. using predicates. Concate-
nation is encoded by first renaming all the variables such that the
two K*SQL3 queries do not share any variables. Then, we append
the pattern parts of the queries and conjunct their predicates. In-
tersection, VPE variables and repetition (a.k.a. Kstar) are directly
supported by K*SQL3.

Expressing arbitrary VPEs. T andp can be encoded by our in-
duction assumption. Concatenation, union, intersection and repeti-
tion are encoded similarly to their well-matched counterparts. Note
that K*SQL3 does not require the pattern to be well-nested, e.g. a
check for an open tag does not have to be accompanied by a cor-
responding check for its close tag. The overlapped concatenation,
S1 ⊕ S2, will be encoded as follows. We rename all the variables
of the K*SQL3 patterns forS1 andS2, to assure that they do not
share any variable names. Assume that the first variable ofS2 is
v2 and the last variable ofS1 is v1. We conjunct the predicates of
the K*SQL3 queries forS1 andS2, and append their patterns. We
then add the following predicate to the resulting K*SQL3 query as
a conjunctive term:last(v1) = first(v2).

G. AGGREGATES AND COMPLEXITY
Similar to other practical query languages, K*SQL also allows

certain aggregates to appear in the predicates. For instance, SASE+
allows any associative aggregation operation with an identity ele-
ment and an NC1 iterated multiplication algorithm. Once we allow
the same set of aggregates in K*SQL and all of the languages dis-
cussed in Section 3.2, we will achieve similar complexity results.

For instance, the ordered graph reachability problem (called oRE-
ACH) can be expressed in a simple SASE+ query (using its ‘skip
till any match’ mode) without using any aggregates [13]. Thus, ac-
cording to Theorem 4, K*SQL2 can also express oREACH which is
NSPACE[log n]-complete. However, even after allowing the afore-
mentioned class of aggregates in K*SQL2, the new language will
be still contained in NSPACE[log n], since similarly to SASE+, the
formulas can be simulated in NC1, where for the aggregates we
perform a partial-prefix computation. Similarly for K*SQL3, after
allowing such aggregates, the new language will be still contained
in NSPACE[log n] (see [22] for details).

Thus, in summary, both K*SQL2 and K*SQL3, once enhanced
with predicates that have aggregate functions discussed above, can
express a subset of NSPACE[log n] including some problems that
are complete for NSPACE[log n].
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