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Abstract - Many XML applications over the Internet favor
high-performance single-pass streaming XPath evalna
Finite automata-based algorithms suffer from patdiyt
combinatorial explosion of dynamic states for matgh

descendant axes. We present QuickXScan for strgami

evaluation of XPath queries containing child an
descendant axes with complex predicates. Usingea tr
representation for an XPath query, it employs aahiaig
grid, a compact tree of interrelated stacks ashe holistic
twig join algorithms, to represent the matches dhdir
relationships. QuickXScan fully utilizes transityvifor
matching, thus reduces the number of active stmtebe
query size in the worst case. It also evaluategesgons
incrementally using propagation and iterative rylesd
produces result sequences without the need foriahipl
removal. QuickXScan is practical and highly efintie
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query with a query tree. Each query node is astmtiaith
variables and their evaluation rules for expressioks a
result, we are able to handle complex queries the
following:

1) /allb[./lc="XML" and d/e > 300 or

if sum(.//f/g)>10 then count(d)<5].

Existing tree pattern-based query models [7] need t
represent relationships among query tree branches, as
AND or OR[18,19,20], and will have difficulties to support
complex predicates and aggregates. Automata-basddlsn
either do not support predicates, such as thoséltening
[2,8,10,16], or isolate each instantiation of thetches and
are less efficient in handling transitive stepse.(i*//")
against recursive documents [5,17,20,21,22,24].
QuickXScan, a query tree model is used without ragsy
any relationships between branches.

In

Second, it is well known that the transitive st@pslving
the descendant axis are the expensive ones toag@asince
an incoming node can match many existing matches fo

We describe QuickXScan, an industrial strengthecrsive document. In structural join based athors,

streaming XPath algorithm implemented for native IXM
support in DB2 for z/OS [6,30]. QuickXScan evalsate
XPath expressions with predicates by one sequesttzal of
XML data with high efficiency. It supports the folling
five forward axes: child, attribute, descendantf, send
descendant-or-self, and the parent axis by tramsfton
into forward axes [23]. It also supports aggredatetions
and arbitrarily complex predicates. In addition, can
support skipping of subtrees for many queries wit
significant performance benefit. As QuickXScan does
rely on relational techniques [29,3,7,14,15], tlgodthm is
well suited for applications over the Internet tfeator an
efficient streaming algorithm [12].

Some of the main issues in streaming XPath evaluati
include: (1) how to model and represent an XPatéryu

there is a nice solution of using compact stack®posesent

a possibly combinatorial explosive number of matghpath
instantiations with linear complexity [7,9,18,1#owever,
most known automata-based algorithms [20,24] do not
exploit such transitivity in matches, but have rack each
instantiation of automata or transducers indepethden
leading to exponential complexity [24]. QuickXScan
extends the idea of compact stacks, calledatching grid

fo implicitly represent many match combinationsjikir to
what is used in Ramanan’s recent algorithm [25].

Third, QuickXScan uses iterative rules to increratynt
evaluate expressions for complex predicates ancbggtes.

uses transitivity properties for the variablesda
propagates values among matches for expressions and
generating results without duplicates. Ramanargerdhm

with complex predicates and aggregates for efficieiys; has™ some similar features for simple predicate

evaluation; (2) how to represent matches efficjeritir
transitive steps to avoid combinatorial explosi®);how to
evaluate expressions (including the result seqyeunsiag
least amount of buffers without duplicates; (4) hoov
generate partial results early to reduce
requirement and response time (i.e. streaming dutpu

evaluation.

In this paper, we do not address the issue of reirep
output, which was one of the focuses of XSQ [24].

the b'“""fqrhe rest of the paper is organized as follows. dnti&n 2,

we present a simple model for XML stream data. dnti®n

In QuickXScan, based on XPath semantics [26,27], wa& We describe XPath query representation and how t
apply principles similar to that of attribute graams and compile an XPath query into this representatiorSéction
syntax-directed translation [1] to the streamingakP 4, we present the representation of matches andhingt
evaluation and optimization. First, we model an tPa process. Section 5 covers value propagation foressfon



evaluation. Section 6 outlines the runtime algonittin the

single line to represent the child axis and a delibke the

following section, we analyze some properties of thdescendant axis. Theesult query nodefor a path

matching grid, the key representation of matche=d ugs

expression is squared in the graphical representath

QuickXScan, and space and time complexity of theandidate result sequends the sequence of nodes that

algorithm. We conclude the paper in Section 8.

2 XML document streams

matches the result query node but for which not all
predicates have been evaluated to true.

Each query node contains variables and evaluatites r

To ease the exhibition of the algorithm, we focus Opeeded for the path expression and other interneedia

simplified XML documents with elements and textdyon

expressions, including the predicates associated thie

An XML stream can be modeled by an event streagtep Note that relative path expressions in pegeic are

generated by visiting nodes of the XML data trea ohepth-
first order.

An XML stream supports three primitives: (Ead), which
returns one of the two event typg3PEN an event when
encountering a start tag (visiting a node); &idOSE an
event when encountering an end tag (leaving a ndag)

skip(), which skips the children and descendants, and

continues traversal on the right sibling; and B)H),

which tests the end of a document. Skipping pravide |

significant savings even for SAX parsers as thestrantion
of SAX events can be skipped.

Associated with eacl©OPEN or CLOSE event is a node

being positioned with the following information:
node(nid, kind, name level valué),

wherenid is a node identity used for document ordengd

is simplified toelement only, asdocument is handled at
the initialization time only an¢ext
an element nodepameis a QName for an elemerével
starts with O for the root and increments by 1dach level

of nesting; andvalue is a string value extracted from the

node content.

3 Modeling and compiling XPath queries

becomes the value of

merged into the query tree, and in predicates, they
replaced with references to relevant variables.gxample,
Query Q1 can be represented by a query tree shown i
Figure 1. Also shown in Figure 1 are the varialslad the
rules to evaluate the expressions (omitting thepg@gation
rules for the time being).

Node Variables and rules

r Init: r ={}; // result sequence
At end of r: outputr;
b Init: pc=false;pe=false;sum_g=0;
cnt_d=0;
At end of b: pi:= (if sum_g> 10
then cnt_d< 5);
if pcand peor pithenr :=r U {b};
c pc=pcor (c="XML");
d cnt_ d=cnt_d+1;
e pe=peor (e>300);
g sum_g=sum_gnumbefg);

QXL /a//b[./le="XML" and d/e > 300 or if
sum(.//f/g)>10 then count(d)<5]

VAR
d f
|

€ 9
IEI Result query node

C

Figure 1 Example of a query tree and associated rules

In the example, variables with prefip™are for predicates;
“cnt_d and “sum_( are for the two aggregates drandg,
respectively. Note that all the variables exaepte scoped

%6

The subset of XPath queries of interest is patwithin a b instance. For example, whenbais matched,

expressions satisfying the following EBNF:

path::=/rpath | //rpath
rpath ::= step|rpath/ step | rpath// step
step::= (. | nametes) pred
nametest:= QName
pred::=‘[" expr']’
expr::=exprandexpr|expror expr| notexp)
prim | prim op prim | if exprthenexpr[elseexpi
prim ::=rpath | nLiteral | sLiteral | string() | number() |
countpath) | sum(path)
op:=<|<=|=|!=|>|>=

An XPath queryQ, is an absolute path expression starting

with a root step, followed by steps, each with esith child
or descendant axis (after the equivalence transitom of
“/l"), a name test, and an optional predicate list.

A path expression is compiled into a query treehEguery
node corresponds to a step and is labeled with an@\for
the name test. Each edge represents a child oerldeat
relationship from one step to the previous

correspondence to the axis of the step. Graphieadlyse a

in

sum_g is initialized to 0. Then when &@ match is
encounteredsum_gis accumulated with a negwalue. The
final sum_g value is used to evaluate the predicate
sun{./fflg) > 10 for the associatdalinstance. Also note that
the rules for nodea andf are trivial and optimized away.

Compilation of an XPath query can be performedvgisp
by converting axis steps into query nodes and cdimge
them together, and converting functions, predicatesd
candidate result sequences into variables and ai@hu
rules, which are small iterative programs. In gaheve use
the following framework to evaluate expressions for
match from the values of child or descendant matche

1. Init: on a match, instantiate and initialize the
variables;

2. Extract for each matched child or descendant
node, apply an extract function or evaluate
expressions;

3. Accumulate evaluate the new cumulative values
based on the current cumulative values and new
extracted values;



4. Final: at the end, perform final evaluation ofExcept for the root step that can only match wite t
variables, each of which may be based on a set @dcument root node, the basic matching conditions

variables at the associated node. between a query nodgand a data nodeare as follows:
In addition to predicate pushdown and incremental 1. The stack for the previous step @fs not empty;
evaluation of aggregates, some other optimizatiam loe sayn; is at the stack top;

performed. For example, predicade< b is equivalent to
min(a) < maxb), and we only need to keep two scalar

values fomin(a) andmaxb), instead of two lists of objects. 3 nlevel=n.levek1 if gaxis=child , or
n.level>=ny.levek1 if g.axis=descendant

n satisfies the name test qf

It is worth mentioning again that any complex pcatis N .
can be modeled easily as the relationships amoegy dtee Note that we only need to check conditions with rtegtch

branches are captured in variables and their rules. at the stack top of the previous step. When a miatfdund,
] _ ] the relationship between; and n is kept inn with an
4 Matching grid and matching process upward link,ulink, to noden;. Since we will useulink for

. . . upward propagation of values, for document order vuill
The main data structure used at runtime is theyquer™, ' T .

X . . setulink to nil if this match and the previous match of the
tree and the correspondinghatching grid a set of

interrelated stacks containingatching uni for matches. same step share the samdseeb, in Fig. 2). The matches

Each stack corresponds to one query node, and | of a step have a sideways lirghink, to form a logical stack.
of matches to the query node. Matching units cetasks A query node isactive if it can potentially have a new
are linked based on their matching relationship. @s match. The simplest way to see whether or not ayquede
document tree is traversed, matches for each queety are IS active is to check stack emptiness of its previstep.

pushed onto the corresponding stack as part oDREN  To precisely track active query nodes without cireglall
processing, and popped off when (eOSEprocessing is the stacks, we need to analyze the query tree @lsoe a
finished. Multiple matches in a stack are graphjcal query nodeyis matched, all its next steps become active. A
represented horizontally. Note that at any poifit,tie  step with the “//” axis is calleth-transitiveas it can match
matches in the stacks have the ancestor-descend@fth nodes at different levels. Once an m-traneititep
relationship. becomes active, it will stay active until stack pufp
Figure 2 shows an example of a matching grid for ghanges its status. Note that a non m-transitieryqoode
somewhat extreme case, which is for query //altd/tband IS active only if its previous step has a matchhwtite
document <a><a><a><a><b><a><b><c><b><c><d><d/iargest level.
</d></c></b></c></b></a></b></a></a></a></a>.  TheThe active query nodes can be easily maintainecbtish
superscript on each match symbol is the numberattisp and pop by keeping two separate sub-lists for aaery
from the root to the match node. For example, tlaeee20 nodes, one for m-transitive steps and the othen@or m-

paths fordi;. However, all these paths contribute a singlgansitive steps. Details are omitted here. A daznnsub-

node to the result sequence. tree can be skipped if there is no m-transitivep stetive

0r rTl and the current node does not match a query node.

) LL alll & 3 al 3 5 Valuepropagation
" T T T T The rules described in Section 3 are about

sa  at a2 al a accumulation of individual values. There is one enor
” A A dimension to the rules, i.e. propagation and furthe
b bIG bllc .10 accumulation of the cumulative values for an exgites

3 5 ! o Intuitively, if we have XPath steps such a¥/, if al is an
| Tlc Tlc ancestor ofa2 and both match with, andbl matchesB

4 C ) Cg «—Cio and is a descendant a2, thenbl is also a descendant of
" 1_utink I al. Thus, ifsl is a sequence & descendants @2, thensl

5 d <« slink Oy 2e—d; % is also a sub-sequence Bfdescendants afl. This means

the sequence @ descendants @2 can be propagated to
al to calculate the sequenceBflescendants @fl. During

the accumulation dB descendants @2, there is no need to
repeat the same f@l until a2 is finished and its value is
propagated taal. This illustrates another key transitivity

Doc: g&ap<ag€a,<bs<ag<b, < cgébyécip<di1<din

Figure 2 Example of a matching grid

The reason that we can use this compact repregeniat
due to transitivity of the ancestor-descendantticriahip.
Intuitively, let a path expression b&//B, and letal anda2
match withA, bl match withB, anda2 be a descendant of ! The conditions will need to be adjusted if the steps have the
al. Then, ifbl is a descendant of2, bl is also a Samename test or the current step contains thaxéel
descendant adl.




property that provides foundation for efficient iemental
evaluation of expressions. We call thgransitivity of a
step for value propagation.

There are three basic types of values: Booleanesatar

What if the predicate is false and the step ispaansitive?
We could propagate ars both upward and sideways as
long as it is legal before reaching such a poirdweber,
this will lead to duplicates when there are mudipaths

predicates, scalar values for aggregates, and BeﬂueWith predicates being true. The reason we use upwar

values for path expressions. Let us continue withnmgple
Q1 for propagation rules on query ndaéFigure 3). If we
have two matchebl andb2 on the stack of query node

the slink of b2 points tobl. Then at the end df2, we can
propagate two variable valugs; andsum_gfrom b2 tobl.

The reason is that the step fors p-transitivewith respect
to pc and sum_g but notpe and cnt_d The key to p-
transitivity is in the next step. The m-transityvif the next

propagation only when a predicate is true is toichgoich
duplicates. This may cause us to miss the sideways
propagation opportunities at the steps below theeat
step. To make up for this, we usbacktracking
propagation It is to propagate ers to the first p-transitive
step that is below the current step. If there isuch step or

the stack for such step is empty, thendfss dropped.

We show an example in Figure 4, where the pathession

step makes the step p-transitive with respect te ths //afu)/b[v]/c[w]//d (where u, v, and w are predicateahd

corresponding variable from the next step.

r

| Sideways propagation rule for |p:
a slink->pc=slink->pcor pc;
slink->sum_g= slink->sum_g+
sum_g

d f
| | QXL /a//b[./le="XML" and d/e > 300 or if
sum(.//f/g)>10 then count(d)<5]

C

€

Figure 3 Example of a query tree and propagation rules
5.1 Propagating candidate result sequence

A candidate result sequencerd) is a sequence of

nodes matching a result query node with pendindipage

filters from a node to the root. &s that finds a path to the

root with all the predicates being true becomes phthe
result sequence. To get checked against prediakieg the
paths to the root, we use propagation. We diffiaitn
amongupward sideways and backtrackingpropagations.

Upward propagationis to pass values from a match of a,
step to an upper step. Whenorareaches a certain step, any

predicates below that step have been evaluatedi¢o dnd
it only needs to get through predicates along & pathe
root. Therefore we use upward propagation forsavhen a

predicate is true. In case a predicate is falsemeso 5.2

alternative paths have to be tried. One of therstéves is
to use sideways propagation.

a matching grid example is shown with the predi¢aith
values marked as superscript on each matchingTuretcrs
{dy, do} is propagated ta@; first. As the predicate is true, it
is propagated upward tm;. Because the predicate foyis
false and step is not p-transitive, thers will feed toc,, as
the dotted line shows. The reason thatemains available
whencrs {d;, d;} needs to be backtracked is that there is a
parent-child relationship that guarantegss an ancestor of
bs in this example. Thers{d,, d,} will eventually reach the
root and become part of the result. The existemes with

a predicate being true is critical.

r ro

non p-transitive a [u]

I (.

non p-transitive b [v]

p-transitive ¢ [w] C' T%T X
|| =Rk
p-transitive  d < d;

Figure 4 Example of propagation with predicates

nder these propagation rules, simple concatenation
merge of subsequences for accumulation can guarame
uniqueness of ars when it is accumulated from suis's,
and also the document order under certain condition

Propagating predicate and aggr egate values

A primitive predicate truth value or aggregate eais
derived from thecrs of a relative path expression when it

Sideways propagationis to pass values between tWoreaches the top node of the relative path, thusritshthe p-
matches of the same step, as the above examplesshopnsitivity from thecrs. If the step with the predicate or
While upward propagation is always valid, sidewaygggregate is p-transitive, then a truth value agregpte
propagation requires certain conditions. That iste® has ygjue can be propagated sideways to its ancessothe
to be p-transitive with respect taces. By induction, we can example in Figure 3 shows (stbps p-transitive fopc and
prove that an m-transitive leaf query node is pditve for g,m J. However, if there is predicate nesting, such as
acrs, and a non-leaf step is p-transitive focra if its next a[b[c_:5]/d:"x”], a truth value or aggregate valudhalso
step is m-transitive. Now if the predicate assedatith a pneed to be checked by other predicates and sulojettie
match is false, and the step is p-transitive, wemapagate ggme propagation rules outlined above, except dones
the currentrs sideways to its ancestor in the same stack f%l’imp"fication_ Since logical operatorand and or are
the query node. idempotent, we can get rid of duplicate concernsliogys
propagating them both ways when they are legalowith



using backtracking propagation. Other simple agapesy 6.3 Matching a node

such asnin andmax share the same simplicity. - :
X plcty ProcedureOper(n) as shown in Figure 6 is called for

However, sum and count nee_d t_o t_akglcare of duplicates,ggch noden. It loops through each active query node to
although QO(;ument order is |nS|gn|f|_cant. They da@ check for matching (lines 3-10). If the match cdiod
handled similarly to thecrs propagation, although the poids, a newmuUnit is created and put into the matching
propagated value is a number instead of a sequence.  yig. Otherwise, ifn does not match any query node, and
6 Puttingit all together the;re is no m-trapsitivg query node active, thers@lbtree is

9 d skipped. OtherwisegctiveQnodeseeds to be maintained.

We outline QuickXScan runtime algorithm in this : :
section. In the pseudo code below, we only focughen | // Match anode and return true if to skip the seebt

main features of the algorithm. E'rt;)é:;cri]ureOper(noden)
6.1 Datastructures 2: matched-false;

. for eachqid in activeQnodes
A query treeQ can be represented as an array q := gNodéqid];

3

4
gNodégLeri, wheregLen= [Q|, the query size, i.e. the total| 5. s (match condition holds) {
number of nodes i®. EachqNodecontains description for | 6: m:=new MUnit(q,n), // initialize variables also
variables and rules needed for a match. 7 Addm into mUnif] and updategTopand

. . . . sTofdqid], and seulink andslink
A match with agNode is represented usinqUnit It 8 matched:true:

contains instantiation of variables for the quergde. .
SO 1 9 }
Among them aregid, nid, level pred output ulink, and 10:end // for
slink, whereqid is the index of matchingNode nid is the 11:if (not matchedand no m-transitive gNode actiye
node id,levelis the level of the nodgred andoutputare 12:  return true;
variables for the match as the result of evaluating 13: else { maintainactiveQnodes eturn false}
definitions in gNodgqid], and ulink and slink are the 14:end;
upward link and sideways link.

A grid consists of an arrapUnif], gTopandsTofdqglLen.
Array mUnif]] is for all the matches and operates as a glob| // Clear matches from matching grid whose levelrkevel
stack withgTop as its stack top. ArragTofqgLer] keeps | // and perform end-of-node processing

stack tops for logical stacks associated wjttodgqLeri. Procedure Closgnoden)

Figure 6 Procedure Open for matching a node

The entries in each logical stack are linkedsliyk in each ;begt:r: Too=0
mUnit Note that push and pop of the global stack a 3 Wn: i(%UOnT{BT)oq-
consistent with that of the logical stacks. 4: if (m.levek n.leve) return false:
6.2 Themain procedure 5 q=aNodé¢m.qd; .
6: mu:=m.ulink; ms:=m.slink;
The main procedure, as shown in Figure 5, travers| 7: evaluatenpred //t(ue by default
the document usingead) and skip). The init() also | 8  propagate values dutputbased omn.predtruth

handles the root node, so the main loop focuseswon valuemuandms and query node's properties;
event typesOPENandCLOSE It keeps traversing a tree in| 9 for each propagated value, evaluate its ¢ative
document order and callin@per() for each new node 10: \éalue In destination matching ”n'_t’

- . . handleerror andfinish accordingly;
unless it was told to skip a subtree. At the endawth node, | 4. maintairactiveQnodes

it calls Closg). At the end of document, the result sequenq 12: gTop-:

is produced from the root matching unit. 13: if (early finish ancho m-transitive gNode actiye
. returntrue;
Ert;):ggcri]urechkXSca(Documemd, Sequence) 14: end: // while
. | . .
15:end,;
2: init(); n:=d.read(); a
3: while(!d.EOF()) Figure 7 Procedure Close for processing end of node
4: skip:= false; . . .
5: switch(n.EventType) 6.4 Closing matching units
6: case OPEN:skip = Opent); ProcedureClos€n) illustrated in Figure 7 is used to
g: f:fa(s‘:kg')‘({)ffk'.sgpé;n?ﬁsg}(‘)' clear mUnits that the traversal has passed, i.e. those with
o In-:d ;gad(.)' PU; inu level >=n.level It starts from the top ahUnif]. The major
10: end // while work before am€mUnit can be popped off is to execute its
11: r :=mUnifO].output // result at the root rules, and propagate values depending on the prepaf
12:end: the corresponding query node. As values are prapdga

: : : the destinatiomUnit, the cumulative values are evaluated.
Figure 5 The QuickXScan main procedure
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(d) QuickXScan keeps the number of
states to the query size at maximum. The

instantiations. Duplicate removal is needed for thesuperscripts are the number of path

instantiations a matching unit represents
implicitly. The result sequence is
guaranteed to contain no duplicates.

Figure 8 A wor st-case scenario comparison of QuickXScan and automata-based algorithms

Now we analyze the upper bound of the number of
matching units in a matching grid. Since all thelem of the
matching units in a matching grid at any time aanf one
path from the root to a current node being visitdtg
maximum number of distinct nodes are bounded by the
height of the document tree. Since a data nodentach
with multiple query nodes, the maximum number of
matching units is approximatelyQ{| * h), where Q] is the
number of query nodes i@ and h is the height of a
document tree. In general, the number of matchinigs u
within a matching grid i©(|Q|*r), wherer is therecursion
nE'J%greeof the document, or how many nodes with the same
name are nested within each other at most.

If the query nodes are viewed as states in an @igsbased Thegrem 2. QuickXScan needs to maintai®(|Q[*r)
algorithm, we can compare the number of states @{atching units at maximum at any time, wherés the
QuickXScan  with  automata-based algorithms.  T@ecyrsion degree of a document.
understand the fundamental difference of our apgrdem . . :
existing finite automata algorithms, we use an eanof Theorgm 2 gIves the estl_mates of memory requw.erfwnt
the worst case scenarios to illustrate the poiiguré 8(a) maFchlng _unlts. In addm_on, memory 1S required for
shows a query tree for XPath query //allalla. Eig8fb) variables in each matchlng unit, .espec-|a||y for stho
shows a document tree for a simple 5 nested-elsrneﬁFquence'Valued variables. A matching unit mayamm.
document. Figure 8(c) shows all possible matchéwdsn vanaple for a node sequence of all descendants wit
the XPath query and the document, which are exiylici certa.m name, at cgrtam t|m_e. Sequence propagatids to
the time complexity of QuickXScan. In the above stor

tracked by automata-based algorithms. It can besishbat X .
K case, the sequence contains only one node tovathrtlt

the total of match paths i§ C' wherek is the number of Will be propagated through all the matching units a
& " maximum, therefore the time complexity is aB@Q| * |D|).

steps in a query andis the document depth. In Figure 8(d),In general, we have the following.

we show how QuickXScan keeps track of the matceegyu Theorem 3. The time complexity of QuickXScan is

stacks. Only stack tops need to be checked forhimatc O(|Q|*r*|D)).

thus reducing the number of states to the query &z prqoof sketchEach node will match at mo§|[query nodes,
maximum. Furthermore, since multiple matches taweary 4nq propagate through at mos|{f) matching units. We

node are implicitly represented using a single iateunit, pave at mostD|| nodes to go through, therefore the time
with the propagation rules, there are no duplicédeshe o
complexity isO(|Q[*r*|DJ). O

result, while in automata-based algorithms, dupdica ) . N
removal may be necessary. This scenario is thetwase The abc.)v.e ?St'mate is loose and may be possml;orm_rj.
because it has the maximum number of possible match With .m||f1|m|zat|on of XP_ath queries [11] as a ph_aae
. . _compilation, the complexity of QuickXScan is appioag
Theoreml. At any time, the number of active states ifhe theoretical limit [4]. In practice, QuickXSchas linear

QuiquScan is the number of query nodes in a q@ry tjme complexity of the document size.
maximum.

As mUnits are popped offactiveQnodesneeds to be
maintained. Note that this procedure can hand@&.@SE
event that corresponds to multiple consecuttveOSE
events.

We have simplified the algorithm description by dging
some details for error and early finish. Early $lmimeans
that the predicate associated with a node is ajread and
there is no need to perform further matching.

7 Analysis

In this section, we present some space and ti
complexity properties of QuickXScan.
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