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Abstract. Earliest query answering (EQA) is an objective of stream-
ing algorithms for XML query answering, that aim for close to opti-
mal memory management. In this paper, we show that EQA is infeasible
even for a small fragment of XPath unless P=NP. We then present an
EQA algorithm for queries and schemas defined by deterministic nested
word automata (ANwAs) and distinguish a large class of dNwas for which
streaming query answering is feasible in polynomial space and time.

1 Introduction

Streaming algorithms process input streams in an incremental manner, and write
their output to some external output collection. The data content on the input
stream may be huge, so that only fragments of bounded size can be memorized
in main memory at every time point. Furthermore, the input stream is usually
restricted to a single reading pass (see [1, 2] for more general models).

Streaming algorithms for XML input data streams that contain XML docu-
ments, i.e., linearizations of unranked trees or equivalently nested words. In this
paper, we are mainly interested in streaming query answering for node selection
queries in XML documents, which return collections of tuples of nodes. Such
queries may be defined in the W3C standard language XPath 2.0, whose core
has the same expressiveness as first-order logic for unranked trees, or by tree
automata. The domain of queries can be restricted by schemas defined by the
W3C standard XML Schema or again by tree automata.

For illustration, let us simplify XML documents into words with alphabet
{a, b}, and consider the monadic query @y that selects all b positions succeeded
by aa in words of {a,b}*. This query can be defined by the first-order formula
laby(x) ANlabg(x+1) Alaby(x +2) with one free variable x. Its answer set on word
to = abbaabaaba is Qo(ty) = {3,6}. A streaming algorithm for query Qo reads
some word ¢ € {a,b}* from the input stream and computes Qo (%) incrementally.
The first answer candidate encountered is letter b at position 2. Whether it will
be selected or not depends on the continuation of the stream, and thus position
2 must be stored by all streaming algorithms. We call such answer candidates
alive. The next event is letter b at position 3. Good streaming algorithms reject
candidate 2 now and discard it from memory. In turn, position 3 becomes alive



and must be stored. It can be safely selected from position 5 on, written to the
external output collection, and discarded from internal memory.

We need a notion of streamability that accounts for both space and time.
We call a class E of query definitions streamable, if there exists a polynomial
p and an algorithm mapping query definitions e € E to streaming algorithms
A, in time p(|e|), such that A, computes the answer set of query Q. for all
trees t on the input stream, with space and time per step bounded by p(|e])
independently of ¢. Bar-Yossef et al. [3] showed for a class of XPath queries, that
the maximal number of simultaneous alive answer candidates (for all positions
of the input stream) is indeed a lower space bound for every streaming query
answering algorithm. This number is called the concurrency concurg(t) of a
query @ for an unranked tree t. Classes of queries with unbounded concurrency
are thus not streamable. Few positive streamability results exist. Boolean queries
(returning true or false) defined by tree automata with languages of trees of
bounded depth are streamable [4,5]. Simply compute all runs in parallel on
the fly with a stack of bounded depth. A streaming algorithm with close to
optimal memory management for Boolean queries defined in a small fragment of
positive Forward XPath was presented in [?]. Benedikt et. al. [6] showed P-time
streamability for the fragment of Boolean Core XPath 1.0 queries in shallow
trees, that never look forwards. Heuristics are proposed to approximate earliest
rejection. Streamability results for monadic queries are lacking so far.

Earliest query answering (EQA) is the objective of many recent approaches
that hint for streaming algorithms with polynomial time and space [3, 7-10]. The
strategy is to memorize alive answer candidates only, in order to reach close to
optimal memory management. EQA trades space for time: all EQA algorithms
need to decide at every step, whether the current answer candidates are safe
for selection or rejection (otherwise they are alive). We call these two decision
problems SUFFICIENCY for selection resp. rejection. Benedikt et al [6] noticed
(Theorem 1) that REJECTION SUFFICIENCY for Boolean XPath queries that never
look forwards is PSPACE-hard.

As a first contribution, we present hardness results for SELECTION SUFFI-
CIENCY. For arbitrary classes of query definitions, we show how to reduce SE-
LECTION SUFFICIENCY to a language INCLUSION problem. As a corollary, we
obtain coNP-hardness of SELECTION SUFFICIENCY for a small fragment of For-
ward XPath filters with only child and descendant axis (without schemas) by
reduction to UNIVERSALITY of Boolean queries [11]. Thus, the P-time streaming
algorithms in [7, 12] cannot be earliest, except if P=NP. This result shows that [7]
does not fully reach its progressiveness objective, and furthermore it contradicts
Theorem 3 of [12] on optimal memory management (without proof). As a counter
example, consider the Forward XPath expression //a[not[child::c] and [child::b]],
which queries for a-nodes without c-children but with a b-child. Both algorithms
will keep a-nodes in memory even when encountering a c-child (and remove them
only after closing the last child).

As a second contribution, we provide an EQA algorithm for n-ary queries de-
fined by deterministic nested word automata (dNwas) [13,14]. Our result relies



on new automata constructions deciding selection and rejection SUFFICIENCY in
an incremental manner. Without determinism, we show that SELECTION SUFFI-
CIENCY for Boolean NWAs is EXPTIME-complete by reduction to UNIVERSALITY
of tree automata [15]. Let Q. be queries with fixed arity n > 0 that are defined
by a pair of dNwAs e = (A, B) which recognizes the canonical language and
the domain (aka schema) of the query respectively, and let ¢t € L(B) be a tree
satisfying the schema on the input stream. Our EQA algorithm for e computes
Q.(t) with the following costs, where d = depth(t) is the depth of the tree and
¢ = concurg,(t) the concurrency of the query on the tree:

— polynomial precomputation time in O(|A]? - | B|?);
— polynomial space for all steps in O(c-d-|A|-|B|);
— polynomial time for all steps in O(c- |A|? - | B|?).

As a corollary, a subclass E of queries defined by dNWAs is streamable, if depth
and concurrency are bounded by some polynomial p such that d = depth(t) <
p(|B|) and ¢ = concurg,(t) < p(|A|-|B]) for all e= (A, B) € Eand t € L(B).
Related work. Preliminary versions of this paper were presented at the work-
shops Plan-X’08 and AutoMathA’09. Independently, we showed in [16] how to
decide bounded concurrency for queries defined by dNwAs in P-time, by reduc-
tion to bounded valuedness of recognizable tree relations.

Schemas defined by dNwAs subsume extended deterministic DTDs with re-
strained competition [17] modulo a P-time transformation. Kumar, Madhusu-
dan and Viswanathan [10] investigate EQA by dNwaAs, but for a restricted class
of monadic queries which always allow for immediate node selection at open-
ing time. Similarly, Benedikt and Jeffrey [9] consider immediate node selection
at opening and closing time, for XPath filters on depth-bounded documents.
Madhusudan and Viswanathan [18] propose a streaming algorithm for monadic
queries defined by NwAs. They impose a serious restriction on their automata
so that the SUFFICIENCY becomes trivially decidable in P-time. This class of
automata is not proved to be complete for MSO, and the cost of the translation
to this class is not investigated. Our results answer to these questions.

NWAs are equivalent modulo P-time to pushdown forest automata [19, 8, 20].
Berlea’s [8] P-time EQA algorithm for queries defined by a variant of pushdown
forest automata is very different to ours in that no determinism is assumed.
This works out, since he assumes infinite signatures so that UNIVERSALITY and
SUFFICIENCY become trivially decidable, in contrast to a finite signature, where
SUFFICIENCY becomes EXPTIME-hard. With infinite signature, however, schemas
can no more be expressed, closure under complement fails, and MSO is no more
captured (in contrast to what is stated in Section 3.1 of [8]). Thus, while EQA
becomes much simpler, it looses much of its interest.

Bar-Yossef et. al. [3] proposed a streaming algorithm with optimal memory
management for monadic queries in shallow trees defined in a fragment of For-
ward XPath queries. Unfortunately, this algorithm is incorrect since it doesn’t
try to decide REJECTION SUFFICIENCY. Whether this problem might be solvable
by adding further restrictions is open.



Outline. In Sec. 2, we show how to define queries for unranked trees. In Sec.
3 we recall nested word automata. In Sec. 4, we present hardness results for
SUFFICIENCY problems. In Sec. 5, we show how to decide SUFFICIENCY for queries
defined by dNwAs incrementally, in order to obtain an EQA algorithm in Sec. 6.

Appendix A recalls results on the expressiveness and efficiency of Nwas.
Appendix B proves the hardness results for SELECTION SUFFICIENCY. Appendix
C proves the correctness of our sufficiency tests for dNwas, for both selection
and rejection. Appendix D presents the details of our EQA algorithm for dNWAs.
Appendix E discusses the addition of schemas, also for the case of rejection.
Finally, Appendix F presents a example run for our EQA algorithm.

2 Queries and Schemas in Unranked Trees

The set T's; of unranked trees over a finite set X is the least set that contains all
pairs a(ty,...,tm,) consisting of a letter a € X and an hedge (t1,...,tn) € TH
were m > 0. Nodes of trees and hedges are words over natural numbers defined by
nod(a(ty,...,tm)) = {e} Unod((t1,...,tm)) and nod((t1,...,tm)) = U {i-w |
7 € nod(t;)}. We denote the label of node 7 € nod(t) by lab’(7) € X. The empty
word € is the root of all trees (but of no hedge). The word 7-i € nod(t) is the
ith child of 7. Let child® C nod(t)? be the father-child relation and lab’, = {7 |
lab'(7) = a} the labeling relation for a € X.

Linearizations of unranked trees in preorder are called nested words in [14,
13]. We write nw(t) for the nested word of t. For instance, if t = a(b, c(d), f) then
ww(t) = (op,a)-(op, b)-(c1,b)-(op, )-(op, d)-(c1,d)-(cL, )-(0p, f)-(c1, f)-(cL, a).
In XML syntax, an opening tag (op,a) is written as < a > and a closing tag
(cl,a) is written as < /a >. We ignore data values throughout this paper. We
consider streaming algorithms receiving nested words nw(¢) on the input stream.
The positions of nw(¢) can be identified with the following set of events:

eve(t) = {start} U ({op, c1} x nod(t))

If lab" () = a then event (op,7) specifies an occurrence of opening tag <a> in
an XML stream, and event (cl,7) the corresponding occurence of closing tag
< /a>. Fig. 1(c) illustrates a nested word with edges of relating corresponding
events, established by some parser in parallel preprocessing. Let <! be the total
order on eve(t), i.e., the order of the tags in the XML stream, and for every
e except start let pr(e) be the immediate predecessor of e in that order. For
hedges, events are defined by: eve(h) = {start} U ({op, cl} x nod(h)).

A schema is a tree language S C Tx;. An n-ary query is a function @ with
schema S is a function @ with domain dom(Q) = S that selects a set of n-tuples
of nodes Q(t) C nod(t)™ for every tree t € S. Boolean queries are queries of arity
n = 0. The canonical language of an n-ary query @ is a set of annotated trees
Lg C Txxpn, where B = {0,1} are the Booleans. For all trees t € dom(Q) and
tuples v € nod(t)"™, we define an annotated tree ¢’ =t x v in T xp» that has the
same structure as ¢, i.e., nod(t') = nod(t), while annotating the node labels of ¢

by bit vectors, such that lab" (m) = (lab*(7), B) for all nodes m € nod(t), where



B=(b,....bn), v=(m1,...,mn) and b; =1 & 7 = m; for all 1 < i < n. The
canonical language of an n-ary query @ is the set of all annotated trees for @,
i.e.. Lg ={t*v | v €q(t)}. For Boolean queries, Lo C dom(Q).

Queries Q(4,p) in unranked trees can be defined by a pair (A, B) of automata
with languages L(A) = Lg and L(B) = dom(Qa,p)). If L(B) = T's then we
write Qa for Q4. p)-

3 Nested Word Automata

In the present paper, we consider NwaAs [13] as automata operating directly on
unranked trees (as proposed in [20] and similarly to pushdown forest automata
[19,8]) whereas they usually operate on linearizations of unranked trees nw(¢)
or slightly more general nested words.

An NwA A = (X, T, stat, init, fin, rul) consists of a finite signature X' of node
labels, a finite set stat with subsets init, fin C stat of initial and final states, a
finite set I" of stack symbols, and a set rul C {op,cl} x X' x I' x stat? of rules.
We denote rules as:

@ a:y
Po —P1

where « € {op,cl}, po,p1 € stat, a € X, v € I'. Whenever necessary, we will
upper index components of A, as for instance, writing rul® instead of rul.

An NWA traverses the sequence of events of a given tree ¢, while annotating
all events of ¢ by states and all nodes of ¢ by stack symbols. Let py be the state
of the previous event processed, and («, 7) be the current event. The automaton
chooses some rule with action a and label a = lab’(7) whose left hand side is
po- If @ = op then it annotates node m with stack symbol . If & = c1 then the
rule matches only, if the stack symbol annotated at opening time to 7 is equal
to the stack symbol 7 of the rule. For matching rules, the automaton annotates
state p; on the right hand side to the current event.

More formally, a run of an NWA on a tree t is a function r with two types
r: eve(t) — stat and r : nod(t) — I' which maps events to states and nodes to
stack symbols, such that r(start) € init and the following rule belongs to rul
for all 7 € nod(t) with a = lab’(r), and actions o € {op,c1}.

r(pr(a, ™) <2 (7))

An example of a run of an NWA on the tree a(a,a(a,a(b),b))) is given in Fig.
1. Tt tests whether this tree satisfies the Boolean XPath query [//a[child::b]], or
equivalently the first-order formula 3z(lab, (z) A Jy(child(z, y) Alaby(y))). When
opening an a-node in its initial state 0, this NWA guesses whether it matches the
a-position of the XPath expression (state 1) or not (state 0). From state 1, it
waits while traversing a sequence of states (2*1)*, until some b-child is opened,
before concluding success in state 3. The information of being a child of the
a-node opened in state 1 is annotated by stack symbol y, and passed over from
the left to the right.
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(a) An NWA A (b) Successful run of A on tree ¢

)
7\
a—ae¢—a—a—a—a—a—ph—b—a—bh—b—a—a
0 0 0 0 1 2 1 2 2 2 1 3 3 3 3

(c) Successful run of A on nested word of ¢

Fig. 1. An NwA checking the Boolean XPath filter [//a[child::b]] by successful runs.

A run 7 of A on a tree ¢ is successful if 7((cl,€)) € fin®. The set of all
possible runs of the NWA A on the tree ¢ is denoted runs?(t) and the subset
of all successful runs by runs_succ?(t). The recognized language L(A) is the set
of all trees t € Tx that permit a successful run by A4, i.e., L(A) = {t € Tx |
runs_succ? (t) # 0}. For a hedge (t1,...,t), a run is successful if r(start) €
it and r((cl,k)) € fin™.

An NWA is deterministic or a dNWA | if it has a single initial state, no two op
rules for the same letter use the same state on the left, and no two c1 rules for
the same letter use the same stack symbol and the same state on the left. The
unique run of a ANWA A on a tree t can be computed in a streaming manner, if
it exists. The input is the nested word nw(t) of some ¢ that is enriched by the
nesting relation by parallel preprocessing with a SAX parser, and the output is
the sequence of states that A assigns to the events of ¢. In order to do so, A has
to be stored, and at every time point the current state and the stack of symbols
that are annotated to the nodes on the path from the root to the current node.
The maximal memory needed at any time point is O(|A| + depth(t) + 1).

4 Complexity of Earliest Query Answering

We present the decision problems of EQA algorithms for n-ary node selection
queries and establish lower complexity bounds.

We have to define sufficient events for tuple selection. For every n € eve(t) —
{start}, let the tree prefix t=7 be the fragment of ¢ which contains all nodes of



t opened before or at event 7. Note that t=(¢~™) contains all proper descendants
of 7 in ¢, while t=(°P™) does not. For two trees ¢, € Tx and 1 € eve(t) we define
equal, (t,t') by n € eve(t) N eve(t') and t=7 = t'=7, i.e., t and ¢’ have the same
prefix until 7.

Definition 1. (Sufficient events for selection) Let Q be an n-ary query over X
and t € dom(Q) a tree. We relate tuples v € nod(t)™ to events n € eve(t) that
are sufficient for their selection:

(v,n) € selg(t) < (v € nodt=")" A V' € dom(Q). equal, (t,t') = v € Q(t))

Note that (v,n) € selg(t) implies v € Q(t). Furthermore, successors of sufficient
events are sufficient. Consider for instance the monadic query 1 with schema
T(a,p,cy defined by the XPath expression //a[child::c]/child::b, or equivalently by
the first-order formula laby () A3y (labgs (y) A child(y, ) A3z(child(y, z) Nlab.(z)))
with one free variable z. On tree t = b(a, a(a, b, ¢)), the earliest time point to se-
lect node 2-2 is event (op, 2-3) when the c-child is opened, i.e., ((2-2), (op,2-3)) €
selg, (t). For query ()2 defined by the same XPath expression, but with a more
restrictive schema, requiring that all inner a-nodes have at least one c-child, we
can select node 2-2 at opening time, i.e., ((2-2), (op, 2-2)) € selg, (t).

For optimal memory management, it is equally important to discard rejected
answer candidates in an earliest manner, i.e., candidates that will never be se-
lected in any possible future. Going one step further, one might also want to re-
move rejected partial candidates, for which no completion will ever be selected in
any future. Partial candidates v are elements of nodg, (t=")" = (nod(t=")w{o})",
the symbol @ denoting components where no selection occurred so far. Comple-
tions compl(v,t,n) are complete candidates obtained by replacing @-components
of v by nodes of ¢ opened after 7.

Definition 2. (Sufficient events for rejection) We call a candidate v rejected
at event n, or equivalently n sufficient for failing v, if no completion of v can be
selected in the future:

) v € nody (=M™ AV € dom(Q).
(v,m) € rejolt) & { equal, (t,t') = Vv’ € compl(v,t',n). V' ¢ Q(t')

We call a candidate v alive at event 7, if 17 is not sufficient for selection or
rejection of v, i.e., (v,n) ¢ selq(t) U rejo(t). EQA algorithms store only alive
candidates. The maximal number of alive candidates at a same event is called
concurrency (3], and written concurqg(t). For sake of clarity, however, we have
to omit the study of REJECTION SUFFICIENCY in the core of the paper (see the
appendix).

SUFFICIENCY has to be decided for all candidates by all EQA algorithms at
every event. SELECTION SUFFICIENCY for a class of query definitions F is the
problem that receives as input a definition e € E of a query Q. with arity n, a
tree t € Ty, an event 1 € eve(t), and a tuple v € nod(t)™, and sends as output



the truth value of (v,7) € selg(t). We provide hardness results SELECTION SUF-
FICIENCY for some query classes E. Proofs and further details, including schemas
considerations, are provided in Appendix B.

First, we consider Boolean queries defined by XPath filters F' in the following
fragment. All trees satisfy the label constraint *, while only trees a(...) satisfy
the label constraint a. A filter [child::¢ F] is satisfied by all trees with a subtree
at a child position of the root that satisfies £ and F'. A filter [//{ F] is satisfied by
trees having a subtree satisfying ¢ and F. We freely omit filter [¢true] in examples.

F = [child:AF) | [/[/LF] | [F1 and Fo] | [notF] | [true] for £ € XU {x}

Proposition 1. SUFFICIENCY for Boolean queries defined in the above fragment
of XPath is coNP-hard, even without schema assumptions.

As a consequence, every EQA algorithm for a larger fragment of XPATH cannot
be in polynomial time, except if P=NP.

Second, we study this problem for queries defined by automata. For non-
deterministic ones, SUFFICIENCY remains hard, even with Boolean queries.

Proposition 2. SUFFICIENCY for Boolean NWA queries is EXPTIME-hard.
However, when restricted to deterministic NWAs, the problem becomes tractable.
Theorem 1. SUFFICIENCY for n-ary dNWA queries is in polynomial time.

This justifies the use of dNWAs in the following, and shows that SUFFICIENCY is
EXPTIME-complete for NWAs (by using NWA determinization).

5 Inferring Safe States

For dNWA queries, we propose a method for deciding SUFFICIENCY at each event
of a tree. Our solution is based on a new dNWA construction. Given a ANWA A for
the query, we build a dNwA E(A) that accepts the same language, and contains
enough information in its states to decide for selection sufficiency at each event
immediately. For clarity, sufficiency for rejection is presented in Appendix C,
and schemas are discussed at the end of Section 6.

We define a partial run r of an NWA A on a tree t like a run, except that it
operates only on a prefix t=7 for some event 7 € eve(t). We write p_runs?(t) for
the set of all partial runs of A on ¢. Let A be a dNwA over X' x B™ defining a
query Qa, t € Tx, 1 € eve(t), and v € nod(t)". We call a state p € stat” safe
for selection of v at event 7 if the existence of a partial run r of A on t that
maps 7 to p implies (v,n) € selg, (t). In other terms, these are the states that
ensure sufficiency for selection when they are reached.

safe,sel(‘ym) t)={p | 3repruns?(txv) A r(n) =p)= (1,n) € selg, (1)}



po 22N b€ rul? po 220, € pulh
S = um’v,selA(a7 1, S0) So, 81 C stat?

: , S c : ,S
(po, So) 21220 SEL (p1,81) € rul®™™ (o, So) £ aiod), (p1,81) € rul®@
init" = (init?, fin®) ﬁnE(A):{(p7 fin®) | p€ fin?}

Fig. 2. Construction of E(A) from A

The remainder of this section describes how these states v
can be computed by a new dNwA E(A), which permits to . @ .
decide sufficiency. Here we need some auxiliary definitions. P

Let runst ., (h) be the set of runs of an NWA A on a hedge !

h that start in state pg and end in state p;. The operator

ev_cl®(h,po, a,7) evaluates hedge h from state py and subsequently applies a
closing rule with label a and state ~:

h). p1 Mpg € rulA}

ev_cl®(h,po,a,y) = {p2 | Ir € runs;‘o_,pl(

We consider continuations through hedges in Hs = T, (o} The operator

univ,selA(a,%P) computes all states, from where all hedges in Hg. can be
evaluated and closed wrt @ and ~ into a state of P C stat™:

univ_sel* (a,~, P) = {po | Vh € Hyer. ev_cl®(h,po,a,v) NP # 0}

Given A, t, and v, we can compute inductively the safe states Sge(n) =
safe,selém)(t) for all events 7 € eve(t). First, for the closing event of the root,
the set of safe states for selection are the final states: Sq((cl,€)) = fin™'. Sec-
ond, at each node , the safe states for opening events can be computed from
those of the corresponding closing event:

Sset((op, ™)) = um'v,selA(a, v, Sser((c1, 7))

where a = lab’(7) and v = 74 (7). Third, the safe states for the opening event of
7 are equal to those for the closing events of children of 7, i.e., Sgei((op, 7)) =
Sser((cl,m1)).

These propagation rules allow to infer safe,selé,m) (t) for all events 7. This
can be done by running the NWA FE(A) defined in Fig. 2, which adds safe states
to each state of A. The signature of E(A) is X x B™ as for A. The state sets may
be exponentially large, since statZ(4) = stat? x 25tat” and [EA) = A x gstat”
Stack symbols are used to pass safe states from parents to all their children.

Proposition 3. Let A be a ANWA on X x B™ that defines a query, and t x v €
Tswpn. Then E(A) is a ANWA that accepts the same language as A. Furthermore,
if 1 (resp. rA)) is the unique run of A (resp. E(A)) on tx v then v (n) =
(rt(n), safe,seléw) (t)) for all n € eve(n) — {start}.



a€ X x{0}" p1 220 ps € rul? D4 £ an, p2 € rul?

acch,, (p1,p2) = accr,, (p3, pa)-

pE stat™ p1,p2,pP3 € stat?

accw,, (p,p).  accw,,(p1,p2) - acc,, (p1,ps),acch,, (D3, p2)-

Fig. 3. Inference rules for the definition of acc}f}sel

A detailed proof is in Appendix C.* Running automaton E(A) for a candidate
permits to test sufficiency for selection at the event when it happens. At most
one run has to be processed per candidate, thanks to determinism.

6 EQA Algorithm for dNWAs

We present an EQA algorithm for queries defined by dNwAs A which runs in
polynomial time per step. The idea is to run the earliest automaton E(A) of
Section 5 on the input stream in order to decide SELECTION SUFFICIENCY for all
answer candidates at all time points, without constructing E(A) explicitly, since
it may be of exponential size compared to A. Recall that deciding REJECTION
SUFFICIENCY is needed for all EQA algorithms too. This is explained in the
appendix.

Running E(A) on the Fly. Given a ANWA A over X' x B™ and a tree ¢ * v over
the same signature, we want to compute a run of E(A) on ¢ * v in polynomial
time in the size of A. The application of closing rules of E(A) is easy, since it
only has to look for a rule of A. Applying opening rules of E(A) is a little more
tedious, since we have to compute the set univ_sel(a,~y, P) while given a € X,
v €4, and P C stat?.

When assuming the completeness of A beside of determinism (which can
be ensured in polynomial time), these sets can be computed by reduction to
information on accessibility through hedges for A. Given a set H C T% gn of
hedges, and states p1, ps € stat?, we define the following accessibility predicate:

accly(p1,p2) & 3h€H. runsﬁlém (h) #0
We compute it for Hge; = Tgx{o}m with the Datalog program in Fig. 3.

Proposition 4. The collection of values accﬁsel(pl,pg) can be computed in time
O(| 2| - |A?) for every dNwa A.

To explain the computation of um'v,selA, we introduce befC’lose’L‘(a7 v, P), the
set of states that lead to a state of P after closing a with ~:

befClose™(a,7, P) = {po | Ip1 € P. po =" py € rul}

4 Note that for sake of clarity, this construction does not hold for earliest selection
of () at the start event, for Boolean queries. However, this case can be processed
easily by considering every possible label of the root.



fun answer(e,t) % e€ E, t € dom(Q.)
let Q=0Q.
let candidates = set.new(0)
in
for n in eve(t) in streaming—order do
candidates.update(n)
for v in candidates do
if (v,n) € selg(t)
then add—output (v)
candidates.remove(v)
elseif (v,n) € rejo(t)
then candidates.remove(v)

Fig. 4. Generic EQA algorithm for a class E of query definitions.

Lemma 1. For complete dANWAs A, the safe states univ,selA(a,’y,P) are:

{p| accﬁsel(p,po) =po € befC’lose“l(a,v7 P)}

Generic Algorithm. Our algorithm will be obtained by instantiating the skele-
ton in Fig. 4 of a generic EQA algorithm, which is parametrized by a class E of
query definitions. The static input of the algorithm is a query definition e € E,
and its dynamic input on the stream is a nested word nw(t). We assume that
the nested word is parsed by some parallel preprocessor. Our algorithm can thus
process the stream of events of ¢ while knowning their matching relation. It
then adds the tuples of Q(t) to the external output collection incrementally at
the earliest possible event. The main idea is to generate all candidate tuples,
test their aliveness repeatedly, output selected candidates and remove rejected
candidates.

Instantiation for ANWAs®. Now suppose that the query is defined by a dNwA
A. For every candidate v we maintain its current state (p,S) € stat®“) and
a sequence 1" € (FE(A))* that we call stack, whose length is the depth of the
current node of ¢. Sufficiency for selection (v, n) € selg(t) holds iff p € S.

Updating the current set of candidates at event n means to apply a rule of
E(A) to the current state (p,S) € E(A), and for opening events to create all
new candidates, where the current node is used. More precisely, for generating
these candidates, we can restrict to the ones generated by continuations of the
runs of old candidates. Thus, the number of candidates to process at an event is
bounded by ¢+ ¢, where ¢ = concurg(t) is the concurrency of the query @, and
i = immediateg(t) is the number of new candidates that immediately get safe
for selection or rejection. We have seen already how to apply rules of E(A) in
polynomial time in the size of A. The node state of the rule is pushed to stack
T for opening events, and popped from 7 for closing events.

Theorem 2. For every dANWA A recognizing a canonical language over X x B™,
and tree t € Ty, the time needed to process one event is in O((c+i)-|X|-|A|?) and
the space in O(c-d - |Al), where d = depth(t) is the depth of t, ¢ = concurg , (t)
and i = immediateg , (t).

5 This is an overview without dectection of REJECTION SUFFICIENCY. See Appendix D.



Adding Schemas. With respect to sufficiency checking, we can integrate the
schema into the query. Validation of the document with respect to the schema
is an independent task, that we run in parallel. Given an n-ary query @ and a
schema S, define a query Qfel with domain T's;:

S.(t) =Q(t) if t € S, and nod(t)" otherwise

It is easy to check that selg = SelQi , SO that we can test sufficiency for selection
as before. The necessary dNWA constructions are in Appendix E. The overall
costs of the resulting EQA algorithm with schemas have already been reported
in the introduction.

Conclusion. We distinguished a large class of streamable query-schema defini-
tions defined by dNwaAs. This class was obtained by designing an EQA algorithm
in a first step and bounding the concurrency of the query and the depth of trees
in a second. We have shown that EQA is infeasible for nondeterministic NWAs
if n > 1, as well as for Forward XPath with child and descendant axis. In sub-
sequent work [21], we have shown that these classes are indeed not streamable,
and distinguished schema restricted fragments of Forward XPath, that can be
proven to be streamable by P-time compilation into dNwAs. This proves that
the notion of determinism of dNWAs is essential for streamability. An open ques-
tion is whether we can extend our EQA algorithm to deterministic pushdown
automata.
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A Nested Word Automata

We clarify basic expressiveness and efficiency questions for dANWAs and NWAs by
comparison to standard tree automata.

We start with the expressiveness of dNWAs and NWA compared to monadic
second-order (MSO) logic. The following variant of Thatcher and Wright’s the-
orem can be found for instance in [13]. The main point is that dNwAs are able
to capture the bottom-up determinism of stepwise tree automata [?].

Theorem 3 (Alur & Madhusudan [13]). NWAs and dNWAs capture MSO-
definable queries.

Proof. Stepwise tree automata can converted into NWAs in linear time, such
that determinism is preserved. When moving downwards, the NWA ignores all
information seen. When moving upwards or left to right, is simulates the stepwise
tree automaton. The downwards movement is clearly deterministic, and the other
movements remains deterministic when simulating deterministic stepwise tree
automata.

Vice verca, it is not difficult to convert NWAs into stepwise tree automata.
Which can be determinized into dNwAs. This shows that NwAs, dNWAs, and step-
wise tree automata recognize the same tree languages. The variant of Thatcher
and Wright’s theorem for unranked trees shows that a query @ is MSO-definable
iff its canonical language L is recognizable by a (bottom-up) deterministic step-
wise tree automaton, which is equivalent to @ being definable by a dNWA.

The polynomial time back-and-fourth translation between stepwise tree au-
tomata to NWAs used in the above proof also shows that decision problems of
NWAs are equivalent modulo P-time reductions to the corresponding decision
problems of standard tree automata on binary trees.

Proposition 5. Language inclusion and universality are in P-time for dNWAs
but EXPTIME-complete for NWAs.

Proof. A EXPTIME algorithm for universality can be obtained by complementa-
tion after determinization and completion, and then emptiness checking. Here,
he present a direct proof for EXPTIME-hardness for universality. Let S C T, 5 be
the set of binary trees where a has arity 2 and b arity 0, i.e; s € S ::= a(s1, s2) | b.
A standard tree automata B recognizing binary trees in S has rules of the form
a(p1,p2) — p and b — ¢ where p,p1,pa € stat(B). We define Nwas A from tree
automata B in linear time such that L(A) = L(B):

stat(A) = stat(B) (] {Ok‘} b—pe rul(B) a(p1,p2) —pe rul(B)

stat(A) = F(A) op b:e Op a:p2

fin(A) = {ok} p —— ok € rul(A) p ——— p1 € rul(A)
c € cl a:p2

init(A) = fin(B) ok =Y, ok € rul(A) ok =22, py € rul(A)

Let C' be an NWA that recognizes Tyq 4, — S. An NWA for L(A) U L(C) can be
constructed in P-time from A. Now, we have L(B) = S if and only if L(A) U
L(C) = T(qpy so that we can reduce universality of B to universality of A.



([child::b F)yy = {m | 37" € (F)s. (7, 7') € child', £ € {*,lab"(x")}}
([/J€F))e = {m | 3In" € (F). (m,7') € (child)*, £ € {*,lab"(n')}}
([F1 and Fa])e = (F1)e N (Fa)e

([not F)t = nod(t) — (F)+

([truel)s = nod(t)

Fig. 5. Semantics of XPath expressions.

B Complexity of Earliest Query Answering

We study the complexity of selection SUFFICIENCY for various classes F of query
definitions, whose expressions (A, B) € E define a canonical language L(A) and
and a schema L(B), and thus a query Q(4,p) of some arity n.

Selection SUFFICIENCY for E obtains as input a pair of (A4, B) € E, a tree
t € L(B), an event 1 € eve(t), and a tuple v € nod(t)"™, and returns as outputs
the truth value of (v,n) € selg,(t). Every EQA algorithm needs to solve the
SUFFICIENCY problem, since a node is sufficient at an event if and only if it is
the algorithms adds it to the output collection, before this event happens. Let
S a,un,¢ be the set of trees on which v is selected or that have a prefix different
from =7,

Savme=A{t' €Ts | equal,(t,t') = v e Qa(t)}

Lemma 2. (v,n) € selg, ,(t) & v € nod(t=")" A L(B) C Sa .-

This reformulation of the definition of selg, ,(t) relates SUFFICIENCY to lan-
guage INCLUSION for classes of Boolean queries. This INCLUSION problem for a
class F of Boolean queries inputs an pair (A4, B) € F and outputs the truth value
of L(B) C Lo, = L(A) since Q4 is Boolean. UNIVERSALITY returns the truth
value of T, C L(A) instead.

Lemma 3. (Hardness) For all classes E of definitions of Boolean queries there
18 a linear time reduction of INCLUSION to SUFFICIENCY, and of UNIVERSALITY
to SUFFICIENCY for queries with schema T;.

Proof. Let (A,B) € F and t € L(B) a tree. Since Q4 is Boolean, the definition
yield S 4 () start,t = L(A). Thus, Lemma 2 proves that ((), start) € selg, ,(t) if
and only if L(B) C L(A).

We consider Boolean filters in the fragment of Forward XPath mentioned in
the core of the paper, where £ € X' U {x}:

F = [child:AF) | [//LF) | [F1 and Fy] | [notF] | [true]

Whether a filter expression is satisfied at the root of a tree ¢, in formulas € € (F'),
is recalled in Fig. 5.

Proposition 6. SUFFICIENCY for Boolean queries defined in the above fragment
of Forward XPath is coNP-hard, even without schema assumptions.



Proof. According to Hardness Lemma 3, SUFFICIENCY without schemas is harder
than UNIVERSALITY of Boolean queries. Since Descending XPath provides nega-
tion and disjunction in filters, INCLUSION is indeed equivalent to UNIVERSALITY.
This holds, since T, C L[[not F,] or Fy] ifft Lpy C Lp,. In turn, INCLUSION for

Boolean queries in the above fragment of Forward XPath (even without negation
and disjunction) was proven coNP-hard by Miklau and Suciu [11].

Proof. The Boolean operations for dNwAs are in P-time, and emptiness check-
ing too. For possibly non-deterministic NWAs, we can encode universality of
unrestricted stepwise tree automata, which is EXPTIME-hard, since these can be
identified with standard tree automata.

Proposition 7. SUFFICIENCY for Boolean NWA queries is EXPTIME-hard, even
without schema assumptions.

Proof. By Lemma 3, SUFFICIENCY without schemas is harder than UNIVERSAL-
ITY for NWAs, and thus EXPTIME-hard by Proposition 5.

Lemma 4. If a dNWA A defines a query, we can compute a dANWA recognizing
language Sa .y, in P-time.

The crucial point here is that dNWAs can check the equality of the prefixes
of two trees until event n deterministically.

Proof. We prove that we can build a dNWA A’ recognizing S 4,5+ in polynomial
from A, t, 7 € nod(t), a € {op,cl}, and v € nod(t)".
We define a monadic query eg; . , such that for all ' € Ts and 7 € nod(t'):

7' € egy n o(t) iff m=7" A equal o (2, 1)

First of all, we define the set 3y. eg; . ,(y) by a ANWA. Let n = (a, ). We
set stat = eve(t="), I' = {y} (arbitrary), init = {start}, fin = {n}, and the
following rules, where 7/ € nod(t="), a = lab*(7') and b € X

start ==L (op,7’) if root! (')
(op, m) =2 (op, ) fef (m, )
(cl,m) P—'.n (op, ') if nst(m, ')
(op, ") 2, (c1,7") if leaf (')
(c1,m) % (c1,7") if Ic' (7, ")

op by

n———n
cl by
AN

Second, we define a ANWA recognizing the set ¢, = {t' | v € ¢(¢')}. It behaves
such as A while computing the bit-vectors from the node addresses in v. In order
to define this automaton in polynomial size in |A| and v, some preprocessing on
v is required, which factorizes common prefixes of node addresses. Let dom be



the set of positions 7 inferior or equal to some position of v for the order defined
by mi < m.jif i < jand 7w < 7.i. We write dom; = dom U {L}.
We define a “following” function fol on events by:

fol(start) = (op,¢)
fol((op,m)) = (op,m1)
fol((cl,mi)) = (op, (i + 1))

Roughly speaking, it associates to an event the next event if it is an opening
event.
For any event 7, we define:

— ) = {fol(n) if the position corresponding to fol(n) belongs to dom

1 otherwise
_ . Cl(op, W) = (Cla 7T)
dby'{cl(i) 1

— lab defined on dom by: {;Zgg: S?‘)v i))(()j (71' ’—(Dl/z)l

Now, we are able to define an NWA B whose run on a term ¢’ simulates the run
of A on t'xv as follows: a state is a pair (p,n) with p a state of A and 1 in dom | .
The initial state is (init, start). The final states are the pairs of states whose
first component is final in A; a stack symbol will be a pair of a stack symbol of
A and of an element of dom . Rules are defined by:

p 20 el 1= lab(v,n)
op a:(v,e)
(1) =15 (0, f () € rul®

LD, el 1= lab(v, )

(p,n) LT c1(£)) € rul®

Finally, we can compute the Boolean query Jy. eqt’ma(y) — @, by a deter-
ministic automaton in polynomial time.

Theorem 4. SUFFICIENCY for dNWAs queries and schemas is in polynomial
time.

Proof. We can test L(B) C S4,,,p+ in polynomial time, if B is given an dNwA,
since we can compute a ANWA for S4,,, ¢ in linear time by Lemma 4, and since
INCLUSION for dNWAs is in polynomial time (Proposition 5).

As a corollary SUFFICIENCY for NWAs is EXPTIME-complete. A EXPTIME al-
gorithm follows from NWA determinization and Theorem 4. By Proposition 7,
the lower bound holds already for NwWAs defining Boolean queries.



po 22 by € rul? Sy = univ_sel® (a,v1,S0) Ri = univ_ref*(a, 71, Ro)

(po, So, Ro) ——1020:207, @:(01,80,R0) (p1,S1,R1) € rul® )

cl a:yo

po —22% py € rul? S, S1,Ro, R1 C stat™
cl a: ,S1, R ’
(po, So, Ro) < 200 SR, (p1,S1,R1) € rul® )

initEl(A>:(initA, fin, stat® —fin®) ﬁnE/(A>:{(p, fin, stat®—fin®) | p € fin*}

Fig. 6. Construction of E'(A) from A

C Inferring Safe States

We provide and prove a complete construction, that takes also into account
failure states.

The treatment of safe states for rejection is more delicate. Here we have
to assume determinism and need a new argument for a proper treatment of
partial candidates. The definitions safe_rej, univ_rej and Sy.; remain the same,
except that we have to replace sel by rej, v € nod(t)" by v € nodg(t)"™, and
H,ep by Hpej = T5, gn- Recjection states at the root are precisely these states:
Syrei((cl,€)) = stat® — fin. Propagation rules remain unchanged too, but cor-
rectness requires two new arguments. The critical rule

Srej((op, ) = univ,rejA(a,*y, Srej((c1,7)))

remains correct when imposing determinism and completeness on A, since this
ensures that a hedge will fail iff a run on this hedge leads to a rejection state. The
additional quantification over hedges in H,.; (in the definition of univ_rej), which
may turn continuations into non-canonically annotated trees, doesn’t harm, since
such trees cannot be recognized by A, when assuming that the language of A is
canonical (it defines a query), as we do.
Now the propagation rules allow to infer both safe,selfum) (t) and safe,rejfum) (t)

for all events 7. This can be done by running the NwWA E’(A) defined in Fig. 6.
The signature of E’'(A) is still X' x B™, as for A. The state sets may also be
exponentially large, since stat? (A = stat? x 2stet” x 2stat” and I(E'(A)) =
I(A) x 25tat™ 5 2stat” Note that E’ preserves determinism. Proposition 8 below
subsums Proposition 3.

Proposition 8. Let A be a ANWA on X X B™ that defines a query, and t x v €
Txwpn. Then E'(A) is a ANWA that accepts the same language as A.

Furthermore, if v (resp. 75 () is the unique run of A (resp. E'(A)) on
t* v then for all n € eve(n) — {start}:

D () = (A (), safe_sely, ) (t), safe-rel, , ()

Proof. We prove this proposition by Lemmas 5 and 6. For the whole section, we
fix A, a ANWA on X x B™ that defines a query, t x v € Tx;«pn, and we suppose
that r4 is the unique run of A on t.



Let us consider the function f that associates a pair (S,R) € gstat™ y gstat?
to each event of ¢ x v (except start) using the following inference rules:

f((c1,€)) = (fin®, stat” — fin) (1)

T € nod(t) f((cl,m) =(S,R) a = lab*(m) v = rA(m)
f((op, m)) = (univ_sel’ (a,,S), univ_rej’* (a,7, R))

(2)

T € nod(t) w1 € nod(t) f((op,m)) = (S,R) 3)
f((el,mi)) = (S,R)

Lemma 5. For every event n € eve(t) — {start},

F(n) = (safe-self, (1), safe-reff, (1))

Proof. We proceed by induction on events of ¢ (except start), according to a
top-down, breadth-first, right-to-left traversal of ¢.

For (c1,€), the result is trivial from rule (1) and the definitions of safe_sel
and safe_rej.

Let e = (op, ), and suppose that the property holds for (c1, 7). From the ap-
plication of rule (2), we know that f(n) = (univ_sel*(a,~,S), univ_rej*(a, v, R))
with f((c1,7)) = (S,R), a = lab’(r) and v = r*(x). By definition, we have:
univ_sel*(a,7,8) = {p | Vh € Hye. ev_cl®(h,p,a,7) € S}, and by induction
hypothesis, S = safe,selé,’(clm))(t).

We first prove that univ,selA(a,%S) = safe,seléw)(t). Suppose that p €
safe,selé,)n)(t). Let h € Hy.,and p’ = ev,clA(h,p, a,v). Then p’ € safe,sela(cl,,r))(t),
as sufficiency remains true for events following 7. Thus, p € univ,selA(a,'y,S).
Conversely, if p € um’v,selA(a, 7v,8) then v € nod(t=")" (consider the empty con-
tinuation). So for every t' € T’ such that equal, (t,t'), the hedge h of children
of w in t' is in H,. Thus ev,clA(h,p7 a,vy) € <<>‘afe,selé,’(Cl’ﬂ))(t)7 which means
that v € Q4(t'), so n is sufficient for selecting v, and p € safe,selé,m) (t). Finally,
univ_sel* (a,~,8) = safe,self4 (t).

v,n)
Now we prove the similar result for safe states for rejection, i.e., that:

univ_ref* (a,y, R) = safe,rejém) (t)

The difference here is that we deal with partial candidates. We write v=7 for
the partial tuple obtained by replacing every component strictly after n by ©.
Inclusion safe,rej{‘um) (t) C univ_ref*(a,~,S) holds for the same reason, namely
events following 7 remain sufficient for failing, even for completions of =", Now
suppose that p € univ_rej*(a,~,S). Fix t' € Tx such that equal,(t,t'), and let h
be the hedge of children of 7 in ¢'. Then ev_cl®(h,p,a,7) € safe,rejé,,(cl’ﬂ))(t),
and thus every completion v/ of v=" after 7 fails. Hence 7 is sufficient for failing
v=1, and p € safe,rejéw) (1).



Finally we consider e = (c1,7i), and assume that the property holds for
(op,m) and (cl,7). From Rule (3) and induction hypothesis, we obtain that:

F((c1, 7)) = (safe-sel, op.x) (t), safe-Te], (0p ) (1)
First we prove that safe,sel(l,’(op’ﬂ))(t) = safe_ sel (v,m (). We have:

D € safe_ sel(l, (op,m)) (1)
& (3r € pruns (0 +v) A r((op,m)) = p) = (v (op.m)) € sela ()
& (3r € poruns?(t * 1/) r((op,m)) =p) =
Vhe H,.. evcl®(h,p,a ,’y)esafe,sela(cl,ﬂ))(t)
& (3r € poruns?(txv) Ar((cl, 7)) = p) = (v, (cl, 7)) € selg, (t)
Spe safe,sel@(cl,ﬂ.i))(t)
We now show that safe,rejé,(op,ﬂ))(t) = safe,rej(Aym) (t):

pe safe,rejé,,(opm))(t)
& (Ire p,runsA(t *v) A r((op,m)) =p) = (v, (op, 7)) € Tej O, (t)
& (Ir € pruns?(t y) r((op,m)) = p) =
VhEHmj.ev,cl (h,p,a,v) € safe_ rej (v (c1,m)) (1)
& (3r € poruns? (t «v) A r((cl, i) = p) = (v, (cl,m1)) € rejg, (1)
&pe Safefrejé/,(cl,w-i))(t)
where v}, is obtained from v by adding annotations of h.

Lemma 6. There is a run (1 (4, 72 () of E'(A) on txv, and for every event
n € eve(t) — {start},

D () = (r(n), S, R) with (S,R) = f(n)

Proof. Inference schemas defining E’(A) show that every run r of A has a unique
corresponding run 7’ in E’(A), and r is the first component of r’.

Again, we use an induction on events of ¢ (except start) according to a
top-down, breadth-first, left-to-right traversal of ¢.

For e = (cl,€), we have f(n) = (ﬁnA, stat? — ﬁnA). At the root, we have
r(e) = (r(e), fin®, statA—ﬁnA) ,sor((cl,€)) = (r((cl,e)), fin?, statA—ﬁnA).

Now consider that e = (op,7) and suppose that we have rE/(A)((cl m)) =
(r4((c1,7)),S, R") with (S§',R’) = f((c1,n)). This implies that r% (4)(x )
rA(n),S, R), so we get &' = univ_sel*(a,7,S), R' = univ_rej*(a,v,R) an
rE' @A () = (r4(n),S,R) where a = lab'(x) and y = r4(m). Hence (S 772)
f((op,m)).

Finally, let us assume that e = (cl,7-i) and also that (4 ((op, 7)) =
(r4((op, 7)), S,R) with S,R defined by (S,R) = f((op,)). By an imme-
diate induction on children of m, each child mj of 7 verifies rZ (A (75) =
(r4(m-j),S,R) and for the state ’I"E W ((c1,m5)) = (r*((c1,75)),S,R), and
in particular for j = i. From rule (3) of the definition of f, we know that

(S, R) = f((cl,m)).



ac X xB"” plwpgerulA zh;dﬁq?gErul’4

accm,,; (p1,p2) - accu,,; (ps, pa).

p e stat? P1,P2,P3 € stat?

acen,, (p,p).  accw,, (p1,p2) - acen,,; (p1,p3),acch,,, (Ps, p2)-

Fig. 7. Inference rules for the definition of accflw

D EQA Algorithm for dNWAs

To build E’(A) on-the-fly, one need to compute univ_rej(a,y, P) at each opening
event. To do so, we use the accessibility relation acc’flv_e] of A through hedges of
Hye.

The following proposition subsumes Proposition 4.
Proposition 9. The collection of values accﬁx (p1,p2) with X € {sel, rej} and
p1,p2 € stat? can be computed in time O(|X| - |A|?) for every dNwa A.
Proof. The completion of the ANWA A is done in time O(|X|-|I"4|-|stat®|). This

bound is also a bound on the number of rules of A., the completed automaton.
The number of rules of the ground Datalog programs defining accy,,, and accp,,,

(see Fig. 3) are in O(|stat™<|® + |rul®| - |stat™
of a ground Datalog program is in linear time.

sel

). Then the saturation process

The following lemma subsums Lemma 1.

Lemma 7. For deterministic and complete A, the safe states univ X4 (a,7,P)
are equal to:

{p| acc}‘_‘lx (p,po) = po € befCloseA(a,'y,P)}

Instantiation for dNWAs. Here we have to maintain the current state (p, S, R) €
stat” (1) and a sequence T € (I'F'(D)*, Sufficiency for selection (v, e) € selg(t)
is verified by testing p € S, and sufficiency for rejection (v,e) € rejg(t) by
checking p € R. Updating the current state is done by applying a rule of E'(A),
that we can compute using the alternative definition of univ_X above.

Proposition 2 (as recalled below) remains true when detection of rejection
sufficiency is added. Here we use immediate(t, @, S) to measure the number of
new candidates for which sufficiency for selection or rejection can be decided
immediately. For a tuple v and a node 7, we write v — 7 for the tuple obtained
from v by replacing m by @.

immediate(t, Q, S)

v—m#v A
= MaXrenod(r) [{¥ | { ¥ —7 isalive at event  pr((op,m)) A }|
v is not alive at event (op, )
vV—TF#VA
= maXrenoa( [{v | § (v =7, pr((op,m))) ¢ seld)(t) U rejg(t) A}

(v, (op,m) )EselQ(t)Urej%(t)



Proposition 2. For every dNWA A recognizing a canonical language over X X
B", and tree t € T, the time needed to process one event is in O((c+i)-|X|-|A|?)
and the space in O(c - d - |A|), where d = depth(t) , ¢ = concurg, (t) and i =
immediateq , (t).

Proof. Processing an opening event requires more computations than a closing
one, as it needs to determine the sufficient events.

Given a label a € X and a current state (pg,So, Ro) for the partial run of
the candidate, there are at most 2™ rules of A. of the form pg B sem, p1. For
each of these rules, the computation of befClose(as,y1,So) can be performed
in time O(|rul¢|) = O(|%] - |stat*|?) (see proof of Proposition 4). Then, the
computation of univ_X where X € {sel, rej} can be done in time O(|stat?|?).

Space consumption is due to the computation of sets of safe states and their
storage inside the stack.

Implementation. We provide here a more precise and efficient procedure for
the computation of safe states univ_X where X € {sel,rej} for a dNwa A. We
first exhibit some properties of the function mapping sets P to befClose(a,~y, P)
and, where a and ~y are fixed.

Lemma 8. For everya € X, v € I', and Py, Py C stat”:
befClose(a,~y, Py U Py) = befClose(a,~y, Py) U befClose(a, v, Pa)

So we get befClose(a, vy, P2) = Upep, befClose(a,~y, {p}). Hence we can precom-
pute befClose(a,, {p}) for each a € X, v € I'* and p € stat”, and reuse it for
computing befClose(a,~y, Pz). This precomputation requires time O(|X| - |AJ?)
and space O(|X| - |A|?). An alternative can be not to precompute, but to com-
pute on-the-fly, and keep in memory the results.

Now we look into more details the properties of the function mapping sets P
to univ_X (a,~, P) for fixed a and +.

Lemma 9. For everya € X, v € I'*, P;, P, C stat® and X € {sel, rej}:
univ_X(a,vy, P U Py) 2 univ_X(a,~, P1) U univ_X(a,~, P2)

A consequence is that the function mapping sets P — wuniv_X(a,v, P) is
monotonic. Note that in the general case, univ_X (a, v, PLUPy) € univ_X (a,~, P1)U
univ-X (a,7y, Py). A counter example will be given later on in Appendix F. There
we have (0,2) ¢ univ_rej(a,0,{(1,2)}) and (0,2) ¢ univ_rej(as,0,{(3,2)}), but
(0,2) € univ_rej(ay,0,{(1,2),(3,2)}).

Algorithm of Fig. 8 uses these results, and also the fact that, from Lemma 7,
univ_X (a,v, Py) C befClose(a,v, P2). Note that if we choose to store all the
computations of safe states (used in the first for loop), this can use memory of
size O(|X| - |TA]-|252¢" |2). However, this can be weakened. For instance a good
trade-off between memory and time consumption can be to store all safe states
of all previous siblings of the current branch. The reason is that the safe states
at opening are computed from the safe states at closing, which are the same for
all siblings. Thus, if two siblings have the same label and the same associated
stack symbols, their safe states are equal.



fun univ_X (a,v,P)
let safeStates = set.new(0)
let beforeCl = UpcpbefClose(a,, {p})
let agenda = beforeCl

in

// first we set the agenda to what really needs to be computed
for P, CP such that wuniv-X(a,v,P1) is memorized
let U = univ-X(a,~, P1)
in
safeStates .add(U)
agenda.remove (U)

// then we perform the needed computations
for p in agenda
is_safe = true
for p’ such that accmy (p,p’)
if p’ not in beforeCl
is_safe = false
if is_safe
safeStates .add(p)

return safeStates

Fig. 8. Algorithm computing univ_X (a,~, P)

E Adding Schemas

In the core of the paper, we introduced the query Qfel,

puting selection sufficiency for both the query @ and schema S: sel% = selel.

As for selection, we can integrate the schema into the query such that detect-
ing rejection on the query ) with schema S is equivalent to detecting rejection
on the new query Q2 .. In other terms, rejg = rejQi] when Q2 . is defined by:

rej* rej

that was used for com-

fej (t)=Q(t) if t € S, and () otherwise

For selection detection, the idea is to build an automaton By, from the NWAs
A and B recognizing respectively the canonical language of @) and the schema
S, where B, is such that Qp,, = Q3. This automaton will be similar to the
product automaton of A and B, but final states will be enriched by all invalid
selections, as introduced in the definition of stel. Fig. 9 shows how to obtain
the NWA By,;. Prior to this construction, A and B must be determinized and
completed. For failure detection, we proceed the same way to obtain B,; such
that @Qp,., = Qfej. The only difference between By and By; lies in the final
states: finP = ﬁnA x fin®.

This way, we can compute the safe states for selection with E’(Bse;) and the
safe states for failure with E’(B;). From an implementation point of view, there
is no need to compute the safe states for failure of E’(Bs;) and the safe states
for selection of E’(Bye;). Thus, we can run the efficient algorithm presented in
Section 6 and compute the same amount of safe states as for E'(A), but on a

bigger automaton. A complete example is provided in Appendix F.



op ag:y !
po —2% pyerul® po =20 ph e rul®
op ag:(v1,71) B.
(po, po) ————— (p1,p1) € rul®s
cl ag:y cl a:y}
po — py € rul® Py ——= pi € rul?

cl ag:(v0,7()
) ———=(

(po, Pl p1,p1) € rul®

init® = init® x init? finPst = (fin® x fin®) U (stat® x (stat® — fin?))

Fig. 9. Construction of Bse from A and B

B¢ is similar to a product automaton between A. and B., the automata
obtained after completion of A and B. Its number of rules and the time to
compute it are both in O(|rul®| - |rul®¢]). The combination of Propositions 4
and 2 yields our main result:

Theorem 5. Our EQA algorithm for answering queries Qa,py defined by a
dANWAs recognizing cannonical language and schema of the query, applied to a
tree t € L(B) on the input stream, has the following costs:

- precomputation In time O(|X| - |A]> - |B|?)

- time per step in O((c +1) - |X| - [A]* - |B|?) where ¢ = concurg,, , (t) and
i = immediateq,, ()

- space per step in O(c-d - |A|-|B]), where d = depth(t) is the depth of t

F Example Run of Algorithm with Schema

For illustration consider the monadic query Qg that selects all nodes without next
sibling. It can be defined in MSO by the formula —3y.ns(z,y). The root of ¢ is
selected, and this can be decided when opening it. Without schema, membership
m € Qo(t) cannot always be decided at opening time, so the algorithm needs to
memorize nodes until, either encountering the opening event of the next sibling
(for nodes ™ ¢ Qo(t)) or the closing the father (for selected nodes m € Qq(t)).
When assuming the DTD a — (a*b)* and b — €, one knows that all a-nodes
except the root have a next sibling in all trees satisfying the DTD, so selection
of a nodes be decided early at opening time. For b-nodes, selection can still be
decided only later, when closing the parent.

We consider the schema Sy which corresponds to the DTD {a — a*b, b — €}.
We show how the algorithm would behave on this input.

In the sequel, we write ag for the annotated node label (a, 3) € X' x B™.

In the following figures, we omit stack symbols as only one occurs in each
automaton. Moreover, whenever x occurs in a rule, this means that this rules
exists for = € {a,b}. Let A be the NWA represented in Fig. 10(a), and B the NwA
of Fig. 10(b). We have Qo = Q4 and Sy = L(B).

In the following, we show how safe states are computed in the case with
schema, as explained in Section 6 and Appendix E. We start by completing A



op Zo op a
op Z1 op o opb

cl x1 cl
—0——@

cla clb

cl xo cl xo G

(a) NWA A recognizing Lo, (b) NwA B for DTD {a — a*b, b — €}

Fig. 10. Input NwAs

with the sink state 3 and B with the sink state 2. By applying the inference rules
of Fig. 9, we obtain the NWA B, represented in Fig. 11 (states resulting from
completion are omitted for clarity). The NWA B,.; only differs on final states.

op Xo
op 71 op Zo

Fig. 11. NWA B, obtained from A and B (sink states are omitted)

Then we compute the relations accp,, and accp,, . Fig. 12 is an array of
Booleans representing the relation accp,,,. States (po,p1) are written pop; for
sake of conciseness. The relation accy_, is obtained from this array by replacing
values in italics by 0.

Suppose that we want to compute the safe states at the root for the label-
ing ag on our example. This corresponds to computing safe,selB“l (ao, 'y,ﬁnB‘“"l).
First, we obtain from the “c1” rules of B.:

rej *

sel

befCloseP= (ag,~y, finP) =
{(0,0),(0,2),(1,0),(1,1),(1,2),(2,0),(2,1),(2,2),(3,0), (3,2)}



ACCH,p; 00 01 02 10 11 12 20 21 22 30 31 32
00 111111 111111
01 0110010O0100O0 1
02 0010O0T1IO0O0TI1IO0O01
10 0001O0O0O0OO0OO0OT1T1T1
11 000O0OT1O0O0O0OO0OTGO0TO0OT1
12 000O0OOT1TO0O0OOS®O0OO0OT1
20 000O0OO0OOT1T11 1 1 1
21 000O0O0OO0OO0OT1TT1O0O0 1
22 000O0OOO0OOT1IO0TQO0T1
30 000O0OOOOOOT1T171
31 000O0OOOOOOSU OT11
32 000O0OOOOOS® O0OO0OT1

Fig.12. accp,,,

associated to Qg

and Sy

We denote this set BC. From the previous section, we can look at which states
p verify accp,,(p) C BCi. These states are the safe states:

safedeBsel (ao, 'YvﬁnBSEZ) = {(Oa 2),(1,1),(1,2),(2,0),(2,1),(2,2), (3, 2)}

Using this processing at each opening event for safe states and failure states, we
obtain the run on the canonical tree ag(ag(bg), b1) represented in Fig. 13. Here,
safe states S are those provided by By, and failure states R are those provided
by Bye;j. We only represent them as they are the only relevant ones (failure states
computed by By, are useless, for instance).



(0,0), Sg, Fo

3 , S0, F
* Y 0 0

(0,0), 51, F1 Gg (2,0),Sp, Fo
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v, 81, F1 v, S1, F1

(0,0),S4,F4 by (1,1),S1,F
- s~ 4

)
(0,0), 82, Fp  @g (0,0), Sy, Fy
, L e

\ ~, Sg, F.
] 2T
(0,0),S3, F3 by (0,1), Sg, Fa

(a) Run of the algorithm on a tree for one candidate

So={(0,1), (0, 2), (1,0), (1, 1), (1,2), (2,0), (2, 1), (2,2), (3, 1), (3,2)}
S1=52={(0,2),(1,1),(1,2),(2,0),(2,1),(2,2),(3,2)}

S3={(0,1),(0,2),(1,1),(1,2),(2,0),(2,1),(2,2), (3,1),(3,2)}
S4={(0,0),(0,1),(0,2), (1,1),(1,2),(2,1),(2,2), (3,1), (3,2)}

Fo={(0,0), (0,1),(0,2), (1,1), (1,2),(2,1),(2,2), (3,0), (3, 1), (3, 2)}
F1={(0,1),(0,2),(1,0),(1,2),(2,2),(3,0), (3,1), (3,2)}
F5={(0,2),(1,0),(1,2),(2,2), (3,0), (3,1), (3,2)}
F3={(0,1),(0,2),(1,1),(1,2),(2,1),(2,2),(3,0), (3,1),(3,2)}
F4={(0,1),(0,2),(1,0), (1,1),(1,2),(2,0),(2,1),(2,2),(3,0), (3,1), (3,2)}

(b) Sets involved in this run

Fig. 13. Run of the algorithm on a tree



