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1 Introduction

Semistructured data [3, 12, 45, 22, 33, 42, 6] are
used to model data transfered on the Web for ap-
plications such as e-commerce [1], astronomy [8],
biomolecular biology [15], document management
[9, 2], linguistics [43], thesauri and ontologies [26].
They are formalized as trees or more generally as
graphs [33, 28, 6]. Query languages for semistruc-
tured data have been proposed [17, 30, 47| that,
like SQL, can be seen as involving a number of
variables [46, 4], but, in contrast to SQL, give rise
to arrange the variables in trees or graphs reflect-
ing the structure of the semistructured data to
be retrieved. Leaving aside the “construct” parts
of queries, answers can be formalized as map-
pings represented as tuples, hence called answer
tuples, that assign database nodes to query vari-
ables. These answer tuples underly the semistruc-
tured data delivered as answers.

A simple enumeration of answer tuples follow-
ing the old relational approach is problematic for
several reasons. First, the number of answer tu-
ples for a query may grow exponentially in the
size of both, the query and the database. Second,
even if the number of answer tuples is manageable,
the frequent sharing of common data between dis-
tinct answer tuples is no more apparent in their
enumeration.

In this article, it is first argued that, in the con-
text of semistructured data, enumerating answer
tuples is often not appropriate and that aggregated
answers are preferable. Then, a notion of aggre-
gated answers called Complete Answer Aggregate
(CAA) generalizing [36, 35] is introduced and al-

gorithms for computing CAAs are given. Finally,
it is shown that CA As enjoy nice complexity prop-
erties: (1) While the number of answer tuples may
be exponential in the size of the query, the size of
the CAA is at most linear in the size of the query
and quadratic in the size of the database; (2) the
complexity of computing the CAA of a query de-
pends on the query’s structural complexity (i.e.
whether it is a sequence, tree, graph, etc.) but
is independent of the structural complexity of the
database. For tree queries, efficient polynomial
algorithms are given. Besides, CAAs seem to be
particularly appropriate for answer searching and
answer browsing.

This article is organized as follows. The need
for aggregated answers and the basics of CA As are
illustrated with a motivating example in Section
2. Section 3 introduces a few preliminary notions.
Section 4 gives the formal definition of CAAs. In
Section 5, a hierarchy of queries of increasing com-
plexity is defined. In Section 6 algorithms for com-
puting the CAAs of queries of various structural
kinds are described and their complexity is ana-
lyzed using the query hierarchy. Query answering
using CAAs is discussed in Section 8. Section 9
discusses related work. Section 10 is a conclusion.
The proofs are given in Appendix.

2 Motivating Example

Consider a database on research projects offering
information on project managers, members and
publications. Assume that the database is orga-
nized as a graph with labeled edges and nodes



according to a model for semistructured data
[7, 16, 27, 6]. Projects z and their managers z
such that the string “XML” occurs in a title ele-
ment ¢ (at any depth) of some articles y of projects
x are retrieved by the following query Q:

Project

Publications

Article

Title
cont "XML" ® t

The restructuring facilities of full-fledge query lan-
guages for semistructured data [17, 30, 47] are
not considered in this paper. Thus, only the “se-
lect” parts of queries are mentioned, possible “con-
struct” parts are left implicit.

Assume that some of the articles retrieved by
the query @) are common to several projects, as
e.g. with the following database D:

Project

&1

Name

°
"Querying SSD" "Mary"
Article Article

Project

&2

Manager Manager

Publications Publications

"E-Commerce" "John"

"XML basics"

Evaluated against the database D, the query Q
returns the following answer tuples:

Lz |y ] =z | t |
&1 | &3 | “Mary” | “XML basics”
&2 | &3 | “John” | “XML basics”

More generally, if the string “XML” occurs in k
titles of article &3, then () admits 2k answer tu-
ples all referring to &3. Furthermore, if an article

is shared by n projects, then @ has n - k answer
tuples. In case of more complex queries and/or
of database items with more complex intercon-
nections, as often arise in Web and e-commerce
servers, an enumeration of answer tuples & la Pro-
log or & la SQL results in a combinatorial explo-
sion. If e.g. the functional dependency Project
— Manager does not hold and if each of the two
projects has m managers, then @) admits 2-k-m
answer tuples. In general, such a product giving
the number of answers of a query like ) can have
any number of factors, i.e. the number of answers
is exponential.

Arguably, for many applications such an enu-
meration of answer tuples is not appropriate. In-
stead, a data structure stressing the common
subelements shared between (parts of) answer tu-
ples as well as their graph relationships would of-
ten be more convenient. Let us call aggregated
answer such a hypothetical data structure. Aggre-
gated answers would give rise to recognize “bot-
tlenecks” in the “answer space”. Furthermore, ag-
gregated answers make advanced query answering
forms possible, cf. Section 7.

In this paper, Complete Answer Aggregates
(CAAs) are proposed as a formalization of such a
notion of aggregated answer and CAAs are shown
to be efficiently computable. A CAA reflects
the graph structure of the query it is computed
from. The CAA computed for () over an exam-
ple database (larger than D) has a “slot”, rep-
resented in Fig. 1 by a rectangle, for each vari-
able x, y, z, and t. A slot for variable v contains
possible binding elements for v: E.g. the slot for
z contains project identifiers and the slot for z
contains manager identifiers. The edges in Fig.
1 are CAA links. They represent (sequences of)
database edges. Note that a presentation of a
CAA such as Fig. 1 is not intended for end users.

Admittedly, it is possible to generate in some
cases simple kinds of aggregated answers with
usual query languages like [17, 30, 47], but this
requires nested queries that might be complex [6]
“4.1 Path Expressions”, p. 55. In contrast, with
CAAs, no complex queries are not needed and ag-
gregated answers are obtained in all cases.
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Figure 1: A complete answer aggregate (internal form)

CAAs are nothing else than semistructured
data items of a certain kind. Thus queries can
be posed to CAAs. Provided that the implemen-
tation of the query language is “CA A aware”, such
a querying can be performed without requiring
from the user or application issuing the query to
be aware of the internal structure of the CAAs
constructed during query evaluation. Thus, CAAs
are a convenient basis for an iterative, or cascade
style query-answering: The evaluation of a query
yields a CAA which can be stored and in turn
queried using the same query language. Such a
cascade style query-answering is often sought for
in e-commerce applications [1]. Cf. Section 7 for
more details.

3 Preliminary Notions
Definition 3.1 A database is a tuple D =
(N, E, LN, LE, AN, AE) where

e N is a (finite) set of nodes,

e FC N x N is a set of directed edges,

e Ly is a (finite) set of node labels,

e Lp is a (finite) set of edge labels or features,

e Ay : Ly — 2V is a (total) function that assigns
to each node label a set of nodes,

e Ap : E — Lg is a (total) function assigning la-
bels to edges.

D is a sequence (resp. tree, DAG, graph) database

if the structure imposed by E upon N defines a (fi-
nite) set of sequences (resp. trees, DAGs, graphs).

Note that sequence, tree, and DAG databases are
acyclic and that nodes in sequence (resp. tree)
databases have at most one parent and one child
(resp. one parent). Node labels are aimed at mod-
eling attributes and attribute values. Multiple
node labeling is allowed, so as to model textual
content: A label w of node n might express that a
string w occurs in the textual content of n. In the
sequel, regular expressions « over the alphabet Lg
of edge labels will be considered.

Definition 3.2 Let D = (N, E, LN, LE,AN,AE)
be a database and « a regular expression over L.
A node d € N is an a-ancestor of e € N, if there
exists a path from d to e such that the sequence of
labels along the path belongs to the regular lan-
guage L(a) induced by a.

Definition 3.3 Let X be an enumerable set of
variables and D (N,E,Ly,Lg,AN,AE) a
database. An atomic path constraint is an expres-
sion of the form

A(z) called a labeling constraint,

x —1 y called a child constraint,

x —y y called a f-child constraint,

x —4 y called a descendant constraint,

T —4 y called an a-descendant constraint,



where z,y € X, A € Ly, f € Lg, and « is a reg-
ular expression over Lg. Atomic path constraints
of the latter four types are called edge constraints.

Edge constraints of the form z —1 y, z — y,
and £ —4 y can be seen as special cases of a-
descendant constraints. Without loss of general-
ity, the (non-atomic) path constraints considered
in this paper are conjunctions of atomic path con-
straints containing at most one atomic edge con-
straint £ —» y for each (ordered) pair (z,y) of
query variables. Depending on their nature, edge
constraints might impose sequence, tree, DAG, or
graph structures on the variables.

Definition 3.4 A sequence (resp. tree, DAQG,
graph) query is a conjunction of atomic path con-
straints the atomic edge constraints of which im-
pose a sequence (resp. tree, DAG, graph) structure
on its variables. If D is a database and @ a query
with set of variables X, then (Q, Xg,D) is an
evaluation problem.

Note that queries of either type can be represented
as graphs, like e.g. QQ in the previous section.

Definition 3.5 Let D = (N,E,Ly,Lg,An,AR)
be a database and @ a query. An answer to ) in
D is a mapping u that assigns a node in D to each
variable in @) in such a way that

e u(z) € An(A) whenever @) contains the labeling
constraint A(x),

e (u(z),u(y)) € E whenever @ contains the child
constraint z —1 v,

* (u(z),u(y)) € E and Ap(u(z), u(y)) = f when-
ever () contains the f-child constraint z —; v,

e u(x) is an a-ancestor of u(y) whenever @) con-
tains the a-descendant constraint z —, y.

If (@, Xq,D) is an evaluation problem and y an
answer to Q in D, then p is called a solution of

(QaXQa D)

Note that according to Definition 3.5, cyclic, i.e.
proper graph queries have no answers in acyclic,
i.e. sequence, tree, or DAG databases.

In the following queries are considered some
variable of which are existentially quantified.
These variables denote as usual query variables
the values of which do not have to be returned

with the answers. Extending the previous defini-
tion to such queries is straightforward. For space
reasons, this extension is omitted here.

4 Complete Answer Aggregates

Let D = (N,E,Ly,Lg,ANn,AE) be a database
and @ a query with set of variables Xg.

Definition 4.1 An answer aggregate for the eval-
uation problem (Q, X¢, D) is a pair (Dom, IT) such
that

e Dom: Xq — 2N assigns to each variable of Q a
set of nodes of D such that each d € Dom(z) has
label A if the labeling constraint A(z) of @,

e IT maps each edge constraint z —; y (resp.
T = Y, T =4 Y, T —q y) of Q to a set
II(z,y) € Dom(z) x Dom(y) such that for all
(d,e) € II(z,y) e is a child (resp. f-child, descen-
dant, a-descendant) of d. A node d € Dom(z)
is called a target candidate for z. A pair (d,e) €
II(z,y) is called a link between d and e.

Definition 4.2 An instantiation of an answer ag-
gregate (Dom,II) is a mapping p that maps each
z € Xg to a node p(z) € Dom(z) such that
(u(z),p(y)) € II(z,y) whenever @ contains an
edge constraint * —1 y, z =y y, T —4 y, or
T —q y- Each node of the form p(x), as well as
every link of the form (u(z), u(y)) (for z,y € Xg)
is said to contribute to instantiation p.

Note that each instantiation of an answer aggre-
gate for (Q, Xq, D) defines an answer to Q in D.

Definition 4.3 (Dom,II) is a complete answer
aggregate (CAA) for (Q,Xq,D) if every answer
to Q in D is an instantiation of (Dom,II) and if
every target candidate and every link of (Dom, IT)
contributes to at least one instantiation.

Example 4.4 Assume that Q = z1 =4 z2 A
Tog =4 T3 N -+ ANxy_1 —4 T4 and assume that
D consists of n > ¢ nodes dy,...,d, sequentially
ordered (i.e. (d;,dj;1) € E foralll <i<n-—1).
Q has (Z) answers in D. For ¢ = 4 and n = 8



the CAA representing the 70 answers (each map-
ping the four query variables to database nodes)
has the form depicted below For one possible in-
stantiation, contributing nodes and links are high-
lighted.

od; od, eds ody eds
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Lemma 4.5 There exists a unique CAA for each
evaluation problem.

Size of CAAs

Let (@, X, D) be an evaluation problem. In the
following, ¢ will denote the number of variables
plus labeling constraints of ), n the number of
nodes of D, and a the maximal number of ances-
tors of a database node plus the number of links
between these nodes. Note that, if D is a sequence
or a tree database, then a is bounded by the so-
called height of D.

As a measure for the size of a CAA (Dom, IT)
for (Q, Xq,D) it makes sense to retain the to-
tal number of target candidates and links in
(Dom, 1), i.e. Ygpexy|Dom(z)| + Bgyex, [TL(7, y)|
(where II(z,y) := 0 if z and y are not related by
an edge constraint in Q). Although the number
of answers to a query () may be exponential, the
size of a CAA is at most linear in the size of the
query and quadratic in the size of the database:

Theorem 4.6 The size of the CAA for an evalu-
ation problem (Q,Xq,D) is O(q-n - a).

In some situations a better bound can be obtained.

Definition 4.7 A query @ is rigid if Q does not
have any edge constraint of the form x —; y or
T — y. A database D is non-recursive if in no
paths in D a given label occurs at two distinct
nodes. A query @) is completely labeled if for every
variable z in @), @ has a labeling constraint A(z).

Let ¢ be the maximal incoming degree of nodes in
the database D (i.e. i = 1 for sequence and tree
databases).

Lemma 4.8

e If Q is a rigid query, then the CAA for
(Q,Xq,D) has size O(q-n-1i).

e If Q is a completely labeled tree query and if
D is a non-recursive database, then the CAA for
(Q,Xq,D) has size O(q - n).

CA As as Semistructured data: According to
Definition 4.1, the links of the CAA for an eval-
uation problem (Q,Xq,D) are not labeled. If
x — yis an f-child constraint in @), then the label
f can obviously be attached to each link in II(z, ).
If x —1 y is a child constraint in @), then each link
of II(x,y) clearly represents a labeled edge of D,
i.e. can be labeled like this database edge. Thus,
if all edge constraints of the query are child- or
f-child constraints, the CAA trivially extends to
a semistructured data item. If the query @ con-
tains descendant constraints of the form z —4 y
or £ —, y and if D is a sequence or tree database,
then for each (d,e) € II(z,y) there exists in D a
unique path 7 from d to e. The corresponding se-
quence of labels can be attached to the link (d, e)
of the CAA yielding a semistructured data item
in this case, too. If D is a proper graph database,
a link (d,e) € II(z,y) in general stands for a reg-
ular expression. Although this is less immediate
than in the previous cases of sequence and tree
databases, this expression can serve as a label of a
CAA link. For space reasons, details are left out.

CAAs for extended query formalisms:
Many query languages for XML data and
semistructured data [5, 18, 13] allow for arbitrary
value comparisons (joins), i.e. database leaves are
assumed to carry values, and queries may contain
A CAA does not suffice to

value comparisons.



completely represent all answers to a query with
value comparisons. Nonetheless, the CAA for the
join-free part of the query can be built up repre-
senting a coarsening of the set of answers. Note
that such a generalization of a query might speed
up its evaluation and be appropriate for some ap-
plications such as e-commerce [1]. Extensions to
CAA as defined here can be thought of for a faith-
ful representation of the answers of a query with
value comparisons.

Example 4.9 Consider a database consisting of
a root node with 5 children such that 2 children
carry the value 1, 2 the value 2, and 1 the value
3. The query z —1 y1 Ax —1 y2 A value(y1) =
value(ys) has 5 answers while the CAA for z —
y1 Az —1 yo has b target candidates for each of
y1 and yo representing 25 answers.

These complications are not accidental. With
semistructured data like with relational data, a
high price has to be paid for value comparisons,
as Theorem 5.3 (cf. next section) shows.

5 A Query Hierarchy

Evaluation problems can be classified according to
the structure of both, queries and databases.

Definition 5.1 Let EP = (Q, X, D) be an eval-
uation problem. EP is of type S-S (Sequence-
Sequence) if @ is a sequence query and D a se-
quence database. Evaluation problem of types S-
T, S-D, S-G, T-S, T-T, T-D, T-G, D-S, D-T, D-D,
D-G, and G-G are similarly defined: The first let-
ter (S: sequence, T: tree, D: DAG, and G: graph)
denotes the type of the query, the second, that of
the database.

The thirteen classes of evaluation problems of Def-
inition 5.1 form a hierarchy of increasing struc-
tural complexity. This hierarchy does not include
the types G-S, G-T, G-D, because they would cor-
respond to evaluation problems with cyclic (i.e.
type G) queries: According to Definition 3.5, eval-
uation problems with cyclic queries have no solu-
tions in acyclic (i.e. type S, T, and D) databases.
Note that all the evaluation problems of the types

specified in Definition 5.1 are non-trivial in the
sense that they might have solutions.

Definition 5.2 A query is called simple if all its
edge constraints are child, f-child, or descendant
constraints. An evaluation problem (Q, X¢g, D) is
simple if () is simple.

According to Definitions 3.4 and 3.3, a query is
simple if it does not involve regular expressions.

For simple queries, the algorithms described
in the next section have optimal complexity. Even
non-simple T-G evaluation problems can be solved
in polynomial time. However, in presence of value
comparisons, e.g. joins, even T-T evaluation prob-
lems become NP-complete:

Theorem 5.3 Solvability of simple T-T evalu-
ation problems with wvalue comparison is NP-
complete with respect to combined complezity.

6 Computation of CAAs

In this Section an algorithm for computing the
CAA of a simple sequence query is first given.
Then, its adaptation to simple tree queries is out-
lined. For space reasons, further adaptations, e.g.
to tree queries involving regular path expressions,
are not explained in this paper. A polynomial al-
gorithm for this case is given in Appendix.

Simple sequence queries

The algorithm of Fig. 2 takes a simple sequence
query ) and a database D as arguments and
computes the CAA (Domyg,IIg) for the evalation
problem induced by @ and D. Starting from an
empty array (line 3) and an empty set of edges
(line 4) the algorithm adds target candidates to
the domains (slots) of the query variables (line
15) and adds appropriate links to the set of edges
(lines 31, 38). A pair (z,d) is said to be “added”
to express that target candidate d is added to the
domain (slot) of z. Possibly, pairs (z,d) are added
that are “illegal” in the sense that d ¢ Domg(z).



1 procedure Aggregate comp_agg(Q,db)
2 begin
Dom:=empty DomainSet;
II:=empty EdgeSet;
q-l:=leaf of Q;
for all nodes d in db do
map (Dom,II,q-1,d) ;
Agg:=Aggregate (Dom,II) ;
9 clean(Agg) ;
10 return Agg;
11 end;
12
13 procedure boolean map(Dom,II,x,dx)
14 begin
15 add dx to Dom(x);
16 if dx satisfies the labeling

00 ~NOo O bW

17 constraints of x then
18 begin
19 if x=root then return true
20 else
21 begin
22 y:=parent(x) ;
23 Anc:=appr_ancestors(dx,x,y);
24 map_found:=false;
25 for all dy_i € Anc do
26 if dy_.i ¢ Dom(y) then
27 if map(Dom,II,y,dy_i) then
28 begin
29 map_found:=true;
30 add (y,x,dy.i,dx) to II;
31 end
32 else
33 begin
34 if not is_red(Dom,y,dy_i) then
35 begin
36 map_found:=true;
37 add (y,x,dy-i,dx) to II;
38 end;
39 end;
40 if map_found=false then
41 color_red(Dom,x,dx);
42 return map_found;
43 end;
44 else /*labeling constraints not satisfied*/
45 begin
46 color_red(Dom,x,dx) ;
a7 return false;
48 end;
49 end;
Figure 2

Illegal pairs are detectecd and marked “red” (lines
40, 46). Only “legal” links, i.e., links in Ilg, are
introduced. As a last step, for each red pair (z, d)
node d is deleted from the slot of z. After this slot
“cleaning” (line 9), the complete answer aggregate
(Domg,I1g) is obtained.

Let z1,...,z, be the ordered sequence of query
variables such that z; =7 2,41 (1 < ¢ < p) occurs
in the simple sequence query. The algorithm starts
with the (unique) query leaf z, (line 5). The out-
ermost loop (line 6) calls for each database node d),
the recursive function map. This function returns a
boolean value indicating whether the pair (z,, dp)
is legal. First, the pair is added (line 15). Assume
the pair (x;,d;) has been added. If s = 1, then the
pair is legal (line 19). Otherwise (z;,d;) is legal
if and only if there exists a legal pair (z;_1,d;—1)
such that (d;_1,d;) satisfies the edge constraint
T; 1 —7 x; in (). Hence, for each “appropriate”
ancestor d;_1, which depends on the kind of the
edge constraint, it is checked whether (x;_1,d;_1)
is a legal pair (lines 27, 34). Two cases are distin-
guished:

1. If (z4—1,d;—1) has not been previously added,
then the legality of (z;_1,d;—1) is checked by a re-
cursive call of the function map.

2. Otherwise (z;_1,d;_1) is illegal if it is marked
red. In both cases, if (z;—1,d;—1) is legal then
a link between (z;_1,d;—1) and (x;,d;) is added
(lines 30, 37). After inspection of all appropriate
ancestors of d;, the pair (z;, d;) is marked red if no
legal pair (z;_1,d;_1) is found (line 40). Similarly
(xi—1,d;—1) is marked red if d; does not satisfy all
labeling constraints of z; (line 46).

Complexity: Clearly, for each pair (z,d), map
is called at most once. Hence, the total number
of calls to this function is bounded by the max-
imal number of pairs ¢ - n. Under the assump-
tion that each database node has links pointing
to parent nodes, computing the set of appropri-
ate ancestors of a target candidate z; takes time
O(a). Whether a node xz; satisfies a given label-
ing constraint A(z;) can be checked in constant
time. Since each labeling constraint refers to a
unique query variable, the total time needed for
all tests related to labeling constraints is O(q - n).
Cleaning takes time O(g-n). Therefore, the overall
complexity is O(g - n - a).

Call adapter point the bottom-most common
query node of two query paths in the tree query.
The query paths are processed consecutively. For



each query path, the algorithm of Fig. 2 is mod-
ified as follows: When reaching an adapter point
z;—1 that has already been visited during pro-
cessing of another path, no new target candi-
dates for slot z;_1 is introduced. Furthermore,
only the already collected non-red target candi-
dates (z;_1,d;—1) are used for links between tar-
get candidates in z;_1 and z;. If, after a query
path has been fully processed, a target candidate
(z4—1,d;—1) for an adapter point z; 1 has no links
to a target candidate in z;, then it is marked red.

Simple tree queries

With simple tree queries, cleaning is more com-
plicated. Call downwards isolated target candi-
dates (x;_1,d;—1) such that for some child z; of
x;—1 there are no links from (z;_1,d;—1) to a tar-
get candidate within the slot z;. After entering all
target candidates, downwards isolated target can-
didates are detected. Since they are illegal, they
are marked red. Removal of red nodes may result
in new downwards isolated target candidates. The
removal of red target candidates is based upon a
variant of (the second part of) the well-known
AC-4 arc-consistency algorithm [39].

Complexity: Since the recursive calls do not fill
slots of adapter points twice, in this case as well
no target candidates are processed twice in the
first part of the algorithm. This gives a time com-
plexity of O(q - n - a) for this part. For cleaning
an adaption of arguments from [39] yields time
complexity O(q - n - a). Space complexity is still
O(qg-n-a).

Adding regular path expressions

A simple modification suffices to adapt the al-
gorithms for sequence and tree queries described
above can also be applied to queries involving reg-
ular path expressions. At line 23, if the query con-
tains an a-descendant constraint y —,, x, then the
set of appropriate ancestors of the current node dz
is now the set of all a-ancestors of the database
node dzx.

The computation of the sets of a-ancestors
needs some extra time. Using standard techniques
from automata and graph theory, it is shown in
Appendix that the resulting time complexity is
O(¢%*-n-a).

Simple DAG and graph queries

Four evaluation problems of the hierarchy turn out
to be NP-complete with respect to combined com-
plexity.

Define the weight of a node (resp. variable) of
a database (resp. query) as 1 plus the number of
labels attached to the node (resp. variable). De-
fine the size of a database (resp. query) as the sum
of the weights of its nodes (resp. variables) and its
the number of edges. Define the size of an evalua-
tion problem (@, Xq, D) as the sum of the size of
Q and the size of D. It is shown in Appendix that
so-called 1-in-3 problems over positive literals [21]
can be encoded as D-T evaluation problems, or as
T-T evaluation problems with value comparisons,
using a polynomial translation. The following the-
orem is a simple consequence.

Theorem 6.1 Whether a simple D-T (resp. D-D,
D-G, G-G) evaluation problem (Q,Xqg,D) has a
solution is NP-complete with respect to the size of
(Qa XQ’ D)

Table 1 summarizes the complexity results for
the computation of CAAs (resp. for deciding solv-
ability) given in this section. The case D-S in
the upper table is established in Appendix. The
parameter e denotes the number of edges in the
query.

Due to the results on the size of CAAs (cf.
Section 4), the bounds given at lines S and T of
the upper table are optimal.

In practice the worst case time complexity for
computing a CAA can be exponential with D-T,
D-D, D-G and G-G evaluation problems. This
could be faced by a polynomial-time computation
of an “upper approximation” to the CAA, i.e. an
answer aggregate yielding not only all answers,
but also possibly containing target candidates or
links not contributing to any answer. Such an up-
per approximation to a CAA can be obtained by



Database
S T D G
Queries S O(g-n-a) O(g-n-a) O(g-n-a) O(g-n-a)
without T O(g-n-a) O(g-n-a) O(g-n-a) O(g-n-a)
reg. path D| O(g-e-n*-a) (*) NP-compl. (*) NP-compl. (*) NP-compl.
expressions G - - - (*) NP-compl.
Queries with S| O(®-n-a) O(¢*-n-a) O(¢?-n-a) 0(¢* - n-a)
reg. pathexpr. T || O(¢®-n-a) 0(¢?-n-a) O(¢? - n-a) 0(¢*-n-a)

Table 1: Complexity for computing the

first selecting a spanning tree T of the considered
query, then compute the CAA for the subquery
induced by this spanning tree. Links representing
possible interpretations of the query edges that
have been omitted from () might then be added.
Arc consistency techniques [39] can be used to
erase nodes and edges that do not contribute to
any instantiation.

7 Advanced Query Answering
Using CAAs

Once the CAA for an evaluation problem has been
computed, it can be exploited for advanced query
answering techniques we call answer searching and
for answer browsing. These notions are explained
referring to the example of Section 2: A query @
to a research project database D retrieves projects
z and the managers z of these projects such that
the string “XML” occurs in a title element u (at
any depth) of some article y of a project x.

Answer Searching: In essence, the CAA of a
query is a data structure making explicit the in-
terdependencies between the answers to a query.
Comparing queries and investigating the interrela-
tionships between the various answers to a query
is needed in many applications. CAAs can be used
for scanning, comparing, filtering, ordering in the
style of search engines as well as for analyzing in
any other manner the answers to a query. Par-
ticularly promising are search primitives for de-
tecting commonalities and differences between an-
swers, computation of aggregate values like aver-

CAA resp. (*) for deciding solvability

ages, maxima and minima. Note that the nodes of
database items stored in a CAA potentially give
access to the subelements rooted at these nodes,
thus giving rise to a semantically rich “answer
searching”.

The set of answers for the above-mentioned
query ( can be searched for:

e managers leading the highest number of project,
e for managers leading at least 2 projects,

e for projects with at least 10 XML articles.

To answer such queries, aggregate values have to
be computed from the CAA of query Q). Note that
such semantically related aggregate values are of-
ten computed in the same query. Many database
applications like molecular biology sequence anal-
ysis and e-commerce require to perform such ad-
vanced comparisons from large answer sets com-
puted from some “base query” [1].

In many cases, the querying of the CAA of a
base query can be carried out automatically. In
some cases however, such an automatic “search”
is not sufficient or not possible, an interactive
“browsing of the answer space” is desirable.

Answer Browsing: A visualization of a CAA
for a query can be convenient a basis for browsing
the answers to that query. One can easily identify
nodes of the CAA of query @), like project 5, that
deserve special attention by looking at the number
of departing article links:

X (projects): 6 answers
3

Index structures

1

User interfaces f E-commerce and Multi-media dat Modelling and R

r
e

arty:2 many:1 |arty:2 many:1 |arty:3 many:1l |[arty:4 many:1l

arty:2 many: 1




More elaborate visualization facilities would make
it possible to directly browse between e.g. projects,
articles, titles by following the links of the CAA.

If the CAA has a large number of nodes, then
the user might get “lost in answer space”. In such
cases, it might be beneficial to restrict the visu-
alization to a view of the CAA. In case of query
@, one might wish to restrict, say, the CAA to
information associated with projects with at least
three XML related articles. Also, slot hiding can
provide with a better overview. Note that slot
hiding corresponds to the projection operator of
relational databases. If slot hiding is applied, then
CAA links are inherited. Applying slot hiding to
the running example yields:

z (manager): 2 answers

D. Suciu

HL.P. Seidel ‘

arty: 9 arty: 3

A further visualization technique based upon
CAA is clustered aggregation. Assuming that
nodes have further attributes, CAA nodes that
have identical attribute values can be merged. In
case of query @, if projects have a “country” at-
tribute, if projects pi1, p3, p4 are French, projects
p2 and pg are German, and if ps is a US-project,
then applying clustered aggregation might yield:

y (article): 12 answers

X (project ); Attribut "country": 3 classes

2 3

French: 3 UsS: 1

German: 2

y:6 manz:2 | arty:2 manz:2 | arty:4 manz: 1
This presentation might be used to show which
countries have projects of interest and how many.

General picture: cascade style query-
answering: The possibilities for automated
search as well as interactive browsing of answer

sets the CAAs offer suggests that, for many ap-
plications, query answering can be processed in
two or more successive phases, the first of which
resulting in the construction and storing of the
CAA, the following phases consisting in an inspec-
tion of this CAA or in the construction of further,
more specialized CAAs. CAA inspection can con-
sist both in an automated search or in an inter-
active browsing. In addition, to help analyzing
and/or browsing answers, such a query answering
based upon CAA can help to react rapidly to user
query requests.

Cascade style query-answering query answer-
ing is possible with any query language,
deed. The contribution of CAAs lies in an in-
termediate data structure supporting this form
of query answering which can be efficiently com-
puted. Note that for many novel applications
such as e-commerce such a cascade style query-
answering is needed [1].

in-

8 Related Work

Tree Databases: For “tree databases”, a simpli-
fied form of CAA has already been introduced in
[36, 35]. The present paper significantly extends
over this early work.
Query formalisms for semi-structures data:
Several query models for XML and semistructured
data have been designed and/or implemented and
used [49, 29, 10, 44, 23, 41, 42], cf. [11, 19] for
surveys. These query models are more ambitious
than the model presented in this paper, however,
in contrast to this paper they are not devoted to
aggregating answers. Thus, the contribution of
this paper is widely orthogonal and complemen-
tary.
Conjunctive queries: The queries considered in
this paper are related to conjunctive queries over
relational databases as investigated in [14, 50, 24,
25]. However, it must be stressed that the dis-
tinction between tree queries and DAG or graph
queries does not correspond to the conventional
distinction between acyclic and cyclic conjunctive
queries in database theory.

The distinction of database theory between

10



acyclic and cyclic conjunctive queries refers to
the hypergraph of the query, which is an undi-
rected graph. In contrast, the query atoms con-
sidered in this paper are unary (labeling con-
straints) or binary (edge constraints). A binary
atom r(z,y) imposes a fixed orientation z — y
on {z,y} which reflects the direction of edges in
the database. The conjunctions considered in this
paper are such that the set of their binary atoms
induces a sequence, tree, DAG, or graph structure
on the query. Hence, the NP-hardness result for
DAG-queries given in Section 6 is not in conflict
with general results on polynomial tractability of
acyclic conjunctive queries.

Dynamic programming and constraint rea-
soning: The algorithms described in Section 6
are closely related to methods of dynamic pro-
gramming and to the arc-consistency techniques
for constraint networks, cf. Appendix for details.
Index structures: Index structures as discussed
in [33, 9, 22, 38, 37] can be used to improve the
practical efficiency of the computation of CAAs.
Details can be found in Appendix.

9 Conclusion

The paper motivated and introduced “complete
answer aggregates (CAAs)” as a model for aggre-
gating the answers to a sequence, tree, DAG, or
graph query in a semistructured database. Algo-
rithms for the computation of CAAs for queries
of various structural kinds have been presented.
A hierarchy of evaluation problems the CAAs of
which can be computed in polynomial time (with
respect to combined complexity) has been given.
Cases have been characterized where computation
of CAAs is NP-complete.

The query model presented in this paper has
been implemented for the special case of tree
queries and of tree databases. The implementa-
tion is being tested with large collections of com-
plex structured documents. The prototype cur-
rently available does not handle regular path ex-
pressions, but can cope with left-to-right order
constraints between the children of a query node,
as needed in document management. The neces-

11

sary adaptation of the notion of a CAA as well as
the mathematical and algorithmic background is
given in [36, 35]. For this expanded signature, the
time complexity of the algorithm for computing
the CAA is O(q - n - a - log(n)). The additional
logarithmic factor comes from the fact that or-
der information is not being taken into account
and handled during query evaluation. An “an-
swer browser” based on CAAs is currently being
developed.

Future work will concentrate on extensions of
the concepts and algorithms of Section 6 to more
expressive query languages following e.g. [41, 42].
Improved index structures, as well as other opti-
mization techniques, will also be investigated in
more detail. A promising issue for further re-
search is to adapt CAAs and their computation
algorithms to queries with “construct” parts. Fur-
thermore, it would be worth investigating whether
standard query answeriung can be optimized us-
ing CAA as an internal, temporary data structure
used e.g. between the processing of the “select”
and “construct” parts of a query so as to avoid
the generation of exponentially many “object as-
signments” [33].
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10 Appendix: Algorithms and

Complexity

In this Appendix we add those parts of the full
paper that are necessary to verify the claims of
the previous sections. If not said otherwise we al-
ways refer to simple queries and simple evaluation
problems, respectively.

10.1 The algorithm for simple sequence

queries

We give a correctness proof for the algorithm given
in Fig. 3, first for queries without regular path ex-
pressions.

Correctness.  Obviously the output (Dom,IT)
of comp_agg is an answer aggregate for the given
query since label and edge constraints are checked.
It is simple to see that the algorithm introduces
an edge (y,x,dy,dx) only once it is clear that
(x,dx) and (y,dy) remain uncolored. It is also
simple to see that each uncoloured pair (x,dx)
and each link (y,x,dy,dx) contributes to an in-
stantiation of the answer aggregate. It remains to
show that each answer to the query Q is an instan-
tiation of (Dom,IT). Let z; (root), z1,...,z, (leaf)
be the sequence of variables of ¢q. Let v : x; — d;
(1 <1i<p) be an answer. Since map is called with
argument (zp,dp) in comp_agg it follows that for
each pair (z;,d;) (1 < i < p) there is a call to
map. A simple induction, starting from root vari-
able x1, shows that each pair (z1,d1),...,(zp,dp)
remains uncoloured and for 1 < 7 < p we have
links (z;,%;y1,d;,d;+1) in II.  Since clean only
removes red nodes it follows that v can be ob-
tained as an instantiation of the output (Dom,II)
of comp_agg.

10.2 The algorithm for simple tree
queries

For tree queries (we first consider queries without
regular path expressions) we need the help of var-
ious supporting data structures, since the proce-
dure clean becomes more complicated. Dep_Set
stores for every target candidate (x,dx) the set
of dependent target candidates, i.e. target candi-
dates with a link to (x,dx) or from (x,dx). In
addition, we need counters 1ink count for every
triple (x,dx,y) that store the number of links
connecting target candidate (x,dx) with target
candidates in Dom(y). Nodes that are colored
red are in addition stored in a data structure
Del _Stack that guides in the procedure clean the
removal of red target candidates from the answer
aggregate. The last new data structure is a vari-
able Adaptors that stores all pairs of query nodes
(x,y), where x is a parent of y, and where x was
treated by the algorithm as node in a previously
treated path (not containing y).

The function map is triggered by all query
leaves. For every query leaf map recursively visits
all nodes in the corresponding query path up to
the root. Lines 24a-24h treat the case that a query
node y was already treated by another path of the
query. In this case, only those ancestors of dx are
included in Valid that already occur in Dom(y).
For the valid nodes approriate links are added to
IT and the pair (y,x) is stored in Adaptors, but
no recursive call to map is made.

Instead of simply adding a link to II like in the
sequence case, a function add is called in lines 24f,
30 and 37. This function adds the link to II and
updates the supporting data structures Dep_Set
and link _count.

The following algorithm is an adaption of the al-
gorithm for sequence queries. In order to keep
line numbering consistent, lines that had to be
ingerted for the tree case are marked with alpha-
betical numbering, e.g. line 24a.
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1 procedure Aggregate comp_agg(Q,db)

2 begin

3 Dom=empty DomainSet;

4 II=empty EdgeSet;

4a Del_Stack=empty Stack;

4b Dep_Set=empty DependencySet;

4c link_count(x,dx,y)=0 for all x,y € Q and dx € db;
4d Adaptors=empty AdaptorSet;

5 for all leaves q-1 in Q do

6 for all nodes d in db do

7 map (Dom,II,q-1,d,Del_Stack,Dep_Set,link count,Adaptors) ;

check_adaptors (Adaptors,Dom,link_count,Del_Stack) ;

9 clean(Del_Stack,Dom,II,Dep_Set,link _count);

8 Agg=Aggregate(Dom,II) ;

10 return Agg;

11 end;

11

13 procedure boolean map(Dom,II,x,dx,Del_Stack,Dep_Set,link_count,Adaptors)
14 begin

15 add dx to Dom(x);

16 if dx satisfies labeling

17 constraints of x then

18 begin

19 if x=root then return true

20 else

21 begin

22 y=parent (x) ;

23 Anc=ancestors(dx,y,x) ;

24 map_found=false;

24a if y was already treated then

24b begin

24c add (y,x) to Adaptors;

244 Valid=Anc N non_red(Dom(y));

24e for all nodes dy_i € Valid do

24f add(Il,y,x,dy-i,dx,Dep_Set,link _count) ;
24¢g map_found=not (empty (Valid)) ;

24h end

24i else

245 begin

25 for all dy_i € Anc do

26 if dy_i ¢ Dom(y) then

27 if map(Dom,II,y,dy-i) then

28 begin

29 map_found=true;

30 add(Il,y,x,dy-i,dx,Dep_Set,link _count);
31 end

32 else

33 begin

34 if not is_red(Dom,y,dy_i) then
35 begin

36 map_found=true;

37 add(Il,y,x,dy-i,dx,Dep_Set,link count);
38 end;

39 end;

40 if map_found=false then

41a begin
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*/

41b color_red(Dom,x,dx);

41c push(Del_Stack, (x,dx));

41d end;

42 return map_found;

43 end;

43a end;

44 else /* labeling constraints not satisfied
45 begin

46 color_red(Dom,x,dx) ;

46a push(Del_Stack, (x,dx));

a7 return false;

48 end;

49 end;

50

51

52 procedure void add(Il,y,x,dy,dx,Dep_Set,link_count)
53 begin

54 add (y,x,dy,dx) to II;

55 add (x,dx) Dep_Set(y,dy);

56 add (y,dy) Dep_Set(x,dx);

57 link_count(y,dy,x)=1link_count(y,dy,x)+1;
58 link_count(x,dx,y)=link_count(x,dx,y)+1;
59 end;

Due to the special treatment of adaptor points
in lines 24a-24h it is possible that a slot x, where
(x,y) is an adaptor point, contains target can-
didates having no link to a target candidate in
Dom(y). These target candidates are colored red
by the procedure check adaptors.

In the case of tree queries, the procedure
clean gets more complicated, since the removal
of a red target candidate (x,dx) can trigger re-
moval of other target candidates that depend on
(x,dx) and became downwards isolated. The sets
Dep_Set and the counters 1ink count are used in
order to make these dependencies explicit. If a

target candidate (x,dx) is removed in clean we
test for each dependent target candidate if it still
has a further link to another target candidate in
Dom(x). In the negative case the target candidate
is downwards isolated and can not contribute to
an answer. It is colored red for later removal (lines
83,84). The algorithm for cleaning the answer ag-
gregate is a special instance of the second part
of the algorithm AC-4 given in [39] for pruning a
constraint network. In our special case, we can
improve on the parameters for the time complex-

ity.

60 procedure void check_adaptors (Adaptors,Dom,link_count,Del_Stack)
61 begin

62 for all (x,y) € Adaptors do

63 for all dx € Dom(x) do

64 if link_count(x,dx,y)=0 then

65 begin

66 push(Del_Stack, (x,dx));

67 color_red(Dom,x,dx) ;

68 end;

69 end;

70

71

72 procedure void clean(Del_Stack,Dom,II,Dep_Set,link_count)
73 begin

74 while not empty(Del_Stack) do

75 begin

76 (q-del,d_del)=pop(Del_Stack);
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77 for all (y,dy) € Dep_Set(q-del,d_del) do
78 begin
79 remove (y,q-del,dy,d-del) from II;
80 link_count(y,dy,q-del)=link_count(y,dy,q-del)-1;
81 if not(is_red(Dom,y,dy)) and link_count(y,dy,q-del)=0 then
82 begin
83 color_red(Dom,y,dy) ;
84 push(Del_Stack, (y,dy));
85 end;
86 end;
87 remove d_del from Dom(q-del);
88 end;
89 end;
Correctness. As in the sequence case, all (x,dx).

edges and non-red target candidates added to the
answer aggregate contribute to a solution. Now
let v be an answer to the query and database,
let z,y be two query variables connected with an
edge constraint y =y z, y > v ory —, . We
show that v(z) (v(y)) appears as a non-red target
candidate in slot z (y) and (y,z,v(y),v(z)) is in
II. In the sequence case, we already showed that
map is called for the pairs (z,v(z)) and (y,v(y)).
Labeling constraints are satisfied. Consider a call
to map with the pair (z,v(z)). If y was already
treated as part of another path of the query (lines
24a-24h), we can show by induction that v(y) is
contained as a non-red target candidate in slot .
Therefore a link is added (line 24f) and v(z) re-
mains uncolored, because map_found is set to true.
If y was not treated before, the argumentation is
the same as in the sequence case. Now consider
the procedure check_adaptors. If the pair (y, z)
corresponds to a previously treated adaptor point,
we are in the case discussed above, where y was
treated as path of another query path. v(y) is
not colored red here, since its 1ink_count to tar-
get candidates in slot z is at least 1 (for the link
(y,z,v(y),v(z))). Now consider clean. Neither
(z,v(z)) nor (y,v(y)) are colored red so far. By
induction we can infer that the 1ink_count values
of (z,v(z)) and (y,v(y)) to other query nodes z
cannot be 0 (for query nodes z connected with an
edge to x or y, respectively). Therefore they are
not removed and v(z), v(y) and (y,z,v(y),v(z)
appear in the output answer aggregate.

Complezity. As in the sequence case we can
see that map is called at most once for each pair

The time complexity of the new case
(line 24a-24h) is of order O(a) for the intersec-
tion and the loop, since there are maximally a
elements in Anc and for every element a lookup
in array Dom(y) is of constant time. The other
cases remain essentially unchanged, yielding a to-
tal time complexity of O(g-n-a) for map. Procedure
check_adaptors is of time complexity O(q - n).

For the procedure clean we follow the argu-
ments given in [39] for AC-4: Since each link in
the answer aggregate increments the sum of all
link_count values by two (in procedure add), the
sum of all 1ink_count values is of order O(q-n-a).
No link count value can become negative, since
for every element of a Dep_Set there is one decre-
mentation in clean, as there has been one incre-
mentation in add. Therefore the total number
of times the inner loop of clean is executed is
bounded by the total sum of 1ink count values.
This gives a time complexity of O(q - n - a) for
clean.

10.2.1 Use of index structures

We briefly discuss how index structures developed
for graph databases and structured document re-
trieval can be integrated in the above algorithms.

Local index structures Local index structures
implement a mapping from node properties (like
attribute values, labels, text containment) to sets
of nodes, or from nodes to sets of nodes constitut-
ing e.g. the ancestors or parents of the input node.
As an illustrating example we use index structures
such as defined in the Lore system ([33]). Sim-
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ilar mechanisms appear in other semistructured
databases or structured document retrieval sys-
tems. Lore uses three index structures that im-
plement these mappings, namely the V-Index, T-
Index and L-Index. The V-Index and T-Index are
used to retrieve leaves with a specified content (in
the case of the T-Index textual content), whereas
the L-Index maps nodes to parents with taking
edge labels into account. We can use the V-Index
and T-Index in line 6 of the algorithm and call
the function map only for those database nodes
that meet the requirements imposed by the query
node q1. f y =y x € Eory — x € E, we can
call in line 23 the L-Index that computes the set
Anc efficiently and omits nodes that do not fit with
query node y. A special index for computing the
ancestors of a database node can be used in line
23 of the algorithm, if y - = € E.

Context index structures Context index
structures take into account a whole part of the
query (e.g. a path) instead of single nodes only.
We will describe two kinds of path index struc-
tures.

Ezact path index structures return a set of
paths matching a query path exactly. Sophisti-
cated path index structures have been developed
in the field of semistructured databases ([38, 22]).
They return only those sets of nodes that are
reachable via a given path starting from the root
of the database. The path expressions can even
contain regular expressions over the labels to be
traversed. Path index structures can be used! in
line 6 of the algorithm in order to return only
those query nodes that are reachable via the ac-
tual query path. This reduces the task of the rest
of the algorithm. For sequence queries it is only
necessary to enter the target candidates into the
appropriate slot of the answer aggregate.

Path filter structures ([37]) are used on top of
local index structures like the V-Index of Lore.
The local index structure, e.g. the V-index, is as-
sumed to encode additional contextual informa-
tion as a bit string. These bit strings are com-
pared with the contextual information imposed by

the actual query path. This comparison can be ef-
ficiently computed and filters out nodes not con-
forming to the contextual requirements imposed
by the query. Due to the efficient encoding as bit
strings, the path filter structure is not exact, i.e.
possibly not all irrelevant nodes are filtered out.
But correctness is maintained since the query eval-
uation algorithm ensures that nodes not matching
the query nodes are not entered into the answer
aggregate. A path filter can be used in line 6 of
the algorithm in the same way as an exact path
index.

10.3 Algorithm for queries with regular
path expressions

When adding regular path expressions to (se-
quence or tree) queries, the correctness proofs
given above are not affected. This follows easily
from the fact that algorithmic modifications only
concern line 23 of the above algorithms.

In order to give complexity results for queries
with regular path expressions we modify the def-
inition of the size ¢ of a query Q in the following
way: ¢ is the number of variables plus the number
of labeling constraints in @ plus the sum of the
notational lengths r; of all regular expressions «;
in Q.

For a complexity analysis of the enhanced algo-
rithms we imagine (for simplicity) that the com-
putation is organized in two steps. In the first
preparatory step, we compute for each database
node dx and for each regular expression a occur-
ring in the query the set of a-ancestors of dx. As-
suming that this preprocessing step is done, exe-
cution of line 23 of the algorithm takes constant
time. Hence, ignoring the time for the prepro-
cessing step, the complexity of the remaining al-
gorithm is then O(g-n-a), as we have seen above.
In reality, the set of a-ancestors of a database node
is of course computed only on demand.

Let us now determine the time-complexity for
the preprocessing step. We proceed in the follow-
ing way. For each regular expression a occurring
in @, say, of notational length r, using standard
constructions (see, e.g., [48]) we compute in time

!Since [38] does assume the existence of a unique root node in the database, some simple adaptions are necessary.
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O(r) a non-deterministic finite automaton A¢ 5 for
the language L that represents the reverse lan-
guage of L(a).
transitions. Using well-known techniques from au-
tomata theory (cf., e.g. [48], Chapter 4, Proposi-
tion 4.4.8) a non-deterministic automaton A,z for
the same language L without e-transitions can be
computed in time O(r?). The overall complexity
for the computation of the e-free non-deterministic
automata A, r for all regular expressions a occur-
ring in the query @ can be estimated by O(q?).

Given a database node d, let A; denote the
automaton where the set of states Q4 is given by
the set of ancestors of d including d, where d is the
start state (we do not fix final states), and where
the transitions are obtained by reverting each edge
between two nodes of (4. Recall that the size
(number of nodes and edges) of A, is bounded
by the parameter a. Again using algorithms for
reachability, A4 can be computed in time O(a).

Consider one of the regular expressions a oc-
curring in @, say, of notational length r. Let A de-
note the product automaton of A r with A4. The
set of a-ancestors of d is obtained by taking all the
second components e of states (f,e) of A that can
be reached from the start state and where f is a
final state of A r. Since the size of A is of order
O(a-7?) this reachability problem can be solved in
time O(a - 72) (cf., e.g., [34] Sec. IV.4). For fixed
node d all the sets of a-ancestors for arbitrary reg-
ular expressions « in the query can be computed in
time O(a-q?). The total time needed for arbitrary
database nodes, which yields the time needed for
the preprocessing step, is O(a - ¢* - n).

Since the time for the preprocessing step dom-
inates the time needed for the second phase, the
total time-complexity for computing the CAA is
of order O(a - ¢ - n).

This automaton may contain e-

10.4 NP-complete classes of evaluation
problems

Lemma 10.1 The problem if a D-T evaluation
problem (Q,Xq,D) has solution is NP-complete

w.r.t. the size of (Q,Xq,D).

Proof. Obviously the problem is in NP: we
may guess a variable assignment that maps the set
of variables of () to the set of nodes of D and then
check in polynomial-time if the mapping satisfies
all formulae of (). In order to prove NP-hardness
we show that solvability of 1-in-3 problems over
positive literals? can be encoded as DAG-tree eval-
uation problems using a polynomial translation.
Since the problem of solvability of 1-in-3 problems
over positive literals is NP-complete (cf. [21]) NP-
hardness follows.

Ezample. Before we treat the general case we

illustrate the encoding technique with an exam-
ple. Consider the problem with the clauses C :=
{p,q,7}, D :={p,q,s}, and E := {q,7,s}. There
is exactly one solution v, mapping ¢ to 1 (true)
and p,r,s to 0 (false). The DAG query Q (tree
database D) assigned to {C, D, E} is depicted on
the left-hand (right-hand) side of Fig. 3. We use
expressions £ —y, y (n > 1) as a short-hand for
dr1 o xp_1 T 2> X1 1 = T — Y.
Let u denote any solution of this problem. Be-
cause of the labeling constraint C(c) query vari-
able ¢ is mapped to a node in {p®,q“,r¢} un-
der p. If ¢ is mapped to p© (resp. ¢© or r®)
read this as “literal p (resp. ¢ or r) is selected
from C”. Variable d must be mapped to a node in
{pP,q"”,sP}, and variable e must be mapped to a
node in {¢¥,rF, sP}. This shows that u defines a
selection function v that maps each of the clauses
C, D, E to one of its literals. It remains to see that
v defines a truth value assignment on the common
set of literals {p, q,r, s}.

Consider query variables p¢ and p%, corre-
sponding to the two occurrences of p in C' and
D respectively. Since under y these two variables
must be mapped to database nodes with a com-
mon descendant with label F' (the image of yP)
they have to be mapped to nodes of the same sub-
branch of the subtree with root 1 of D. Similarly
all variables labeled with @ (or R, S respectively)
have to be mapped to nodes of the same subbranch

we

2A 1-in-8 problems over positive literals is given by a finite set of clauses Ci,...,Cy, each containing exactly three
positive literals. A solution is a truth value assignment, defined on the joint set of literals, that evaluates exactly one

literal of each clause to 1 (true).
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Figure 3: Encoding 1-in-3 problems as D-T evaluation problems

of the subtree with root 2 (or 3, 4 respectively) un-
der u.

Assume now that p(c) = p€ (read: “we select
literal p from clause C”). This implies that p(p€)
is a descendant of p¢ with label P in distance 13,
which implies p(p€) = p' (the exponent 1 of p! is
meant to indicate that p is a selected literal.) The
above remarks show that also p(p?) = p'. The
distance between p! and u(d) has to be 9, hence
p(d) = pP, which means that v selects literal p
in clause D, too. In the same way it follows that
whenever v selects a literal in one clause, it selects
the same literal in all other clauses where the lit-
eral appears. This shows that v in fact defines a
solution of {C, D, E}.

Now let v be a solution of {C, D, E} (in our
example, there is just one solution which selects
g in each clause). In order to find a solution
of (Q,D) we map each of the variables c,d,e to
the node that represents the literal selected under
v in C, D, E respectively. If literal p (q, etc.)
evaluates to 1 under v, we map all variables with

label P (Q, etc.) to node p' (¢!, etc.). In the
other case, if literal p is not selected, then we map
variable p¢ to p*? (index 0 indicates that p is not
selected) where z denotes the unique literal of C
selected under v, and we map variable p? to p®¥
where y denotes the unique literal of D selected
under v. In the same way, mutatis mutandis, we
map all other query variables of the form v? where
v is a literal not selected under v. It is easy to see
that all distance requirements and labeling con-
straints are satisfied under this mapping, which
means that we receive a solution of the evaluation
problem.

In the concrete example, the mapping that we
obtain from the unique solution is represented in
the CAA depicted in Fig. 4 (simplified visual pre-
sentation).

General encoding. Assume we are given a 1-
in-3 problem over positive literals p1,...,p, with
clauses Cy,...,C,. The database D associated
with this problem contains the following nodes.

1. a node 0 with label I representing the root
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Figure 4: CAA (simplified visual presentation) for the D-T evaluation problem of Fig. 3

of D,

2. a node named piCJ‘ for 1 < i < m and

1 < j < n. Node p;% has label C; iff
pi € Cj,
3. nodes 1,...,m,

4. nodes p} for 1 < i < m, and nodes pg’p’“ for
1 <i# k < m. Each node p! or p.** has
label F;,

5. for each literal p;, 7 additional unlabeled
nodes (the names are irrelevant),

6. nodes fp,1 and fp, o with label F', for all
1<i<m.

There are no additional labels. Root 0 has p; " as
single child. Starting from the latter node, there
is a linear sequence

C1 Cn

C
P1 ey p1 n

C
»Pm la"'apm

where each successor represents the unique child
of its predecessor. The last node of this sequence,
pmC™, has nodes 1,...,m as its children. Each
child £ is the root of a subtree of the following
form (the unlabeled nodes below k are the k ad-
ditional nodes mentioned above):

21

The query @ associated with C1,...,C), has root
variable z labeled I. For each clause Cj, the root
has one child ¢;. For each occurrence of a literal p;
in a clause C; the query has a variable p;% with
label P;, the single parent of p;“ is variable c;.
For each 7, 1 <4 < m, all variables of the form p;*
have a common child y,, labeled F. This defines
the set of variables, the set of label constraints and
the general DAG structure. The edge constraints
are the following:

1. constraints x =4 c¢j for 1 <j <n,

2. a constraint p;% — y,, for each variable
of the form p;%,

3. a constraint ¢; —,(—jy1)41 Pi for each
literal p; occurring in Cj.



It is easy to see that (Q, D) has size O(n-m+m-m)
and the encoding is polynomial. It remains to
show that (@, D) has a solution if Cy,...,C), has
a solution.

First assume that C4,...,Cy, has a solution v.
Consider the following mapping p from the set of
variables of Q to the set of nodes of D:

1. x is mapped to 0,

2. each variable ¢; is mapped to the node p;©i
where p; is the unique literal of C); which
evaluates to 1 under v,

3. each variable p;% is mapped to p} iff v(p%) =
1 and to p?’pk if i # k and p;, € C; evaluates
to true under v otherwise,

4. each variable y,, is mapped to fp,1 iff
v(p;) = 1 and to fp, o if v(p;) = 0.

It is trivial to see that all labeling constraints of
Q are satisfied under p. Constraints z —4 ¢; are
obviously satisfied.

Consider a constraint p;% —, yp.. If v(p;) =
1, then p(p;%) = p;, p(yp;) = fpi,1 and the con-
straint p;% — yp, is satisfied (cf. above fig-
ure). If v(p;)) = 0, then p(p;%) has the form
p?’p * for some k, u(yp;) = fp,,0 and the constraint
P9 —4 yp, is satisfied, too.

Consider a constraint ¢; —pm_ji1)41 Pi9-
First assume that p; € C; is the unique literal in
C; that evaluates to 1 under v. In this situation,
p(c;) = pi% and p(p;%) = pl. It is easy to check
that in fact p} is a descendant of ;% in distance
m(n —j 4+ 1) + 1. Second assume that for k # 4
literal py is the unique literal of C'; which evalu-
ates to 1 under v. In this case u(c;) = px“ and
p(pi¥) = p?’pk. Again it is easy to check that p?’pk
is a descendant of p; i in distance m(n—j+1)+1.

To sum up, we have seen that y defines a so-
lution of (Q, D).

2. Assume that (Q,D) has a solution u. We
first define a selection function v that assigns to
each clause one of its literals. We then show
that any literal that is selected in one clause is
also selected in any other clause where it ap-
pears. Let v(C;) be the unique literal p; where
p(cj) = p;¥ (since p respects labeling constraints

p(cj) has this form). Because of the constraint
Cj “m(n—j+1)+1 p;i© it follows that p(p;%) = p%.

Now assume that p; also occurs in clause Cj.
The form of @ enforces that the images of p;%
and p;%’ have a common descendant. Hence we
have also p(p;%') = pi. Because of the con-
straint ¢;; —pm—jry1)41 p;5i" it follows easily that
plcjr) = p;¥i". We have seen that v defines a truth

value assignment on {p1,...,pn} that selects ex-
actly one literal from each clause. Hence v solves
{C1,...,Ch}. O

Corollary 10.2 The problem if a D-D (resp. D-
G, G-G) evaluation problem has a solution is NP-
complete.

Proof. Clearly the problem is in NP since
we may guess a variable assignment and check
in polynomial-time it the mapping is a solu-
tion. NP-hardness is an obvious consequence of
Lemma 10.1. O

Corollary 10.3 The problem if a T-T evaluation
problem with value comparison has a solution is
NP-complete.

Proof. Reconsider the DAG-query and the
tree database depicted in Fig. 3. In the proof of
Lemma 10.1, the DAG-structure of the query was
just used to guarantee that the two query nodes
with label P (resp. R, S) are mapped to the same
branch of the subtree of the database starting at
node 1 (resp. 3, 4), and the three query nodes
with label ) are mapped to the same branch of
the subtree of the database starting at node 2.
This observation, then, was used to show that the
selection of an atom from each clause that comes
with each solution defines a truth value assign-
ment (atoms do not receive contradictory values).

When we allow for value comparisons in
queries, the same effect can be achieved without
introducing common descendants for query nodes.
Assuming that all database leaves f, 1 (resp. fu0)
have value 1 (resp. 0) we may use the tree query
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with value comparisons V (p§) = V(p$), V(¢§) =
V(gl) = V(gf), V(r§) = V(rf), and V(sf) =
V(s§). The value comparisons obviously guaran-
tee that each solution of the evaluation problem
defines a truth value assignment. An obvious gen-
eralization of this argument to the general encod-
ing technique for 1-in-3 problems over positive lit-
erals given above shows that these problems can
be encoded as T-T evaluation problems with value
comparison using a polynomial translation. This
shows that solvability of T-T evaluation problems
with value comparisons is NP-hard. Clearly the
problem is in NP. O

11 CAAs and Constraint Net-
works

In this section we investigate the close relation-
ship between query evaluation problems and con-
straint satisfaction problems as discussed, e.g., in
[31, 40, 32, 39]. We first have to recall some basic
definitions.

Definition 11.1 Let D be a relational structure
with finite domain D. A binary constraint has the
form r(z,y) where z and y are distinct variables
and r is a relation symbol with a fixed interpreta-
tion in D. A constraint satisfaction problem (over
D) is a tuple (Y, Dom, BC) where Y is a finite
set of variables, Dom is a function that assigns to
each z € Y a finite subset Dom(z) of D, and BC
is a set of binary constraints with variables in Y.
A constraint satisfaction problem (Y, Dom, BC) is
non-trivial if Dom(z) # @ for allz € Y. A solution
of a constraint satisfaction problem (Y, Dom, BC)
is an assignment y that maps each variable x € Y

to an element u(z) € Dom(z) such that all for-
mulae of BC become true in D under assignment
p. A constraint satisfaction problem (BC, Dom)
is consistent if it has at least one solution.

Definition 11.2 A constraint satisfaction prob-
lem (Y,Dom,BC) is arc-consistent if for each
r(z,y) € BC the following conditions hold:

1. for each d € Dom(z) there exists e €
Dom(y) such that r(d, e) holds in D, and

2. for each e € Dom(y) there exists d €
Dom(z) such that r(d,e) holds in D.

It is well-known that in general arc-consistency
does not imply consistency. A constraint sat-
isfaction problem (Y, Dom’, BC) is a refinement
of (Y,Dom,BC) if Dom'(z) C Dom(z) for all
z € Y. For each constraint satisfaction prob-
lem (Y,Dom,BC) there exists a unique refine-
ment (Y,Dom’,BC) that is arc-consistent and
maximal in the sense that every other arc-
consistent refinement of (Y, Dom,BC) is a re-
finement of (Y, Dom’,BC). This problem will
be called the mazimal arc-consistent refinement
of (Y,Dom,BC). There exist various “arc-
consistency algorithms” that compute the maxi-
mal arc-consistent refinement of a given constraint
satisfaction problem (Y, Dom, BC) ([39, 32]). The
algorithm in [39] needs time O(e-n?) where e is the
number of constraints in BC' and n is the maximal
cardinality of a domain Dom(z).

11.1 Using arc-consistency algorithms
for computing complete answer
aggregates

We now give a straightforward translation of eval-
uation problems into constraint satisfaction prob-
lems. Subsequently we characterize the cases
where arc-consistency algorithms can be used for
computing complete answer aggregates. In the se-
quel, for a database D and a node label A, let D4
denote the set of all nodes of D with label A.

Definition 11.3 To each evaluation problem
(Q,Xq,D) we assign the constraint satisfaction
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problem (X g, Dom, BC) where BC contains all bi-
nary constraints of () (interpreted in D) and where
Dom(z) is the intersection of the sets D4 where
@ has a labeling constraint A(z) if there is any
such constraint, and where Dom(z) := D other-
wise. The maximal arc-consistent refinement of
(X, Dom, BC) is called the mazimal arc-consistent

problem defined by (Q, Xq, D).

Lemma 11.4 Let (Xg,Dom,BC) be the mazi-
mal arc-consistent problem defined by (Q, Xq,D).
Each solution of (Xq,Dom,BC) is a solution of
(Q,Xq,D) and vice versa.

Proof (Sketch).  Arc-consistency algorithms
only remove a node d from the domain of a vari-
able z if z is not mapped to d under any solution.
It easily follows that each answer to @ in D is a
solution of (X¢q, Dom, BC). Since each solution
of (Xq, Dom, BC) satisfies all labeling constraints
and all edge constraints of () it always represents
an answer to ) in D. O

In order to characterize situations where arc-
consistency algorithms can be used to compute the
complete answer aggregate we need a translation
of arc-consistent constraint problems into answer
aggregates.

Definition 11.5 Let (Y, Dom,BC) be an arc-
consistent constraint satisfaction problem over the
database D. The realization of (Y, Dom,BC) is
the answer aggregate (Dom,II) where the map-
ping II assigns to each binary constraint r(z,y) €
BC the set of links {(d,e) € Dom(z) x Dom(y) |
r(d, e) holds in D}.

The following lemma is straightforward.

Lemma 11.6 In the situation of Defini-
tion 11.5, let (Dom,II) denote the realization of
(Y, Dom, BC). Each instantiation of (Dom,II) is
a solution of (Y, Dom, BC) and vice versa.

We can now show that for evaluation problems
with tree queries arc-consistency algorithms in
fact yield the complete answer aggregate.

Lemma 11.7 Let (Q,Xq,D) be an evaluation
problem with a tree query Q. Let (Xg, Dom, BC)

be the mazimal arc-consistent problem defined by
(Q,Xq,D). Then the realization (Dom,II) of
(X@,Dom, BC) is the complete answer aggregate

for (Q, Xq, D).

Proof. Obviously (Dom,II) is an answer ag-
gregate for (Q,Xq,D). Lemma 11.4 and 11.6
show that each answer to () is an instantiation of
(Dom, IT) and vice versa. Hence it remains to show
that (Dom, IT) does not have a redundant node or
a redundant link. We first show that (Dom,II)
does not have a redundant link. Assume there ex-
ists a link between occurrences of nodes d, and
dy in Dom(z) and Dom(y) respectively. We may
assume that y is a child of = in the tree associ-
ated with query Q. If r(z,y) denotes the unique
binary relation between x and y in @, the relation
7(dg, dy) holds in D. If z is not the root of ) and if
x1 denotes the parent of z, then arc-consistency of
(X¢@, Dom, BC) guarantees that Dom(z1) contains
a node instance d,, such that r'(dy,,d;) holds in
D, where r'(z1,x) denotes the unique binary re-
lation between z; and z in @). Proceeding in this
way we successively obtain an instantiation value
for all ancestors of z in ). The given partial in-
stantiation of the answer aggregate can be com-
pleted in top-down manner to a full instantiation
of (Dom,II): given a node u with instantiation
d, and a child v that does not have an instan-
tiation value yet, arc consistency guarantees that
there exists an occurrence d, € Dom(v) in Dom(v)
such that d, and d, satisfy the unique binary con-
straint imposed on » and v in (). Obviously, the
given link participates to the given instantiation.
We have seen that (Dom,II) does not have a re-
dundant link. The proof that (Dom,II) does not
have a redundant node is a trivial variant. O

Let us remark that the proof shows that
Lemma 11.7 is closely related to general results
on backtrack-free search in “tree-structured con-
straint graphs” described in [20]. The following
example shows that the result of Lemma 11.7
cannot be generalized to more general classes of
queries.
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Figure 5: Arc-consistent constraint network with redundant nodes

Example 11.8 The realization of the maximal
arc-consistent problem defined by a D-S evalua-
tion problem can have redundant nodes. Given
the query and database in Fig. 5, since = has to
be mapped to a node with label A, only nodes 1
and 3 are possible images for . Then, as a con-
sequence of arc-consistency, only nodes 2 and 4
(resp. 3 and 5) are possible images for ys (resp.
z). By arc-consistency, values 1 and 5 can be ex-
cluded for y;. The subproblem reached now is arc-
consistent. Its realization contains the redundant
node 3 in the domain of ;. In other examples,
links of the realization may be redundant even if
all nodes are non-redundant.

We summarize the previous results. Lines S
and T follow from Lemma 11.7. Entry D-S follows
from Example 11.8. All other entries are conse-
quences.

Database
S T D G
S| yes yes yes yes
Query T || yes yes yes yes
D{|no no mno no
G| - - - no

Remark 11.9 Even in the situation where the
maximal arc-consistent constraint satisfaction
problems defined by an evaluation problem may
have redundant nodes, there are cases where arc-
consistency algorithms can be used in an indirect
way for computing complete answer aggregates.
Let C be a class of constraint satisfaction problems

closed under refinement such that arc-consistency
plus non-triviality implies consistency, for all
problems (Y, Dom, BC) € C. Let £ denote a class
of query evaluation problems where the transla-
tion of an evaluation problem always yields a con-
straint satisfaction problem in C. Given an arc-
consistency algorithm we can first compute the
maximal arc-consistent problem (X¢g, Dom, BC)
defined by (@, X@, D). We may then check if the
realization (Dom, II) contains redundant nodes in
the following way: for each z € Xg and each
node d € Dom(xz) we consider the refined prob-
lem (Xg,Dom', BC) where Dom'(z) := {d} and
Dom(y) := Dom(y) for y # . We use the given
arc-consistency algorithm to compute the maxi-
mal arc-consistent refinement (X, Dom”, BC) of
(Xq, Dom', BC). Obviously, if (Xg, Dom”, BC) is
trivial, then node d cannot contribute to a solu-
tion of (X, Dom', BC), which means that node d
is redundant in (Dom,II). Conversely, since arc-
consistency and non-triviality of (X¢, Dom”, BC)
guarantee consistency, there exists a solution of
(Xq, Dom', BC) that assigns d to x, which shows
that d is non-redundant in (Dom, IT). In this way
we may check for each d € Dom(z) redundancy.
Redundant nodes are eliminated (note that this
does not lead to new redundant nodes). The pro-
cess is iterated until we reach an arc-consistent
subproblem (X¢, Dom;, BC) without redundant
nodes. We may now check for each link of its real-
ization (Dom,II;) if it contributes to a solution.
Here we again use the arc-consistency algorithm,
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restricting now the domains of two variables to
singleton sets.

Let (Dom;i,II5) be the variant of (Domy,II;)
where we erase redundant links. Now (Dom;, I15)
is the complete answer aggregate for (Q,XqgD).
Assuming that we have an arc-consistency algo-
rithm running in time O(e - n?) (with e being
the number of edges in the query @) the total
time complexity of the above algorithm is bounded
by the number of edges of (Xg, Dom, BC) times
O(e - n?). This leads to bound O(q - e - n3 - a).

Summing up, we have seen that an arc-
consistency algorithm can be used for computing
complete answer aggregates in time O(q-e-n?-a),
provided that for the constraint satisfaction prob-
lems obtained via translation arc-consistency and
non-triviality implies consistency. We shall now
discuss for which evaluation problems this strat-
egy can be used.

11.2 When does arc-consistency and
non-triviality imply consistency?

Let (Q,Xg,D) be an evaluation problem, let
(X@,Dom, BC) be the maximal arc-consistent
problem defined by (Q,Xqg,D). We ask for
which type of evaluation problems non-triviality
of (X¢q, Dom, BC) guarantees that @) has at least
one answer in D. First we treat the case of se-
quence databases.

Definition 11.10 A relation R on a sequence
database D = (N,E,Ly,Lg,AL,AR) is directed
iff for all R(d, e) the pair (d,e) is in the transitive
closure < of E. A directed relation R is tolerant
iff for all d < d' < €’ < e such that R(d,e) and
R(d',€') we have R(d,¢').

Note that children relationship —1, descendant re-
lationship —, as well as labeled children relation-
ship — ¢ are tolerant.

Lemma 11.11 Let D = (N, E, LN,LE,AL,AE)
be a sequence database. Assume that the con-
straint satisfaction problem (Y, Dom, BC) over D
is arc-consistent. Assume that all binary relations
occurring in BC are tolerant. Then (Y, Dom, BC)
is consistent iff it is non-trivial.

Proof. Clearly triviality of (Y, Dom, BC) im-
plies inconsistency. Assume now that Dom(y) #
for all z € Y. For each x € Y, let d; denote
the minimal element of Dom(z) with respect to
the transitive closure < of E. We show that
i x — dy defines a solution of (Y, Dom, BC).

Let R(z,y) be any binary constraint in BC.
Since (Y, Dom, BC) is arc-consistent, there exists
some d;, € Dy such that R(dy,dy). Since R is
directed we have d, < d;. Similarly there exists
d}, € D, such that d}, < dy and R(d},dy). By
choice of d; and d, we have d, < d}, as well as
dy < dj. Since R is tolerant we have R(dy,dy).
We have seen that u satisfies all relations in BC.
Hence 4 is a solution of (Y, Dom, BC). O

Corollary 11.12 There exists an algorithm that
computes the complete answer aggregate for eval-
uation problems over sequence databases in time
O(q-e-n?-a) (with e being the number of edges
in Q).

Proof. This follows from Remark 11.9 and
Lemma 11.11 since children relationship —1, de-
scendant relationship —, labeled children rela-
tionship — are tolerant. O

From Lemma 6.1 and Remark 11.9 it follows
already that the result of Lemma 11.11 cannot be
extended to the case of tree databases. We add
explicit counterexamples.

Example 11.13 The maximal arc-consistent
constraint problem defined by a D-T evaluation
problem can be non-trivial but inconsistent. For
the query and database in Fig. 6, label constraints
show that only nodes 2 and 3 are possible images
for y;. By arc-consistency, only nodes 1 and 2
are possible images for variable . The only node
with label C' in depth 5 below 2 (resp. 3) is 7
(resp. 8). Each of the nodes 7 and 8 has exactly
one ancestor with label B.

The realization of the resulting arc-consistent
problem on the right-hand side in Fig. 6 shows
that there is no solution.
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Query Database

Maximal arc-consistent subproblem

Figure 6: Arc-consistent constraint network having no solution

The following table summarizes the re-
sults. Entries in the first column follow from
Lemma 11.11. Entry D-T follows from Exam-
ple 11.13. The remaining entries in columns D
and G are consequences. Entry T-G follows from
Lemma 11.7. The remaining entries in lines S and
T are consequences.

Database
S T D G
yes yes yes yes
yes yes yes yes
yes no no no
- no

Query

QO3 wm
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