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SIZE BOUNDS AND QUERY PLANS FOR RELATIONAL JOINS*

ALBERT ATSERIAST, MARTIN GROHE}, AND DANIEL MARXS

Abstract. Relational joins are at the core of relational algebra, which in turn is the core of the
standard database query language SQL. As their evaluation is expensive and very often dominated
by the output size, it is an important task for database query optimizers to compute estimates on
the size of joins and to find good execution plans for sequences of joins. We study these problems
from a theoretical perspective, both in the worst-case model and in an average-case model where
the database is chosen according to a known probability distribution. In the former case, our first
key observation is that the worst-case size of a query is characterized by the fractional edge cover
number of its underlying hypergraph, a combinatorial parameter previously known to provide an
upper bound. We complete the picture by proving a matching lower bound and by showing that
there exist queries for which the join-project plan suggested by the fractional edge cover approach
may be substantially better than any join plan that does not use intermediate projections. On the
other hand, we show that in the average-case model, every join-project plan can be turned into a plan
containing no projections in such a way that the expected time to evaluate the plan increases only
by a constant factor independent of the size of the database. Not surprisingly, the key combinatorial
parameter in this context is the maximum density of the underlying hypergraph. We show how to
make effective use of this parameter to eliminate the projections.
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1. Introduction. The join operation is one of the core operations of relational
algebra, which in turn is the core of the standard database query language SQL.
The two key components of a database system executing SQL queries are the query
optimizer and the execution engine. The optimizer translates the query into several
possible execution plans, which are basically terms of the relational algebra (also
called operator trees) arranging the operations that have to be carried out in a tree-
like order. Using statistical information about the data, the optimizer estimates the
execution cost of the different plans and passes the best one on to the execution
engine, which then executes the plan and computes the result of the query. See [3]
for a survey of query optimization techniques.

Among the relational algebra operations, joins are usually the most costly, simply
because a join of two relations, just like a Cartesian product of two sets, may be much
larger than the relations. Therefore, query optimizers pay particular attention to
the execution of joins, especially to the execution order of sequences of joins, and to
estimating the size of joins. In this paper, we address the very fundamental questions
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of how to estimate the size of a sequence of joins and how to execute the sequence best
from a theoretical point of view. While these questions have been intensely studied in
practice, and numerous heuristics and efficiently solvable special cases are known (see,
e.g., [3,9, 7]), the very basic theoretical results we present here and their consequences
apparently have not been noticed so far. Our key starting observation is that the size of
a sequence of joins is tightly linked to two combinatorial parameters of the underlying
database schema, the fractional edge cover number and the mazximum density.

To make this precise, we need to get a bit more technical: A join query @ is an
expression of the form

(11) Rl(all, .. .,alrl) D - D] Rm(aml, . ,amrm),

where the R, are relation nmames with attributes a1, ...,a;,. Let A be the set of
all attributes occurring in @ and n = |A|. A database instance D for @ consists of
relations R;(D) of arity r;. It is common to think of the relation R;(D) as a table
whose columns are labeled by the attributes a;i,...,a:, and whose rows are the
tuples in the relation. The answer, or set of solutions, of the query @ in D is the
n-ary relation Q(D) with attributes A consisting of all tuples ¢ whose projection on
the attributes of R; belongs to the relation R;(D) for all i. Hence we are considering
natural joins here. (All of our results can easily be transferred to equijoins, but not
to general 6-joins.) Now the most basic question is how large Q(D) can get in terms
of the size of the database |D|, or more generally, in terms of the sizes of the relations
R;. We address this question both in the worst case and the average case, and also
subject to various constraints imposed on D.

Example. At this point a simple example would probably help readers to under-
stand what we are after. Let R(a,b), S(b,¢), and T(c,a) be three relations on the
attributes a, b, and c¢. Consider the join query

Q(a,b,c) :== R(a,b) x S(b,c) x T(c,a).

The answer of @ is precisely the set of triples (u, v, w) such that (u,v) € R, (v,w) € S
and (w,u) € T. How large can the answer size of ) get as a function of |R|, |S]|,
and |T|? First note that a trivial upper bound is |R| - |S| - |T|. However, one quickly
notices that an improved bound can be derived from the fact that the relations in
Q@ have overlapping sets of attributes. Indeed, since any solution for any pair of
relations in Q determines the solution for the third, the answer size of @) is bounded
by min{|R|-|S|,|S|-|T|,|T|-|R|}. Now, is this the best general upper bound we can
get as a function of |R|, |S|, and |T'|? As it turns out, it is not. Although not obvious,
it will follow from the results in this paper that the optimal upper bound in this case
is v/|R| - |S]-|T|: the answer size of Q is always bounded by this quantity, and for
certain choices of the relations R, S, T, this upper bound is achieved.

In addition to estimating the answer size of join queries, we also study how to
exploit this information to actually compute the query. An ezecution plan for a join
query describes how to carry out the evaluation of the query by simple operations
of the relational algebra such as joins of two relations or projections. The obvious
execution plans for a join query break up the sequence of joins into pairwise joins
and arrange these in a tree-like fashion. We call such execution plans join plans. As
described in [3], most practical query engines simply arrange the joins in some linear
(and not even a tree-like) order and then evaluate them in this order. However, it is
also possible to use other operations, in particular projections, in an execution plan
for a join query. We call execution plans that use joins and projections join-project
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plans. It is one of our main results that, even though projections are not necessary
to evaluate join queries, their use may speed up the evaluation of a query superpoly-
nomially.

Fractional covers, worst-case size, and join-project plans. Recall that
an edge cover of a hypergraph H is a set C of edges of H such that each vertex is
contained in at least one edge in C, and the edge cover number p(H) of H is the
minimum size among all edge covers of H. A fractional edge cover of H is a feasible
solution for the linear programming relaxation of the natural integer linear program
describing edge covers, and the fractional edge cover number p*(H) of H is the cost
of an optimal solution. With a join query @ of the form (1.1) we can associate a
hypergraph H(Q) whose vertex set is the set of all attributes of @) and whose edges
are the attribute sets of the relations R;. The (fractional) edge cover number of Q
is defined by p(Q) = p(H(Q)) and p*(Q) = p*(H(Q)). Note that in the example of
the previous paragraph, the hypergraph H(Q) is a triangle. Therefore in that case
p(Q) = 2 while it can be seen that p*(Q) = 3/2.

An often observed fact about edge covers is that, for every given database D,
the size of Q(D) is bounded by |D|?(?), where |D| is the total number of tuples in
D. Much less obvious is the fact that the size of Q(D) can actually be bounded
by |D|?" (@), as proved by the second and third author [10] in the context (and the
language) of constraint satisfaction problems. This is a consequence to Shearer’s
lemma [4], which is a combinatorial consequence of the submodularity of the entropy
function and is closely related to a result due to Friedgut and Kahn [6] on the number
of copies of a hypergraph in another. Our first and most basic observation is that
the fractional edge cover number p*(Q) also provides a lower bound to the worst-case
answer size: we show that for every @, there exist arbitrarily large databases D for
which the size of Q(D) is at least (|D|/|Q|)? (?). The proof is a simple application of
linear programming duality. Another result from [10] implies that for every join query
there is a join-project plan, which can easily be obtained from the query and certainly
be computed in polynomial time, that computes Q(D) in time O(|Q|? - |D|P"(@+1).
Our lower bound shows that this is optimal up to a polynomial factor (of |Q[>**™ (@) .
|D|, to be precise). In particular, we get the following equivalences giving an exact
combinatorial characterization of all classes of join queries that have polynomial size
answers and can be evaluated in polynomial time.

THEOREM 1. Let Q be a class of join queries. Then the following statements are
equivalent:

1. Queries in Q have answers of polynomial size.

2. Queries in Q can be evaluated in polynomial time.

3. Queries in Q can be evaluated in polynomial time by a join-project plan.
4. Q has bounded fractional edge cover number.

Note that it is not even obvious that the first two statements are equivalent, that
is, that for every class of queries with polynomial size answers there is a polynomial
time evaluation algorithm. (The converse, of course, is trivial.)

Hence with regard to worst-case complexity, join-project plans are optimal (up
to a polynomial factor) for the evaluation of join queries. Our next result is that join
plans are not: We prove that there are arbitrarily large join queries ) and database
instances D such that our generic join-project plan computes Q(D) in at most cubic
time, whereas any join plan requires time |D|?°21QD to compute Q(D). We also
observe that this bound is tight, i.e., the ratio of the exponents between the best join
plan and the best join-project plan is at most logarithmic in |@|. Hence incorporating
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projections into a query plan may lead to a superpolynomial speed-up even if the
projections are completely irrelevant for the query answer.

Maximum density, average-case size, and join plans. Consider the model
D(N, (pr)) of random databases where the tuples in each relation R are chosen ran-
domly and independently with probability pr = pr(N) from a domain of size N. This
is the analogue of the Erdés—Rényi model of random graphs adapted to our context.
It is easy to see that, for D from D(N, (pr)), the expected size of the query answer
Q(D) is N™ - [[zpr, where n is the number of attributes and the product ranges
over all relation names R in (. The question is whether |Q(D)| will be concentrated
around the expected value. This is governed by the mazimum density 6(Q, (pr))
of the query, a combinatorial parameter depending on the hypergraph of the query
and the probabilities pg. An application of the second moment method shows that
if 6 = log N — w(1), then |Q(D)] is concentrated around its expected value, and if
0 = log N4w(1), then |Q(D)| = 0 almost surely (a.s.). We observe that the maximum
density 0 can be computed in polynomial time using max-flow min-cut techniques.

In view of the results about the worst case, it is a natural question whether join-
project plans are more powerful than join plans in the average case setting as well.
It turns out that this is not the case: We show that every join-project plan ¢ for
Q) can be turned into a join plan ¢’ for which the expected execution time increases
only by a constant factor independent of the database. This may be viewed as our
main technical result. The transformation of ¢’ into ¢ depends on a careful balance
between delaying certain joins in order to reduce the number of attributes considered
in each subquery occurring in the plan and keeping as many joins as possible in order
to increase the density of the subquery. The choice of which subqueries to delay and
which to keep is governed by a certain submodular function related to the density of
the subqueries.

Size and integrity constraints. So far, we considered worst-case bounds which
make no assumptions on the database, and average-case bounds which assume a
known distribution on the database. However, practical query optimizers usually ex-
ploit additional information about the databases when computing their size estimates.
We consider the simplest such setting where the sizes of the relations are known (called
histograms in the database literature), and we want to get a (worst-case) estimate on
the size of Q(D) subject to the constraint that the relations in D have the given sizes.

By suitably modifying the objective function of the linear program for edge covers,
we obtain results analogous to those obtained for the unconstrained setting. A notable
difference between the two results is that here the gap between upper and lower
bound becomes 2~", where n is the number of attributes, instead of |Q|~* . We give
an example showing that the gap between upper and lower bound is essentially tight.
However, this is not an inadequacy of our approach through fractional edge covers but
is due to the inherent complexity of the problem: by a reduction from the maximum
independent-set problem on graphs, we show that, unless NP = ZPP, there is no
polynomial time algorithm that approximates the worst-case answer size |Q(D)]| for
given @ and relation sizes Ny by a better-than-exponential factor.

Besides the actual sizes of the relations, one could consider other pieces of infor-
mation that are relevant for estimating the answer size of a query, such as functional
dependencies or other integrity constraints that the databases may be specified to
satisfy. For example, if an attribute or a set of attributes plays the role of a key in a
relation, then the size of that relation is bounded by the size of its projection on the
key attributes, and therefore it suffices to analyze the contribution of those attributes
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to the maximum answer size of the query. In the preliminary version of this paper
we announced some partial results in this direction for the case of simple functional
dependencies. Since then, the problem of analyzing the answer size subject to general
functional dependencies has been addressed in its own right in the more recent works
[8] and [15].

Organization. In section 2 we introduce notation and the basic definitions. In
section 3 we state and prove the bounds in the worst-case model. Lemmas 2 and 4
state the upper bound and the lower bound, respectively. Theorem 6 states the
fact that, for queries of bounded fractional edge cover number, join-project plans
can evaluate the query in polynomial time, and Theorem 7 states that, in contrast,
join-only plans cannot. In section 4 we incorporate size constraints into the analysis.
Theorem 10 states the upper and lower bounds for this case, and Theorem 11 states
that approximating the maximum output-size better than what Theorem 10 gives is
NP-hard. In section 5 we study the average-case model. In Theorems 15 and 16
we estimate the output-size as a function of the maximum density of the query. In
Theorem 20 we show how to exploit the average-case model to remove projections
from any join-project plan without affecting the run-time by more than a constant
factor, on average.

2. Preliminaries. For integers m < n, by [m,n] we denote the set {m,m +
1,...,n} and by [n] we denote [1,n]. All our logarithms are base 2.

Our terminology is similar to that used in [1]: An attribute is a symbol a with
an associated domain dom(a). If not specified otherwise, we assume dom(a) to be an
arbitrary countably infinite set, say, N. Sometimes, we will impose restrictions on the
size of the domains. A relation name is a symbol R with an associated finite set of
attributes A. For a set A = {aq,...,a,} of attributes, we write R(A) or R(a1,...,a,)
to denote that A is the set of attributes of R. The arity of R(A) is |A|. A schema is
a finite set of relation names. If 0 = {R(A1),..., R(An)}, we write A, for |J, A;.

For a set A of attributes, an A-tuple is a mapping t that associates an element
t(a) from dom(a) with each a € A. Occasionally, we denote A-tuples in the form
t = (tq : a € A), with the obvious meaning that ¢ is the A-tuple with ¢(a) = ¢,. The
set of all A-tuples is denoted by tup(A). An A-relation is a set of A-tuples. The
active domain of an A-relation R is the set {t(a) : t € R,a € A}. The projection of
an A-tuple ¢ to a subset B C A is the restriction w5 (t) of t to B, and the projection
of an A-relation R is the set mg(R) = {mp(t) : t € R}.

A database instance D of schema o, or a o-instance, consists of an A-relation
R(D) for every relation name R in o with set of attributes A. The active domain of
D is the union of active domains of all its relations. The size of a o-instance D is
D] = S e, IR(D)|

A join query is an expression
Q = Rl(Al) D - ] Rm(Am),

where R; is a relation name with attributes A;. The schema of @ is {R1,..., Rm},
and the set of attributes of Q) is |J; Ai. We often denote the set of attributes of a
join query @ by Ag, and we write tup(Q) instead of tup(Ag). The size of Q is
Q| =3, |Ai|]. We write H(Q) for the (multi)hypergraph that has vertex-set Ag and
edge-(multi)set {A1,..., An}. If Dis an {Ry,..., R, }-instance, the answer of @ on
D is the Ag-relation

Q(D) = {t € tup(Aq) : ma,(t) € R;i(D) for every i € [m]}.
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A join plan is a term built from relation names and binary join operators. For example,
(Rl > RQ) > (Rg > R4) and ((Rl > RQ) > Rg) > (Rl > R4) are two jOiIl plans
corresponding to the same join query Ry <1 Ro I} Rg <1 Ry. A join-project plan is a
term built from relation names, binary join operators, and unary project operators.
For example, (ma(R1) > Rg) 1 mp(Ry) is a join-project plan. Join-project plans
have a natural representation as labeled binary trees, where the leaves are labeled
by relation names, the unary nodes are labeled by projections 74, and the binary
nodes are labeled by joins. Evaluating a join plan or join-project plan ¢ in a database
instance D means substituting the relation names by the actual relations from D and
carrying out the operations in the expression. We denote the resulting relation by
©(D). A join(-project) plan ¢ is a plan for a query @ if (D) = Q(D) for every
database D. The subplans of a join(-project) plan are defined in the obvious way. For
example, the subplans of (Rl > RQ) > 7TA(R3 > R4) are Rl, RQ, Rg, R4, Rl X RQ,
R3 <1 Ry, ma(R3 > Ry), (R1 <1 Ro) dxima(Rs 1 Ry). If ¢ is a join-project plan, then
we often use A, to denote the set of attributes of the query computed by ¢ (this only
includes “free” attributes and not those projected away by some projection in ¢), and
we write tup(y) instead of tup(Ay).

3. Worst-case model. In this section, we study the worst-case model in which
we make no assumptions at all on the database. First we discuss the estimates on the
answer-size of join queries, and then we address the question of query plans for such
queries.

3.1. Size bounds. Let @ be a join query with schema o. For every R € o, let
AR be the set of attributes of R, so that A, = J, Ar. The fractional edge covers are
precisely the feasible solutions (zg : R € o) for the following linear program L¢, and
the fractional edge cover number p*(Q) is the cost of an optimal solution:

Lg: minimize ) g
(3.1) subject t0 Y p.,ca,TrR > 1 foralla € 4,,
zr >0 for all R € o.

By standard arguments, there always is an optimal fractional edge cover whose values
are rational and of bit-length polynomial in |@|. As observed in [10], fractional edge
covers can be used to give an upper bound on the size of a query.

LEMMA 2 (see [10]). Let Q be a join query with schema o and let D be a o-
instance. Then for every fractional edge cover (xr : R € o) of @ we have

Q(D)| < [[ IR(D)[*" = 25nea wnlosliiol,
Reo

Note that the fractional edge cover in the statement of the lemma is not necessarily
one of minimum cost. For the reader’s convenience, we give a proof of this lemma,
which is actually a simplification of the proof in [10].

The proof of Lemma 2 is based on a combinatorial lemma known as Shearer’s
lemma. The lemma appeared first in [4], where it is attributed to Shearer. The
entropy of a random variable X with range U is

h[X]:=— Y Pr[X = 2]logPr[X = z].
zecU

Shearer’s lemma gives an upper bound on the entropy of a distribution on a product
space in terms of the entropies of its marginal distributions.
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LEMMA 3 (Shearer’s lemma). Let X = (X; | i € I) be a random variable, and let
Aj, for j € J, be (not necessarily distinct) subsets of the index set I such that each i €
I appears in at least k of the sets Aj. For every B C I, let Xp = (X; |t € B). Then

m
> h[Xa,] > k- h[X].
j=1

A simple proof of the lemma can be found in [14].

Now we are ready to prove Lemma 2.

Proof of Lemma 2. Let Ag be the set of attributes of R € o so that A, = Jy Ar.
Without loss of generality we may assume that the fractional edge cover zr only
takes rational values, because the rationals are dense in the reals. Let pr and ¢ be
nonnegative integers such that g = pr/q. Let m =) ppgr, and let A;,..., A, be
a sequence of subsets of A, that contains precisely pr copies of the set Agr for all
R € 0. Then every attribute a € A, is contained in at least ¢ of the sets A;, because

[{i € [m]:a€ A} = Z PR = q- Z TR > q.

R:a€AR R:a€AR
Let X = (X, | a € A,) be uniformly distributed on Q(D), which we assume to be
nonempty, as otherwise the claim is obvious. That is, for every tuple t € Q(D) we
have Pr[X = t] = 1/|Q(D)|, and for all other A-tuples we have Pr[X = ¢] = 0. Then
h[X] = log|Q(D)|. We apply Shearer’s lemma to the random variable X and the
sets Ar for R € 0. (Thus we have I = A, and J = o.) Note that for every R € o
the marginal distribution of X on Ag is 0 on all tuples not in R(D). Hence the
entropy of X4, is bounded by the entropy of the uniform distribution on R(D), that
is, h[X ] <log|R(D)|. Thus by Shearer’s lemma, we have

> pr-log|R(D)| > > prh[Xaz) =Y h[Xa]>q-h[X]=q-log|Q(D)].

Reo Reo =1
It follows that

|Q(D)| < 22req(Pr/a)log[R(D)] — H |R(D)|"%. O
Reo
The next lemma shows that the upper bound of the previous lemma is tight.
LEMMA 4. Let Q be a join query with schema o, and let (xgr : R € o) be an

optimal fractional edge cover of Q. Then for every Ny € N there is a o-instance D
such that |D| > Ny and

Q)| > [ IRMD)[.
Reo
Furthermore, we can choose D in such a way that |R(D)| = |R'(D)| for all R,R' € o
with xg,xp > 0.

Proof. Let Ag be the set of attributes of R € ¢ so that A, = (J; Ar. Recall
that (zr : R € o) is an optimal solution for the linear program (3.1). By linear-
programming-duality (LP-duality), there is a solution (y, : a € A,) for the dual
linear program

maximize Y, Ya
(3.2) subject to Y. 4. ¥a <1 forall R€ o,
Yo >0 for all a € A,

such that Y v, = > p@r. There even exists such a solution with rational values.
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We take an optimal solution (y, : a € A,) with y, = p./q, where ¢ > 1 and
pa > 0 are integers. Let Ny € N, and let N = Ng. We define a o-instance D by
letting

R(D) := {t € tup(AR) : t(a) € [NPe/9] for all a € AR}

for all R € 0. Here we assume that dom(a) = N for all attributes a. As there is at
least one a with y, > 0 and hence p, > 1, we have |D| > N'/9 = Ny. Observe that

|R(D)| — H Npa/q — NzaeAR Ya S N

a€EAR

for all R € 0. Furthermore, Q(D) is the set of all tuples ¢ € tup(4,) with ¢(a) €
[NP2/4] for every a € A,. Hence

|Q(D)| = H NPa/9 — N2acas Yo — N2reo TR — H N®R > H |R(D)|*",
acA Reo Reo

as required. To see that |R(D)| is the same for every relation R with zr > 0, we
argue as follows. By complementary slackness of linear programming we have

Z Yo =1 forall R € o with zg > 0.
a€AR

Thus |R(D)| = N for all R € ¢ with g > 0 and

QD) =[] N*= =[] IrD)I=. 1

Reo Reo

Now we show how Lemmas 2 and 4 give the equivalence between statements (1)
and (4) of Theorem 1. Assume (1) and let ¢ > 0 be a constant such that |Q(D)| < |D|*
for every @ € Q and every instance D. For a fixed join query Q € Q, if (z}; : R € 0)
denotes the optimal fractional edge cover of ), Lemma 4 states that there exist
arbitrarily large instances D such that |R(D)| = |D|/|o| for every R € ¢ and

QD) = [] IRD)I* = (IDI/|1Q|)Zre*k = (ID|/|Q])”" (.

Reo

In paricular, there exist arbitrarily large instances D for which (|D|/|Q|)? (@) < |DIe.
It follows that p*(Q) < ¢ and hence (4) in Theorem 1. The converse is even more
direct. Assume (4) and let ¢ > 0 be a constant such that p*(Q) < ¢ for every Q € Q.
For a fixed join query @ € Q, if (z}, : R € o) denotes the optimal fractional edge
cover of ), Lemma 2 states that for every instance D we have

QD) < T] IRMD)F < |D[Snee i = | D" @),
Reo

It follows that |Q(D)| < |D|¢ for every D and hence (1) in Theorem 1.

3.2. Execution plans. It was proved in [10] that there is an algorithm for
evaluating a join query @ in a database D that runs in time O(|Q[?-|D|P" (@+1). An
analysis of the proof shows that the algorithms can actually be cast as the evaluation
of an explicit (and simple) join-project plan. For the reader’s convenience, we give a
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proof of this fact here. Combined with the bounds obtained in the previous section,
this yields Theorem 1.

We define the size of a k-ary relation R to be the number ||R|| := |R| - k. The
bounds stated in the following fact depend on the machine model; the statement we
give is based on standard random access machines with a uniform cost measure. Other
models may require additional logarithmic factors.

Facr 5. The following hold:

1. The join RS of two relations R and S can be computed in time O(||R|| +
[IS]] + [[R b S[]).

2. The projection mg(R) of an A-relation R to a subset B C A can be computed
in time O(||R]|).

For details and a proof of the fact, we refer the reader to [5]. The following
theorem gives the promised join-project plan.

THEOREM 6. For every join query Q, there is a join-project plan for Q) that can
be evaluated in time O(|Q|* - |D p*(Q)“) on every given instance D. Moreover, there
is a polynomial-time algorithm that, given Q, computes the join-project plan.

Proof. Let Q@ = R1(A1) -+ 1 R,,,(Ay,) be a join query and D an instance for Q.
Suppose that the attributes of @ are {a1,...,an}. For i € [n], let B; := {a1,...,a;}.
Furthermore, let

p1:= (- (7B, (R1) M 7, (R2)) > -+ - > 7, (Rin)),
Pit+1 ‘= ( . (((Pz > TBit1 (Rl)) > TBit1 (Rg)) DJ - D] TBit1 (Rm)) for all 4 > 1.

It is easy to see that for every ¢ € [n] it holds that ¢;(D) = 7p,(Q(D)) and hence
en(D) = Q(D). Hence to compute Q(D), we can evaluate the join-project plan ¢,,.

To estimate the cost of the evaluating the plan, we need to establish the following
claim: For every i € [n] we have |p;(D)| < |D|?" (?). To see this, we consider the join
query

Qi I:Rlibﬂ'-'DﬂRmi,

where Rji is a relation name with attributes B; N A;. The crucial observation is that
p*(Q:) < p*(Q), because if (xr : R € o) is fractional edge cover of ), then letting
xR = xg for every R € o we get a fractional edge cover of Q); of the same cost. If we
let D; be the database instance with R;’(D;) := np,(R;) for all j € [m], then we get

©i(D) = Q;(D;) < |Dy|P" (@) < | D" @),

This proves the claim.
We further observe that all intermediate results in the computation of ¢;41(D)
from ¢;(D) are contained in

(PZ(D) X U,

where U is the active domain of D. Hence their size is bounded by |¢;(D)| - |D| <
|D|P"(@+1and by Fact 5 they can be computed in time O(|D]?"(@+1). Overall, we
have to compute n - m projections, each requiring time O(D), and n - m joins, each
requiring time O(|D|?"(@+1). This yields the desired running time. O

We shall prove next that join plans perform significantly worse than join-project
plans. Note that to evaluate a join plan one has to evaluate all its subplans. Hence
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for every subplan ¢ of ¢ and every instance D, the size |¢p(D)| is a lower bound for
the time required to evaluate ¢ in D.
THEOREM 7. For every m, N € N there are a join query Q and an instance D
with |Q| > m and |D| > N, and the following hold:
1. p*(Q) <2 and hence |Q(D)| < |D|? (actually, |Q(D)| < |D|).
2. Every join plan ¢ for Q has a subplan ¢ such that |(D)| > |D|%1°g‘Q‘,
Proof. Let n = (2::) For every s C [2m] with |s| = m, let a5 be an attribute
with domain N. For every ¢ € [2m], let R; be a relation name having as attributes
all as such that i € s. Let A; be the set of attributes of R; and A = {J;¢(,,) Ai- The

arity of R; is
44 = 2m —1 _m 2m _n
T A\m=1) 2m m/) 2

Let @ := Ry < -+ < Ray,. Then |Q] = 2m - n/2 = m - n. Furthermore, p*(Q) < 2.
To see this, let g, = 1/m for every ¢ € [2m]. This forms a fractional edge cover of
@, because for every s C [2m] with |s| = m, the attribute as appears in the m atoms
R; with ¢ € s.

Next, we define an instance D by letting R;(D) be the set of all A;-tuples that
have an arbitrary value from [N] in one coordinate and 1 in all other coordinates.
Formally,

R;(D) := U ﬂ {t € tup(A;) : t(a) € [N],t(b) = 1}.

a€A; beAi\a
Observe that |R;(D)| = (N —1)n/2 + 1 for all i € [2m] and thus
|D| = (N —1)mn+2m > N.

Furthermore, Q(D) is the set of all A-tuples that have an arbitrary value from [N]
in one attribute and 1 in all other coordinates. (It is not possible that two attributes
have value different from 1, as every two attributes appear together in some relation.)
Hence |Q(D)| = (N — 1)n+ 1 < |D|. This completes the proof of (1).

To prove (2), we shall use the following simple (and well-known) combinatorial
lemma.

LEMMA 8. Let T be a binary tree whose leaves are colored with 2m colors for
some m > 1. Then there exists a node t of T such that at least (m+2)/2 and at most
m + 1 of the colors appear at leaves that are descendants of t.

Proof. For every node t of T, let ¢(t) be the number of colors that appear at
descendants of T'. The height of a node t is the length of the longest path from ¢ to
a leaf.

Let t be a node of minimum height such that ¢(t) > m + 2, and let uy, us be the
children of ¢t. (Note that ¢ cannot be a leaf because ¢(t) > 2.) Then ¢(u;) < m+1 for
¢ = 1,2. Furthermore, c(u1) + c¢(u2) > ¢(t), and hence c(u;) > (m 4+ 2)/2 for at least
one 4. d

Continuing the proof of the theorem, we let ¢ be a join plan for ). We view the
term ¢ as a binary tree T whose leaves are labeled by atoms R;. We view the atoms as
colors. Applying the lemma, we find a node ¢ of T such that at least (m+2)/2 and at
most m + 1 of the colors appear at leaves that are descendants of ¢. Every inner node
of the tree corresponds to a subplan of ¢. We let 9 be the subplan corresponding to
t. Then at least (m + 2)/2 and at most m + 1 atoms R; appear in ¢. By symmetry,
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we may assume without loss of generality that the atoms of ¥ are Ry, ..., Ry for some
¢ € [[(m+2)/2],m+ 1]. Hence ¢ is a plan for the join query

R11><1~-~[>4Rg.

Let B := Ule A; be the set of all attributes occurring in 1. For i € [m + 1], let
si = {i} U [m+ 2,2m]. Then for all ¢, € [¢] we have a5, € A; if and only if i = j.
Hence all tuples t € tup(B) with t(as,) € [N] for all i € [¢] and ¢(b) = 1 for all
be B\ {as,,.-.,as,} are contained in 1)(D). As there are N* such tuples, it follows
that

(@) > N* > NU+2/2,
Statement 2 of the lemma follows, because
log |Q| = logm + logn < logm + log2°™ =logm +2m < 5- (m + 2)/2,

provided m is large enough, which we may assume without loss of generality. O

Statement 2 of the theorem implies that any evaluation algorithm for the query
@ based on evaluating join plans, which may even depend on the database instance,
has a running time at least |D|Q(log QD) This is to be put in contrast with the running
time O(|Q|? - |DJ?) from Theorem 6. It is a natural question to ask if the difference
can be even worse, i.e., more than logarithmic in the exponent.

Using the well-known fact that the integrality gap of the linear program for edge
covers is logarithmic in the number of vertices of the hypergraph (that is, attributes
of the join query), we prove below that for every query @ there is a join plan ¢ that
can be evaluated in time O(|Q| - |D|?*"(@)1°21QD) "and hence the lower bound is tight
up to a small constant factor.

PROPOSITION 9. For every join query Q, there is a join plan for Q that can be
evaluated in time O(|Q| - | D|??"(@1981QD) on every given instance D.

Proof. Let @ be a join query with schema o. For every R € o let Ag be the set
of attributes of R so that A, = U, Ar. An edge cover of Q is a subset v C o such
that A, C Uge, Ar. The edge cover number p(Q) of @ is the minimum size of an
edge cover for ). Observe that edge covers correspond to {0, 1}-valued fractional edge
covers and that the edge cover number is precisely the cost of the optimal integral
fractional edge cover. It is well known that the integrality gap for the linear program
defining fractional edge covers is H,,, where n = |A,| and H, is the nth harmonic
number (see, for example, [16, Chapter 13]). It is known that H, < 2logn. Now
the join plan consists in first joining the relations that form an edge cover of size
2p*(Q) -log |Q| in arbitrary order and then joining the result with the rest of relations
in arbitrary order. O

Furthermore, the proof of Proposition 9 shows that, for every join query @, there is
a join plan that can be evaluated in time O(|Q|-|D|?(?)), where p(Q) denotes the edge
cover number of Q. However, note not only that | D|*(?) is potentially superpolynomial
over |D|P" (@) but also finding this plan is in general NP-hard. Compare this with the
fact that the join-project plan given by [10] can be found efficiently (see Theorem 6).

4. Size constraints. To estimate the size of joins, practical query optimizers use
statistical information about the database instance such as the sizes of the relations,
the sizes of some of their projections, or histograms. In this section we consider the
simplest such setting where the size of the relations is known, and we prove a (worst-
case) estimate on the size of Q(D) subject to the constraint that the relations in D
have the given sizes.
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4.1. Size bounds under size constraints. Let () be a join query with schema
o. For every R € o, let Agr be the set of attributes of R so that A, = J, Ar. For
every R € o, let Ng be a natural number, and let Lo(Ng : R € o) be the following
linear program:

minimize ), g -log Ng
(4.1) subject to Y p..ca,Tr >1 foralla€ A,
zr >0 for all R € o.

Note that the only difference with Lo as defined in (3.1) is the objective function.
This implies that every feasible solution of Lo(Ng : R € o) is also a fractional edge
cover of Q.
THEOREM 10. Let Q be a join query with schema o and let Np € N for all R € 0.
Let n be the number of attributes of Q, and let (xr : R € o) be an optimal solution of
the linear program Lo(Ngr : R € o).
1. For every D with |R(D)| = Ng for all R it holds that |Q(D)| <[]z Nz".
2. There is a D with |R(D)| = Ng for all R € 0 and |Q(D)| > 27" ][5 Np"*.
Proof. Statement 1 is an immediate consequence of Lemma 2. To prove 2, we
exploit LP-duality again. The LP-dual of Lo(Ng : R € o) is the following linear
program Do(Ng : R € o):

maximize ) Ya
subject to Y .4, Ya <logNgp forall R € o,

Yo > 0 for all a € A,.

Let (yq : @ € A;) be an optimal solution for the dual. Then Y 4 Yo =D pc, TR -
log Ng.
For all a € Ay, let y, =log |2Y] < y,. We set

R = {t € tup(Ag) : t(a) € [23’;} for all a € AR}.
Then

R = T 2% = J] 2] < 2%ecan?s <2leVa = Ny,

a€AR a€AR

We arbitrarily add tuples to R’ to obtain a relation R(D) of size exactly Ng. In the
resulting instance D, we have

1Q(D)| > H Wa > H o¥a—1 — 91 . 9Xaca, Ya = 27" . 93 pe, PRIENR
a€A, a€As

and this is precisely 27" [[ zc, Vg™ O

Even though usually the query is much smaller than the database instance, and
hence we may argue that a constant factor that only depends on the size of the
query is negligible, the exponential factor in the lower bound of Theorem 10(2) is
unpleasant. In the following, we shall prove that the lower bound cannot be improved
substantially. In the next example we show that we cannot replace the lower bound
of Theorem 10(2) by 2=(1=9" ], Ni® for any € > 0. This seems to indicate that
maybe the approach to estimating the size of joins through fractional edge covers is
no longer appropriate in the setting where the size of the relations is fixed. However,
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we shall then see that, in some sense, there is no better approach. In Theorem 11,
we shall prove that there is no polynomial time algorithm that, given a query @ and
relation sizes Npg, for R € o, approximates the worst-case size of the query answer to
a factor better than 2% °

Ezample. We give an example where [[,.. Np" is roughly 2" but |Q(D)]| is
at most 2", where n is the number of attributes of @. Thus the factor 27" in
Theorem 10(2) cannot be replaced with anything greater than 2—(1=¢)7,

Let n € N be an integer, 0 < € < 1 a fixed constant, and A = {ay,...,a,} a set of
attributes with domain N. Let r := |en/logn|. We assume that n is sufficiently large
so that 2" > n holds. For every B € ([Z]), let Rp be an r-ary relation with attributes
B. Furthermore, for every a € A, let R, be a unary relation with the only attribute
a. Let @ be the join of all these relations and let o be the resulting schema.

For every B € ([’Z]), let N, =2"—1, and for every a € A, let Np, = 2. Consider
the linear program Lo(Npg : R € o). We obtain an optimal solution for this linear
program by letting xr, = n/ (7" (f)) and xp, := 0. To see that this is an optimum
solution, observe that y, := log(2" — 1)/r is a feasible solution of the dual-LP with
the same cost.

Now

TT g = (@ = 0N 5 @y s = 1y =200 — o)),

Reo

The second inequality follows from 2" > n, and the last equality holds because, as n
approaches infinity, (1 — 1/n)™ approaches 1/e and r approaches infinity.

To complete the example, we prove that |Q(D)| < 2" for every instance D
respecting the constraints Ng. Let D be a o-instance with |R(D)| = Ng for every
R € 0. From Ng, = 2 it follows that in Q(D) each attribute has at most two values,
and hence we can assume without loss of generality that Q(D) C {0,1}". Thus each
tuple in ¢t € Q(D) can be viewed as a subset A, = {a € A : t(a) = 1} of A. For
every B € (")), it holds that 75(Q(D)) < Ng, = 2" — 1, and hence the Vapnik-
Chervonenkis dimension of Q(D) is less than r. Thus by Sauer’s lemma, we have

|Q(D)| <n" < nen/logn _ 2577,7

as claimed.

4.2. Hardness of better approximation. There is a gap of 2" between the
upper and lower bounds of Theorem 10, which means that both bounds approximate
the maximum size of |Q(D)| within a factor of 2". However, if |Q(D)] is 2°(™), then
such an approximation is useless. We show that it is not possible to find a better
approximation in polynomial time: the gap between an upper and a lower bound
cannot be reduced to 20"~ (under standard complexity-theoretic assumptions).

For the following statement, recall that ZPP is the class of decision problems that
can be solved by a probabilistic polynomial-time algorithm with zero-error. What
this means is that, on any input, the algorithm outputs the correct answer or “don’t
know,” but the probability over the random choices of the algorithm that the answer
is “don’t know” is bounded by 1/2. Obviously P C ZPP C NP, and the assumption
that ZPP # NP is almost as believable as P # NP (see [13]).

THEOREM 11. For a given query @ with schema o and a given set of size con-
straints (Ngr : R € 0), denote by M the mazimum of |Q(D)| over databases satisfying
|R(D)| = Ng for every R € o. If for some € > 0 there is a polynomial-time algorithm
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that, given a query Q with n attributes and size consltrgints Ng, computes two values
My and My with My < M < My and My < Mp2"™ , then ZPP = NP.

For the proof of Theorem 11, we establish a connection between the query size
and the maximum independent set problem (Lemma 13). Then we get our inapprox-
imability result by reduction from the following result by Hastad.

THEOREM 12 (see [11]). If for some eg > 0 there is a polynomial-time algorithm
that, given an n-vertex graph G, can distinguish between the cases a(G) < n and
a(G) > nl=< then ZPP = NP.

Following is the announced connection between worst-case query-size subject to
relation-size constraints and maximum independent sets.

LEMMA 13. Let Q be a join query with schema o and let Ng :== 2 for all R € 0.
Let G be the primal graph of @ and let a(Q) be the size of the mazimum independent
set in G. The mazimum of |Q(D)|, taken over database instances satisfying |R(D)| =
Ng for every R € o, is exactly 2*(5).

Proof. Let Agr be the attributes of R € 0. For this proof we write A instead of
A,. First we give a database D with |Q(D)| > 2*(%). Let I C A be an independent
set of size o(G). Since I is independent, |Ar N I] is either 0 or 1 for every R € o. If
|Agr NI| =0, then we define R(D) to contain a tuple that is 0 on every attribute. If
Ar NI = {a}, then we define R(D) to contain a tuple that is 0 on every attribute
and a tuple that is 1 on a and 0 on every attribute in Ag \ {a}. We claim that

Q(D)={t etup(A):t(a) € {0,1} for all a € I,t(a) =0 for alla € A\ I}.

Clearly, the value of an attribute in I is either 0 or 1, and every attribute in A\ I is
forced to 0. Furthermore, any combination of 0 and 1 on the attributes of I is allowed
as long as all the other attributes are 0. Thus |Q(D)| = 2*(%). Note that a relation
R with |[Agr N I| = 0 contains only one tuple in the definition above. To satisfy the
requirement |R(D)| = Nr = 2, we can add an arbitrary tuple to each such relation
R; this cannot decrease |Q(D)].

Next we show that if |R(D)| = 2 for every relation R € o, then |Q(D)| < 22(%),
Since |R(D)| = 2 for every relation, every attribute in A can have at most two
values in Q(D); without loss of generality it can be assumed that Q(D) C {0,1}4.
Furthermore, it can be assumed (by a mapping of the domain of the attributes) that
the all-0 tuple is in Q(D).

Let S be the set of those attributes that have two values in Q(D), i.e.,

S={aeA:|r(QD))] =2}

For every a € S, let S, be the set of those attributes that are the same as a in every
tuple of Q(D), i.e.,

So={be S :t(a) =t(b) for every t € Q(D)}.

We define a sequence a1, ag, ... of attributes by letting a; be an arbitrary attribute
in S\ Uj<l- Sa;- Let a; be the last element in this sequence, which means that
Ul Sa, = S. We claim that ay, ..., a; are independent in G, implying t < a(G).
Assume that a; and a; (i < j) are adjacent in G; this means that there is an R € o
with a;,a; € Ag. By assumption, the all-0 tuple is in R(D). As a;,a; € S, there has
tobeat; € R(D) with ¢ (az) =landaty € R(D) with tQ(aj) = 1. Since |R(D)| =2
and the all-0 tuple is in R(D), we have t; = to. But this means that a; and a; have
the same value in both tuples in R(D), implying a; € S,,. However, this contradicts
the way the sequence was defined.
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Now it is easy to see that |Q(D)| < 2t < 20(G); by setting the value of ay, ..., ay,
the value of every attribute in S is uniquely determined and the attributes in A\ S
are the same in every tuple of Q(D). O

Proof of Theorem 11. We show that if such My and My could be determined
in polynomial time, then we would be able to distinguish between the two cases of
Theorem 12. Given an n-vertex graph G = (V, E), we construct a query @ with
attributes V and schema ¢ = E. For each edge uv € E, there is a relation R,, with
attributes {u,v}. We set Ng = 2 for every relation R € 0. Observe that the primal
graph of Q is G. Thus by Lemma 13, M = 2%(G),

Set ¢ := ¢/2. In case (1) of Theorem 12, a(G) < n, and hence My < M < 27"
and

My < ML2n1—e < 2n60+n1—€ < 2n1_€0

(if n is sufficiently large). On the other hand, in case (2) we have a(G) > nl=¢,
which implies My > M = 22 > 27" Thys we can distinguish between the two
cases by comparing My with on' % d

5. Average-case model. In this section we assume that the database is ran-
domly generated according to the following model. Let o be a schema and let Ar be
the set of attributes of R € o. For every R € o, let pr : N — (0,1) be a function
of N, and let p(N) = (pr(N) : R € o). We denote by D(N,p(N)) the probabil-
ity space on o-instances with domain [N] defined by placing each tuple ¢t € [N]4r
in R(D) with probability pr(N), independently for each tuple ¢ and each R € o.
Typical probability functions of interest are pr(N) = 1/2, pr(N) = C - N*~I4zl_or
pr(N) = N'=14rllog N. When pr(N) = 1/2 for every R € o, we are dealing with
the uniform distribution over o-instances with domain [N].

5.1. Size bounds and concentration. Let () be a join query with schema o,
let n be the number of attributes of (Q, and let m be the number of relation names in
o. Let X denote the size of the query answer Q(D) when D is taken from D(N, p(N)).
The expectation of X is, trivially,

(5.1) ELX] = N ] pa().
Reo

We want to determine under what circumstances |Q(D)| is concentrated around this
value. For this we need to compute the variance of X, which depends on a parameter
of ) defined next.

For every R € o, let wgr be a positive real weight, and let w = (wgr : R € o).
The density of @ with respect to w is defined as §(Q,w) = %ZR@ wg. Note that
if wg =1 for every R, then the density is m/n. For every B C A,, let Q[B] denote
the subquery induced by B, that is, Q[B] is the subquery formed by all the atoms
R € o that have all attributes in B. The mazimum density of () with respect to w is
0(Q,w) = max{§(Q[B],w) : B C A,, B # 0}.

In applications to random instances, we typically fix wr (V) to logy (1/pr(NV)) and
write 6(Q[B]) and 6(Q) instead of §(Q[B],w) and §(Q,w). For this choice of weights,
a crucial distinction is made according to whether § is larger or smaller than log,(N).
In the first case, there exists subquery @Q[B] whose expected number of solutions is
smaller than 1, and, therefore, by Markov’s inequality, @ itself has no solutions at
all with probability bounded away from 0. In the second case, every subquery has at
least one solution in expectation, and we can bound the variance of X as a function
of 4. Since this will be of use later on, we derive it in detail.
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PROPOSITION 14. If § <logy(N), then
(5.2) V[X] < B[X]?- (2" — 1)20 ~log2 N

Proof. For this proof we write A instead of A,. For every R € o, let Ag be the set
of attributes of R, and for every t € [N]4%, let X (R,t) be the indicator for the event
t € R(D). These are mutually independent random variables and the expectation
of X(R,t) is pr(N). For every t € [N]4, let X(t) be the indicator for the event
t € Q(D). Note that X (t) = [[zc, X(R,tr), where tr denotes the projection of ¢ to
the attributes of R. Also X =), X(t). Toward proving (5.2), let us bound

(5.3) E[X?] =) E[X(s)X(1)].

For every fixed B C A, let Fp be the set of pairs (s,t) € [N]* x [N]4 such that
s(a) = t(a) for every a € B and s(a) # t(a) for every a € A — B. Clearly, (Fg)pca
is a partition of [N]4 x [N]4, and therefore

(5.4) EX(s)X®)] =Y Y E[X(s)X®)].

s,t BCA (s,t)eFB

Now fix some B C A and (s,t) € Fp, and let op be the relations appearing in Q[B].
Observe that since s and t agree on B we have tgp = si for every R € op, and
therefore X (R, sp)X(R,tr) = X(R, sr) for every such R. Hence

(5.5)

X(S)X(t) = H X(Ra SR) H X(R7 tR) = H X(Ra SR)X(R7 tR) H X(RvsR)

Re€o Reo Reo—op R€op

All variables in the right-hand side product are mutually independent because either
they involve different relations or different tuples. Therefore,

(5.6) EXes)X®)] = [[ »k [[ pr=117% [] rr"

Reo—op R€op Reo R€op
The number of pairs (s,t) in F is bounded by N2/4I=IBl Therefore,
57 > E[X()X(®)] < NME] ph ] pr' =FE [X] N1B] IT rz"-
(s,t)EFB Reo Reop Reop

For B = (), the second factor in the right-hand side of (5.7) is 1, and we get E [Xf.
For B # (), we have

(5.8) NPT ppt = N1Pl2IP@B) < (N7123)‘B' < 95 loga N
R€op

where the first inequality holds because & (Q[B]) < 6, and the second inequality holds
because |B| > 0 and § < log,(N). Putting it all together we get

(59 E[X =3 > E[X()X(H] <E[X]"+@" - 1E[X]27 el
BCA (s,t)eFp

Since V [X] =E [X?] - E [X]Z, this proves (5.2). O
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In the following, if X is a random variable defined on the probability space
D(N,p(N)), the expression “X ~ z a.s.” means that for every ¢ > 0 and § > 0,
there exists Ny such that, for every N > Ny, we have Pr[|X — z| < ex] > 1 — 4.
With all this notation, we obtain the following threshold behavior as an immediate
consequence to Markov’s and Chebyshev’s inequalities.

THEOREM 15. Let Q be a join query with schema o and n attributes. For every
Rec o, let pg : N = (0,1), p(N) = (pr(N) : R € 0), and 6(N) = 6(Q, wr(N)) for
wr(N) =logy(1/pr(N)). Let D be drawn from D(N,p(N)) and let X denote the size
of QD).

L. If6(N) =log N —w(1), then X ~ N"[][pc, Pr(N) a.s.
2. If §(N) =log N +w(1), then X =0 a.s.

Proof. For this proof we write A instead of A,. We start with (2). Suppose
that 0(N) = log N + w(1) and fix a large N. Let B C A, B # (, be such that
0(Q,w(N)) = §(Q[B],w(N)). Let Qg = Q[B], let o5 be the schema of Qp, and let
Mp = |Qp(D)|. The expectation of Mp is

NIBI T pr() = 2/B108N—1BI" Snea s 108 /prND)) _ 9IBl(los N=3(Qn))

Reop

Since §(Qp) = 6(Q) and |B| > 0, the hypothesis 6(N) = log N + w(1) implies that
this quantity approaches 0 as N grows. By Markov’s inequality, Mp = 0 a.s., and
therefore M = 0 a.s. because every solution to @) gives a solution to @ p.

For (1) we use the bound on the variance from (14). Fix € > 0 and § > 0. By
Chebyshev’s inequality we have

VIX] _ EXP@" - 1)20 —loga N -1

98 —logy N
E[X]2 — e E[X]? sSTa 2 '

Pr{|X — BIX]| > ¢ E[X] <

Under the hypothesis 6(N) = log N — w(1), the right-hand side is bounded by & for
large enough N. Since E[X] = N" [] ., pr(V), the result follows. O

In certain applications, the concentration defined by “X ~ x a.s.” is not enough.
For example, it may sometimes be necessary to conclude that Pr[|X — x| < ex] >
1 — N9 for every € > 0 and d > 0 in order to apply a union bound that involves a
number of cases that grow polynomially with N. Accordingly, for a random variable
X, the expression “X ~ z polynomially a.s.” means that for every ¢ > 0 and d > 0,
there exists Ny such that for every N > Ny we have Pr[|X —z| <ex] > 1 - N~%

It turns out that such a strong concentration can also be guaranteed at the expense
of a wider threshold width in Theorem 15: instead of logy(N) — w(1) versus logy(N) +
w(1), we require log,(N) — w(loglog(N)) versus log,(N) + w(1). This does not follow
from Chebyshev’s inequality, and for the proof we use the polynomial concentration
inequality from [12].

THEOREM 16. Let Q be a join query with schema o and n attributes. For every
R € o, let pr : N — (0,1), p(N) = (pr(N) : R € o), and §(N) = §(Q,wgr(N)) for
wr(N) =logy(1/pr(N)). Let D be drawn from D(N,p(N)) and let X denote the size
of QD).

L. If6(N) =log N —w(loglog N), then X ~ N"[]rc, pr(N) polynomially a.s.
2. If 5(N) =log N +w(1), then X =0 a.s.

For the proof, we will use the polynomial concentration method from [12]. Let
H = (V,E) be a hypergraph with n = |V| and k¥ = max.cg |e|]. For every e € E, let
w(e) be a positive weight. Let {X,, : u € V} be a collection of mutually independent
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random variables, where each X, is an indicator random variable with expected value
py. Here 0 < p, < 1 for every u € V. Let M be the following polynomial: M =
Yecpw(e) [ ce Xu- For every Y C V, let My be the partial derivative of M with
respect to {X, : u € Y}, that is, My = > cp yc, w(€) [[,coy Xu- Let Ey =
E[My], and for every i € {0,...,k}, let B, = max{Ey : Y C V,|Y| = i}. Note that
Ey =E[M]. Let E' = max{F; : 1 <i <k} and F = max{Fy, F'}.

THEOREM 17 (Theorem 7.8.1 in [2]). For every A > 1, it holds that

Pr |[|M — E[M]| > ax(EE")Y2\F| < dpe nF~1,

where ar, = 85k and dj = 2¢2.

For a complete proof of Theorem 16, it is easier to first state the following conse-
quence of Theorem 17 (see also Corollary 4.1.3 in [12]).

COROLLARY 18. For every two reals € > 0 and d > 0 and every integer k > 1,
there exists ng such that, in the setting of Theorem 17, if n > ng and E;/Ey <
(logn)=** for every i € {1,...,k}, then

Pr[|M — E[M]| > ¢E[M]] <n~ %

For a proof, it suffices to choose A(n) = (¢/ax)'/*(logn)? and ngy such that A > 1
and dre **~! < n~? for every n > ng. Note that if E;/Ey < (logn)~**, then
E = FEy and E' < Ey(logn)™**, so ax(EE")/2)\* < ¢Ey and the claim follows.

Proof of Theorem 16. The proof of (2) is the same as in Theorem 15. For (1),
suppose that 6(N) = log N —w(loglog N) and fix a large N. For every R € o, let Ag
be the set of attributes of R, and for every ¢t € [N]4%, let X(R,t) be the indicator
random variable for the event ¢ € R(D). Note that these are mutually independent
random variables and E[X (R, t)] = pr(N) by the definition of the probability space.

Note also that
M=> [ xR tr),
t R€o

where ¢ ranges over all tuples in [N]4, and tr denotes the projection of ¢ to the
attributes of R. We aim for an application of Corollary 18 with the random variables
X(R,t). We define the hypergraph H = (V, E). The set of vertices V is the set of
pairs (R,t), where R € ¢ and ¢t € [N]4&. There is one hyperedge e; in E for every
t € [N]4 that consists of all pairs (R,tg) with R € 0. Thus, the number of vertices
is bounded by mN", where m = |o| and r is the maximum arity of the relations in o.
Furthermore, the maximum size of the edges in H, that is, the k£ in Corollary 18, is
m.
We have

(5.10) Ey=N"[] pr(N).
Reo

Let us bound F; for i > 0. Fix a set of vertices of the hypergraph H, say,
Y C{(R,t): R€ o,t € [N]"R},

with |[Y]| = ¢ > 0. We want to bound Ey /Ey. Let ¢’ be the set of relations R that
appear in Y. Let B be all the attributes of the relations in ¢’. Note that ¢’ C o3,
where op is the schema of Q[B]. This will be of use later.
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Let T be the set of all ¢ € [N]4 such that (R,tr) € Y for every R € o', where, as
before, tp denotes the projection of ¢ to the attributes of R. If there exist ¢; and to
in T that disagree on some attribute of B, then automatically Ey = 0 because then
Y is not included in any hyperedge e; of H and hence My = 0. We may assume then
that all t € T agree on B. This implies |T'| < N"~IBl. Under these conditions we
have

By =E|> [ X@®tr)| <N*B ] pa(N).
teT Reo—o’ Reo—o’
Therefore, recalling (5.10), we bound Ey /Ej by
(5.11)
B 1 B 1 - B\(l_;wrlz log(1/ ,(N)))
N-—IBI —— < N—IBl - _ <N | Tog N Reop 'O8\L/PR ,
1 pr(N) ~ 11 pr(N) ~

Reo’ Reop

where the first inequality holds because o' C op and each pg belongs to (0,1). Using
the hypothesis that §(N) = log N —w(loglog N), we bound (5.11) by (log N)~(“m+1),
We showed then that

By /By < (log N)~(m+h),

and since this holds for an arbitrary Y of size ¢ > 0, the bound is also valid for F;/FEy.
Recall now that the number of vertices |V| of the hypergraph H is at most mN", and
we can bound

(log N)~UmH1) < (log(mN")) ™™ < (log [V])~*™

for large N. The result follows from Corollary 18. d
We conclude this section with a max-flow construction to compute §(Q,w). This
is probably folklore, but as the proof is short we include it anyway for the reader’s
convenience. For every real number § > 0, we build a network N () as follows. The
network has a source s, a target ¢, and |A,| + |o| intermediate nodes. There is a link
of capacity d between s and each a € A,. Each a € A, has a link of infinite capacity
to each R € o with a € Agr. Finally, each R € o is linked to t with capacity wg.
Recall that a cut in the network is a set of links that disconnects the target from the
source. The capacity of the cut is the sum of the capacities of the links in it. Let
v(Q,w, d) be the minimum capacity of all cuts of N(J).
LEMMA 19. The following are equivalent:
L y(Q,w,0) <Y peo WR-
2. 0(Q,w) > 6.
Proof. Assume 6(Q,w) > & and let B C A,, B # (), be such that §(Q[B],w) > 6.
Let op be the schema of Q[B]. Let S be the cut that consists of all links from the
source to the nodes of B and the links from the nodes in ¢ — o to the target. The
capacity of this cut is

|B|§ + Z wR<ZwR+ Z wR:ZwRa

Reo—op R€op Reo—op Re€o

where the inequality follows from §(Q[B],w) > 6.
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Suppose now (Q,w,d) < > pwgr and let S be a cut of minimum capacity. Let
B be the set of a € A, for which the link from the source to a is in S. Let og be
the schema of Q[B]. We claim that S does not contain any link from an R € op to
the target. For if it did, S — {(R,t)} would also be a cut of smaller capacity. Also S
contains all links from an R € o — o to t. For if it did not, S would not be a cut.
(We assume all R have a nonempty set of attributes.) Finally, S does not contain
any link from an a € A, to an R € o because those have infinite capacity. Therefore,
the capacity of S is 0|B| + > rc,_,, wr and smaller than ) wg by hypothesis.
Hence B # () and 6(Q[B],w) > 0. O

By the max-flow min-cut algorithm, it follows that §(Q,w) is computable in
polynomial time.

5.2. Execution plans. Theorem 7 shows that certain queries admit a join-
project plan that cannot be converted into a join plan without causing a superpoly-
nomial increase in the worst-case running time. The following result shows that when
we are considering average-case running time in the random database model, projec-
tions may be eliminated at a very small expected cost.

THEOREM 20. Let Q be a join query with schema o and n attributes. Let ¢ be a
join-project plan for Q. For every R € o, let pr : N — (0,1), p(N) = (pr(N) : R € 0)
and let Dy be drawn from D(N,p(N)). There exists a constant c, depending only ¢,
such that for every large enough N and every T, if E[|¢v(Dn)|] < T for every subplan
¥ of @, then there is a join plan @y for Q such that E[|(Dn)|] < ¢, T for every
subplan 1 of ©}.

That is, informally speaking, for every join-project plan there is a join plan that
is “almost as good.” Note that in Theorem 20, the join plan depends on N. This
is an unavoidable artifact of our model: the probabilities pr(N) can be completely
different for different values of N, and hence it is unavoidable that different plans
could be needed for different V.

The join plan ¢* is obtained by iteratively using a procedure that is capable of
reducing the number of projections by one in such a way that the expected size of each
subplan increases only by a factor depending only on the query. In each iteration,
the procedure selects a subplan 74(pg) of ¢ such that ¢ contains no projections,
i.e., this projection w4 is lowest in the tree representation of . In the first step of
the procedure, we replace ¢y with a join plan ¢f that contains only those relations
appearing in ¢y whose attributes are completely contained in A*, where A* D A is
an appropriate set of attributes from A,. In the second step, the projection 74 is
removed (or, in other words, m4 is replaced by 74+, making it redundant). The key
step of the algorithm is choosing the right A*. If A* is too small, then ¢} is much
less restrictive than g, and hence |74 (g (D))| can be much larger than |74 (¢o(D))].
On the other hand, if A* is too large, then |ma«(¢((D))| can be much larger than
|ma(pp(D))|. The algorithm carefully balances the size of A* between these two
opposing constraints; the choice of A* is based on the minimization of a submodular
function defined below.

Let S C o be a set of relations over the attributes A, and denote by Apr the
attributes of a relation R. For a subset A C A,, let

fs(A) = |AJ(logN —n—1)— > wg(N),
ReS[A]

where the set S[A] contains those relations R € S whose attributes are contained in



SIZE BOUNDS AND QUERY PLANS FOR RELATIONAL JOINS 1757

A. Tt is easy to see that fg(A) is submodular, i.e.,
fs(A) + fs(B) = fs(AUB) + fs(AN B)

for every A, B C A,. It follows that A has a unique minimum-value extension.

PROPOSITION 21. For every A C A, and S C o, there is a unique Cs(A) D A
such that fs(Cs(A)) is minimal and, among such sets, |Cs(A)| is mazimal.

Proof. Suppose that there are two such sets B and C' with this property. By the
minimality of fg(B) = fs(C), we have fg(BUC) > fs(B) and fs(BNC) > fs(C).
Furthermore, as |B N C| < |C|, the maximality of |C| among the sets minimizing fg
ensures that fg(B N C) is strictly greater than fs(C). It follows that fs(BUC) +
fs(BNC) > fs(B) + fs(C), violating the submodularity of fs. O

We prove Theorem 20 by presenting an algorithm that iteratively removes pro-
jections. We describe the algorithm below, and then we prove in sections 5.2.1-5.2.3
that the algorithm transforms the execution plan the required way.

The algorithm. First, we can assume that ¢ is of the form (((¢’ < Ry) <
Rg) >4 ... >4 Rjy)), where Ry,..., R, is an ordering of the relations in o: if ¢’ is
a join-project plan for the query @, then joining any relation R; with ¢’ does not
change ¢’. However, this assumption will ensure that if we make any changes in ¢/,
then ¢ will remain a join-project plan for the query @). Furthermore, we assume that
for every attribute a € A,, there is a dummy unary relation R, with pg, (V) =1 and
hence wg,(N) = 0. (We can always remove joins with these dummy relations from
our final join plan without increasing the size of any intermediate joins.)

The two steps described below reduce the number of projections in ¢ in such a
way that the maximum expected size of a subplan is at most a constant factor larger
in the new plan than in ¢ (with a constant depending only on ). This procedure is
repeated as many times as the number of projections, thus the total increase of the
maximum expected size is only a constant c.

Let ma (o) be a subplan of ¢ such that ¢y does not contain any projections. Let
S C o be the relation names appearing in ¢g, which means that ¢o(D) =dges R(D).
Let A* = Cs(A)

e Step 1 (removing joins). If a relation R € S\ S[A*] appears in g, then R
is removed from ¢g. For the sake of analysis, we implement the removal by
replacing the relation R in ¢g with the 0-ary relation. (Note that joining the
O-ary relation with any relation R’ gives exactly R’.) This way, it will be
clear that there is a correspondence between the subplans of the original and
modified execution plans. We can assume that for every a € A*, the unary
relation R, appears in ¢p. (Such relations can be joined with ¢y without
increasing the number of tuples.) This ensures that A* C A,,. Replacing
subplan ¢g of ¢ with ¢f gives a new join-project plan ¢'. By our initial
assumption on the structure of ¢ (that all the relations are joined just below
the root), ¢’ is also a join-project plan for Q.

e Step 2 (removing projections). In the second step of the procedure, we obtain
a join-project plan ¢’ from ¢’ by replacing the subplan 74 (¢f,) with w4~ ().
(This makes the projection redundant, and it can be eliminated, but it is more
convenient to analyze the step this way, since this step does not change the
structure of the join-project plan.) Note that this change does not have any
effect on the size of ¢’ (D) for any subplan ¢’ of ¢f.

See Figure 1 for an example. In sections 5.2.2 and 5.2.3, we show that the two steps
increase the expected size of the query only by a constant factor. In section 5.2.1, we
review and introduce the probabilistic tools that are required for this analysis.
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Ry H{a,c}
R2 :{b, C}
Rs {c, e}
R4 Z{b, d}
R5 :{dv f}
RG :{67 f}
>
> RG
> R5
> R4
> R3
B Ry
71—{a,‘c,f} Rl
>
R2 >
7r{U‘l,f} T{a,b}
= g

Fic. 1. A join-project plan over a schema of siz relations {R1, R2, R3, Ra, Rs5, Re }, represented
as a binary tree. We demonstrate the remowval of a projection from the join-project plan in the proof
of Theorem 20. Consider the two steps when removing the projection m(, py. Let us assume that
Cs({a,b}) = {a,b,c,d}. In Step 1, the two framed relations R3 and Rs are removed. In Step 2,
Tia,b} @8 replaced by miq b e dy-
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5.2.1. Probabilistic tools. The Fortuin-Kasteleyn-Ginibre (FKG) inequality
is a general tool for determining the correlation between monotone (antimonotone)
events.

FACT 22. Let V be a finite set, and let f,g:{0,1}V — R be monotone functions
on these variables. Let p: {0,1}Y — RT be a function satisfying p(x)u(y) < p(x Vv
y)u(x Ay) for every x,y € {0,1}V (where x V y and x Ay denote the coordinatewise
disjunction and conjunction of the two tuples, respectively.) Then

(Z f(x)g(x)u(x)> (Z u(y)> > <Z f(w)u(x)> (Zg(y)u(y))

where in all four cases the sums range over {0,1}V.

A proof can be found in [2].

In general, if f, g, h are three monotone 0-1 functions of a set of independent
0-1 random variables, then (somewhat counterintuitively) it is not necessarily true
that Pr[f = 1| g = 1] < Pr[f = 1| gh = 1]. That is, the condition that a more
restrictive monotone function (gh instead of g) is 1 does not necessarily increase the
probability that the monotone function is 1. As an example, suppose that x1, z2, 3
are independent 0-1 random variables, each having probability 1/2 of being 1. Let

f = (331 /\ZIJQ) \Y (332 /\2113) V (331 /\333),
g=(x1 Ax2) V 23,
h:x3.

Now Pr[f =1]|g=1=4/5but Pr[f =1|gh =1 =Pr[f =1]| h=1] = 3/4.
However, the statement is true in the special case when the g and h are products of
the random variables:

LEMMA 23. Let V be a set of independent 0-1 random variables, let M’ C M CV
be two subsets of these variables, and let f : {0,1}V — {0,1} be a monotone function.
Then

Prlf =1|[[M =1] > Pr[f = 1| [[M' = 1].

Proof. For every x € {0,1}", if every variable of M’ is 1 in x, then let u(z) be
the probability of tuple z, otherwise let u(x) = 0. It is easy to verify that pu(z)u(y) <
w(x vV y)u(z Ay) for every z,y € {0,1}V. With f and g = [[(M \ M’), Theorem 22
implies

Pr[f =1A][M =1]-Pr[[[M' =1] > Pr[f = 1AM =1] - Pr[][M =1],
which, rewritten, is
Pr(f =1[|[[M =1 > Pr[f =1|[[M' = 1],

which is what we had to show. O

The choice of the random database D can be thought of as a set of independent
0-1 random variables. (N" variables describe an r-ary random relation.) For a join-
project plan ¢ and a tuple ¢, let I,(p), be the indicator random variable that is 1 if
and only if ¢ € ¢(D); clearly I,(p); is a monotone function of the random variables
describing the database. Since this function is monotone, it can be expressed as the

disjunction of minterms, i.e., I,py: = V., IS()D),t’ where each minterm I«S()D),t is
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the product of a subset of the 0-1 random variables. We say that the rank of a
monotone function is the maximum size of a minterm of the function. The following
two lemmas will be useful for determining conditional probabilities between these
monotone functions.

LEMMA 24. Let ¢ be a join-project plan whose tree has { leaves and let t be a
tuple in tup(ep).

L. The rank of 1,(p),: is at most L.

2. If o is a subplan of o, then I, (py, can be written as \/t/emp(%)(I@O(DM/ A
Jv), where each Jy is a monotone function of the random variables. More-
over, if ¢ is obtained from ¢ by replacing wo with some other subplan ¢y
satisfying Ay, = Ay, then Ii(py: = Vt’ecup(%)(I«pa(D),t’ A Jy) with the
same functions Jy .

Proof. Statement 1 can be proved by a simple induction on the size of the tree of
. First, observe that the rank of disjunction of functions is at most the maximum of
the ranks of the functions, while the rank of the conjunction of functions is at most the
sum of the ranks of the functions. If the tree consists of a single leaf (i.e., ¢ consists
of a single relation symbol), then I,p); is equal to one of the random variables,
ie., its rank is 1. If ¢ = mx ("), then I (py, = vt/etuP(@*),ﬂx(t/):ﬂX(t) I,-(py. By
induction, the rank of each I« (p) s is at most ¢, and hence the rank of this disjunction
is also at most £. Finally, if ¢ = @1 2, then I,(py; = Im(p)ﬂmqj1 (t)/\Im(D),ﬂA% )
The number ¢ of leaves of ¢ is the sum of the number of leaves of ¢; and o, and
hence the rank of this conjunction is at most the number of leaves of ¢.

To prove statement 2, we build the function I,(p) using disjunctions and con-
junctions as in the previous paragraph, but the functions I, (p), are not decomposed
any further. This way, I,(p) is expressed as a monotone function of the random vari-
ables and of the functions I, (py,+ (t' € tup(wo)). Thus I,py, can be written in the
required form, and it is clear that Ji does not depend on the structure of the subplan
wo. O

Let f and g be two functions on a set of independent 0-1 variables. Suppose
that for each minterm of f, the probability that ¢ = 1 on the condition that the
minterm is 1 is at least p. Somewhat counterintuitively, this does not necessarily
mean that the probability of ¢ = 1 on the condition that f = 1 is at least p. For
example, consider two independent variables 1 and x5 with probability 1/2 of being
1, and let ¢ = 21 Axg and f = 3 Vag. Now Prlg =1 | f = 1] = 1/3, but
Prlg =1 |2 =1] = Prljg = 1 | 22 = 1] = 1/2, i.e., the probability is larger
conditioned on either minterm of f than on f itself. The following lemma shows that
if the functions have bounded rank, then we can bound the ratio of these conditional
probabilities.

LEMMA 25. Let f, g be two monotone 0-1 functions of rank at most £ on a set' V
of independent 0-1 random variables.

1. If the probability of 1 for each random variable is decreased by at most a factor
¢ > 1, then the expected value of f is decreased by at most a factor c.

2. If Prlg = 1| fO = 1] > p for every minterm f of f, then Prlg=1| f =
1]>p-272

Proof. To prove statement 1, let 1 : V. — {0,1} be a random assignment
of the variables chosen according to the original probabilities, and let x5 be a the
independent random assignment, where x2(v) = 1 with probability 1 /¢ uniformly and
independently for each v. Let m be the number of minterms of f and for 1 < i < m,
let () be the ith minterm of f. Let X; be the event that f()(x1) = L and fU)(z;) =0
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for every j < i, i.e., the ith minterm is the first satisfied minterm of f. The events X;
are disjoint, thus Pr[f(z1) = 1] = Y1", Pr[X;]. Let Y; be the event that f®(z2) = 1.
Clearly, X; and Y; are independent and Pr[Y;] > ¢~*. Let o1 A 22 be the conjunction
of £1 and xo; observe that in x1 A o, the probability of a variable being 1 is exactly
1/c times the original probability. Each event X; A'Y; implies f(x1 A xz) = 1 (as it
implies f((x; A 29) = 1) and these events are are disjoint (since the events X; are
already disjoint). Therefore,

Pr[f(z1 A x2) = 1] zi r[X; A Y]] iPr[Xi]Pr[Yi]zPr[f(xl):u-c*f,

which is what we had to show.

For statement 2, let 21, x5 be two independent random assignments, chosen ac-
cording to the original probabilities of the random variables. Let X; be the event as
above and let Z; be the event that g(ze V m;) = 1, where m; is the assignment that
sets the ¢th minterm of f to 1 and every other random variable to 0. Clearly, X; and
Z; are independent. Observe that Pr[Z;] = Prig(z2) = 1| f@ (x2) = 1] > p, since Z;
depends only on what x5 assigns to the variables not in the ¢th minterm.

In order to bound the conditional probability Pr[g(x1) = 1| f(x1) = 1], we need
to bound the probability Pr[g(z1) = 1 A f(z1) = 1]. To bound this probability, we
calculate Prlg(z1 Va2) = 1A f(x1 Vo) = 1] (where x1 V x5 is the assignment defined
as the disjunction of x; and x2). Observe that for each variable v, Pr[(x; V z2)(v) =
1] < 2Prfz1(v) = 1]. Thus, by statement 1, Pr[g(z1 V z2) = 1 A f(x1 Vag) = 1] <
22¢Pr[g(x1) = 1 A f(21) = 1]. (Here we used that the rank of the conjunction of two
rank ¢ functions is at most 2¢.) Now we can bound the conditional probability as
follows: Start at

Pr(f(z1) =1Ag(z1) =1]

Pr[g(xl) =1 | f(xl) = ]‘] = Pr[f($1) — 1] )

which by statement 1 is at least
272 Pr[f(z1 Vaa) = 1A gy Vag) = 1]
Pr(f(z1) =1] '

Since f(x1) = 1 implies f(x1 V x2) = 1 and the event f(x;) = 1 is the union of the
disjoint events X;’s, this is at least

22t er;l PI‘[XZ' A g($1 \Y 332) = 1]
Pr{f(z1) =1] '

Since X; A Z; implies g(x1 V x2) = 1 and X; and Z; are independent, this is at least

22 PrX ] Pr(Z) 27 Prlf(m) =1]-p 5
Pr[f(z1) = 1] = Pr[f(z1) = 1] =27p

5.2.2. Analysis of Step 1. The analysis of Step 1 relies on the following lemma,
which shows that we do not get many additional tuples if we take the join of only
those relations whose attributes are in Cg(A).

LEMMA 26. Let S C o be a set of relation names and A C A, a set of attributes.
Let A* = Cs(A) and let S* = S[A*]. For every A*-tuple t*,

|

Prt* € ma- (Mpes R(D)) | t* €xpes- R(D)] > 1/2.
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Proof. By definition, t* € ma«(<pges R(D)) if and only if there isat €xiges R(D)
with ma«(t) = t*. Note that if t* €xiges R(D) and ma«(t) = t*, then ¢ satisfies
all the relations in S*, and hence the probability that such a t is in xges R(D)
(assuming t* €xigres- R(D)) depends only on the relations in S\ S*. We claim that
this conditional probability is equal to the probability that a certain query @’ with
schema ¢’ has at least one solution. The query @’ is over the attributes A, \ A*. The
schema ¢’ contains a relational symbol R’ for each R € S\ S*; the set of attributes of
R’ is Ag\ X*. We define the probability of placing a tuple into R’ as pr/(N) = pr(N)
for every R’ € o’. It is not difficult to see that Pr[t* € ma«(<pges R(D)) | t* €xiges-
R(D)] is equal to the probability that " has at least one solution.

Observe that if A’ is a subset of the attributes in @', then the relations in ¢/[A’]
were obtained from the relations in S[A* U A’] \ S[A*], which means that the weight
of these relations is counted in fg(A* U A’) but not in fs(A*). If the weight of the
relations in o’[A'] is greater than |A'|(log N — n — 1), then fs(A* U A") < fg(A*)
would follow, contradicting the minimality of fg(A*) = fs(Cs(A)). This means that
the maximum density & of Q' is at most log N —n — 1. Writing X := |Q'(D)|, by
Proposition 14 the variance of X is

V[X] < B[X]2- (2" — 1)28 e N < B[X]2. (2" — 1)2-("TD) < E[X]?/2.

Therefore, by Chebyshev’s inequality, the probability that there is no solution can be
bounded as

Pr[X = 0] < Pr[|X — E[X]| > E[X]] < VIX]/E[X]? < 1/2. O

Let ¢’ be the new join-project plan obtained from ¢ by an application of Step 1.
For every subplan v’ of ¢/, there is a corresponding subplan 1 of . We claim that

E[ly"(D)[] < 221 E[lp (D)),

where £ is the number of leaves in . If subplan 4 is disjoint from ¢g, then ¢’ and v
are the same, and we are done (e.g., if 1 is the subplan rooted at 74 ¢y in Figure 1).
Thus we have to consider only two cases: 1 is either completely contained in ¢q, or
1) contains .

Case 1. 1 is contained in ¢g (e.g., ¥ is one of the join nodes below 7, ;) in
Figure 1). Let B be the set of all attributes of the relations appearing in . If
B C A*, then the attributes of each relation appearing in 1 are fully contained in
A* and we are done: ¢’ = 1. Otherwise, let w (resp., w’) be the total weight of the
relations appearing in v (resp., ¥’). Observe that w — w’ < |B\ A*|(log N —n — 1):
otherwise we would have fg(A* U B) < fs(A*), contradicting the minimality of A*.
Clearly, Ay C BN A*. Thus the expected size of [¢'(D)| is

E[W’(D)H — 9lAy|log N—w’ < 9l BNA™|log N-w'+|B\A*|(log N—n—1)—(w—w")

< 2IBIoEN = _ [jy(D)]].

Case 2. 1 is not contained in g, which implies that ¢ contains ma(pg) as
subplan (including the possibility that ¢’ = w4(¢p). As an example, consider the
projection 7, . ¢} in Figure 1. Note that Ay = Ay (because we are above the
projection 7m4) and ¥(D) C ¢'(D) follows from m4(po(D)) C mwa(py(D)). Let ¢
be the number of leaves of ¢¥. We claim that for every tuple ¢ € tup(v’) we have
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Prt € /(D)) < 22*1 Pr[t € (D)), which implies E[[¢/(D)|] < 22+ E[|¢)(D)|]. To
prove this, we show that for every minterm prl’)( Dt of Iyi(py,¢, we have

(5.12) Prly(pye = 1] 150, =11 > 1/2.

Thus by Lemma 25.2, we get Prlyp): = 1| Iy py: = 1] > 1/2%F, which is what
we need.
By Lemma 24.2, I;/(p) can be written as

(513) Iw’(D),t = \/ (IﬂA(Lpg(D)),t’ AN Jt/).

t'ema(tup(pg))

Consider a particular minterm [ (l,)( D)t for some 4, which is the product of a subset V;
of the random variables. If [[V; = 1, then I (p); = 1, implying that I, (p)).+ A
Jy = 1 for some tuple ' € tup(ma(y()), which further implies that there is a tuple
t" € tup(pp) such that ma(t”) = ¢' and I, (py» = 1. Let us fix such a ¢’ and t".
Since @ does not contain projections, I (D), is the product of a set V/ of random

variables. As Ig,)(D)7t = 1 implies I, (p) . = 1, we have V! C V;. By a consequence
of the FKG inequality (see Lemma 23),

(5:14)  Prlley(ooy.e =11 [[Vi= 11> Prlle, oo =11 [TV = 1]

(since V/ C Vi and I, (40(p)),+ is monotone). Note that it is ¢ and not ¢f that
appears in (5.14). By Lemma 24.2, I,;(p); can be also written in the form (5.13), and

hence I, (o0(D)),» A Je = 1 implies Iy(p),, = 1. Thus we have

Prilypye = 1| [[Vi=1 > Prllr, ooy =1AJe =1| [[Vi=1]
= Pr[le, ooy =11 [[Vi=1]
> Pr[Le, ooy = 1| [[V/ =1]

> Pr(Ln,. (oo = 1| [[V/ =1]
= Prft” € ma-(po(D)) | t" € w5 (D)]
>1/2,

which is what we had to show. (The first inequality follows from the fact that
I (oo(p)y,w N Jy = 1 implies Iypy, = 1; the equality after that from the fact
that [[Vi = 1 implies Jp = 1; the second inequality follows from (5.14); the third
inequality follows from 74 (") = t; the last inequality follows from Lemma 26.)

5.2.3. Analysis of Step 2. The analysis of Step 2 relies on the following lemma,
which shows that extending the projection from A to A* does not increase the number
of tuples too much: a tuple in the projection to A does not have too many extensions
to A*.

LEMMA 27. Let S C o be a set of relation names and A C A, be a set of
attributes. Let A* = Cs(A) and let S* = S[A*]. For an A-tuple t, let L, be the set of
those A*-tuples t* €xigeg~ R(D) that have w4 (t*) =t.

1. For every A-tuple t we have E[|L;| | Ly # 0] < 27(n+2),
2. For every A-tuple t and A*-tuple t* with wa(t*) =t we have Pr[t* € Ly | Ly #
(Z)] < 2n(n+2)N7\A*\A\‘
For the proof of Lemma 27, we need the following probability bound.
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LEMMA 28. For every real-valued random variable X,
E[X | X # 0] E[X] < E[X?].

Proof. Let A = Pr[X # 0]. If A = 0, then E[X] = E[X?] = 0 and we are
done. Assume then A # 0. Let Y be the random variable defined by Pr[Y = o] =
Pr[X = a]/A for every a # 0 and Pr[Y = 0] = 0. Observe that E[Y] = E[X]/X and
E[Y?] = E[X?]/\. By Jensen’s inequality (using that f(x) = 2?2 is convex), we have
(E[Y])? < E[Y?]. Therefore,

E[X | X # 0] E[X] = E[X]?/A = AE[Y])? < AE[Y?] = E[X?]

which is what we had to show. 0
Lemma 28 shows that we can prove Lemma 27.1 by bounding E[|L|?].
Proof of Lemma 27. We show that

E [|Lef*] < E[ILJ] - 272

by an argument similar to the proof of Proposition 14. Statement 1 follows from
Lemma 28 with X = |L;|.

Let T be the set of all A*-tuples whose projection to A is t. Let X (¢*) be the
indicator random variable corresponding to the event t* € L;. We need to bound

E[ILP]=E| > X)X@)| = > EXE)X().

tr,t5€T t t5 €T

For every A C B C A*, let Fig be the set of all pairs (¢7,t5) € T?, where t} and t} agree
exactly on B. We have that |F| = NIP\AL NIAN\BL (N _1)[A\Bl < NIBAAI+2[AN\B] —
NIANAFANBI | et w be the total weight of the relations in S* and let wp be the total
weight of the relations in S*[B]. Observe that E[|L|] = NI4"\Al . 2=% Furthermore,
we have w —wp > |A*\ B|(log N —n—1): otherwise fg(B) would be strictly less than
fs(A*), contradicting the minimality of A* = Cg(A). For every (t],t3) € Fp, the
event X (¢7)X (¢5) = 1 implies that for every relation R € S*, the projections of ¢} and
t5 to the attributes of R is in R(D). For different relations, these events are clearly
independent. For every R € S*[B], the projections of ¢t} and t5 to the attributes of R
are the same. Thus the probability that the projections are in the relation for every
R € S*[B] is exactly 27*5. Consider now a relation in R € S*\ S*[B]. For such
an R, the projections of ¢7 and ¢35 are different, thus their appearance in R(D) are
independent events. As the total weight of the relations in S* \ S*[B] is w — wp, we
get the following bound:

BIX ()X (13)] < 2720w
It follows that

E(ILf]= Y EX@EX®H)]= Y Y EX(E)X(®)

titseT BCA* (t1,t3)€Fp
< lA"I . NIANAIHATNB | g—wp—2(w—wp)
= (NIA\AL g=w)  9l4"| , 9lA"\B|log N—(w—ws)
< E[|L]) - 2471 2Bl ) < B[ Ly [ - 27 20D < B[|L ] - 272,

which is what we had to show.
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To prove the second statement, observe first that if we fix an A-tuple ¢, then
by symmetry, Pr[t* € L; | Ly # 0] has the same value for every A*-tuple ¢* with
7a(t*) = t. There are N4\l such tuples t*, and the size of L; is the sum of the
indicator variables corresponding to these tuples. It follows that Pr[t* € L; | Ly #
(Z)] _ E[|Lt| | Ly ?é @]N—\A*\A\ < 2n(n+2)N—\A*\A\. 0

Let " be the plan obtained from ¢’ after Step 2 and let £ be the number of leaves
of the plan. We show that

E[ly"(D)[] < 2" 22 E[[y/ (D))

for every subplan " of ¢” and corresponding subplan 1)’ of ¢’. We consider three
cases.

Case 1. If ¢’ is a subplan of ¢(, then " = '.

Case 2. Suppose that ' is a subplan strictly containing 74 (¢f) such that the
root of ¢’ is a projection and let ¥” be the corresponding subplan after applying
Step 2 (e.g., consider the node 7, . ¢y in Figure 1). Observe that Ay = Ayn: extra
attributes can be introduced only by the change from 74 (¢{) to ma=(¢}), and any such
extra attribute is either already present in Aip or projected out by the projection in
the root of 1)'. For example, in Figure 1, replacing T{a,by With 7(q 5 a1 has no effect
on the attributes of the nodes above the projection 7, . sy as attribute c already
appears there and attribute d is projected out.

We show that ¢ (D) C ¢'(D). Indeed, if t € ¢"'(D), then ma-(t) € wa~(pL(D)),
which implies w4 (t) € ma(p((D)). This implies ¢ € ¢'(D), since the other subplans of
9" did not change. Thus Step 2 does not increase the size of ¢’'(D) if ¢’ is a subplan
containing 74(¢() and the root of ¢’ is a projection. Furthermore, it also follows
that if ¢’ is a subplan containing 74 (p}) such that there is a projection node above
ma(p}), then the size of ¢'(D) does not increase.

Case 3. The only remaining situation that we have to verify is if ¢’ is a subplan
of ¢’ containing 74 (pp) and having no projection node above m4(¢g). For example,
consider any of the two join nodes between 7y, ;) and 7y, ¢y in Figure 1. We show
that in this case E[[¢"(D)|] < 27 +2+20E[|y/(D)|], where 1 is the subplan of ¢
corresponding to v¢’'.

Note that A* C Ay, since ¥” contains no projections above ma-. Let C be
Ap \ (A*\ A) = Ay \ (A*\ A). If a tuple ¢ is in ¢"(D), then clearly t1 := w4~ (t) is
in ((D) and tg := 7o (t) is in 7o (¢ (D)). Thus

Pr[t € ¥"(D)] < Prfts € (D) Atz € me(y'(D))]
= Pr[ra(t1) € ma(en(D))]:
-Prlt1 € ¢ (D) | ma(t1) € malpp(D))]-
(5.15) -Prlts € (V' (D)) | t1 € @y(D)].

By Lemma 27.2 with ¢ = ¢* = 1, the second factor in (5.15) is at most 2"("*2) .
N=IA\Al To bound the third factor, observe that

L s (o (D)) malty) = V Iy (D)t
t} €tup(pq)
ma(ty)=mra(t1)

by the definition of the projection. As the plan ¢f does not contain any projections,
each term I%( D), on the right-hand side is the product of random variables, i.e.,
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they are the minterms of Iy, (41 (D)) xa(t1)- The conditional probability

Pr[lrc (D))t = 1| Loy (p),ty = 1]

is the same for every t] € tup(pp) with ma(t]) = ma(t1) = ma(t2), since the common
attributes of ¢} and to are exactly in A. Therefore, we can use Lemma 25.2 to show
that the probability conditioned on a minterm of Iy, (41 (D)),xa(t;) can be bounded
by the probability conditioned on I, (41 (D)),xa(t1) itself. In particular, we bound the
probability of the event Iy (p)),, = 1 conditioned on the minterm corresponding
to t1, which is exactly the third factor appearing in (5.15):

PrLec o))t = 1| Ty, = 1) < 22 PrlLec (o))t = 1| I a (D)) mact) = 1-
Therefore, continuing (5.15), we have

Pr[t € ¥"(D)] < Prlra(t1) € ma(py(D))]-
_gn(n+2) Nr—|AT\A,

2% Prlty € me(¥/ (D)) | malts) € ma(h(D))]
< on(nH 2420 N—ANAL Pyl € e (4 (D))
= (RN TIANAL e (' (D)) N1

The last equality follows from the fact that the probability Prlts € mo(7'(D))] is the
same for every fixed ¢2 by symmetry. Thus the expected size of ¢ (D) is

E[[y"(D)]] = Nl gnnt 22N =IARAL B e (¢'(D)) [N 1]
= 2" Bl e (¢ (D))]]
< 2R (D)),

6. Conclusions. We have conducted a theoretical study of database queries
from the viewpoint of bounding or estimating the size of the answer. In the worst-
case model, we showed that the fractional edge cover number, or more generally, the
solutions of certain linear programs, can be used to obtain fairly tight bounds. In the
random database model, we investigated bounds on the expected size and whether the
number of solutions is well concentrated around the expectation. Perhaps the most
interesting message of the paper is that from the viewpoint of worst-case size, join-
project plans can be significantly more efficient than join plans for the same query,
while in the average case model every join-project plan can be turned into a join plan
with only a bounded loss of performance.

Let us mention two possible directions in which our results could be further devel-
opped. First, one can introduce functional dependencies into the model and generalize
the bounds to take these restrictions on the relations into account. This has been in-
vestigated in [8] and [15], but the problem has not been fully resolved yet. Another
direction to investigate is to understand concentration bounds for join-project plans.
In particular, Theorem 20 states a bound only on the expected value, but it does
not give an upper bound on size that holds with high probability. It remains a chal-
lenging problem to prove a variant of Theorem 20 saying that if every subplan of the
join-project plan has bounded size with high probability, then there is also a join plan
with this property.
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