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Abstract

Optimizing nested queries is an intricate problem. It beesmven harder if in a nested query
the linking predicate or the correlation predicate occisgidctively. We present the first unnesting
strategy that can effectively deal with such queries.

The starting point of our approach is to translate SQL inmrational algebra extended by
bypass operators. Then we present for the first time unmestjnivalences which are valid for al-
gebraic expressions containing bypass operators. Agptyiese to the translated queries results in
our effective unnesting strategy for nested SQL queriel digjunction. With an extensive experi-
mental study (including three commercial DBMSs), we dertrams the possible performance gains
of our approach.

1 Introduction

Nested queries easily become a performance bottleneclugedéa many cases, they demand a
nested-loop evaluation. For conjunctive predicates thiblem has been addressed successfully,
e.g. [19, 25]. However, current unnesting techniques faihe presence of disjunctive predicates.
Despite the fact that disjunctions occurring inside negtegfies are common in practice, we are not
aware of any publication which treats unnesting nestediggi@rhich contain disjunctions, i.e. the
linking or correlation predicate occur in a disjunction.rE@ample, when asked about disjunctions
in connection with nested queries, César A. Galindo-Liagesm the Microsoft SQL Server Group
said: "We are running into it quite often. Actually, we haven& something about it but would like
to do more.”

Key Idea. Let us consider an example for an analytical query. Assuman@enterested in all
European suppliers that deliver a certain part with mininsupply costs or have a minimal amount
of this part available on stock. In SQL, this query can be faated as follows:

SELECT s_acctbal, s_nane, n_nane, p_partkey,
p_nfgr, s_address, s_phone, s_comment
FROM part, supplier, partsupp, nation, region
WHERE p_partkey = ps_partkey
AND s_suppkey = ps_suppkey AND p.size = 15
AND p_type LIKE ' %BRASS
AND s_nkey = n._n_key
AND nr key = r_r_key AND r_nane = ' EURCPE
AND (ps_suppl ycost = (
SELECT m n(ps-suppl ycost)
FROM partsupp, supplier, nation, region
WHERE p_partkey = ps_partkey
s_suppkey = ps_suppkey
AND s_n_key = n_nkey
AND n_r key r_r key
AND r _name = ' EURCPE' )
OR ps.avai l gty > 2000)
ORDER BY s_acctbal desc, n_nane,
s_name, p-partkey

This query is very similar to TPC-H Query 2. Hence, we refeit ttis Query 2d. It exhibits two
key components: (1) it features a nested, correlated supcpred (2) it contains a disjunction. Our
unnesting strategy is capable of optimizing nested quevtesse linking or correlation predicates
occur disjunctively. The key idea is that the nested quevglbheeds to be evaluated only for those
tuples of the outer query block that do not pass the cheapimmdespredicateps _avai | gty >
2000. For those tuples, we are currently restricted to an ineffiohested-loop evaluation. However,
our novel unnesting technique allows to employ more efficg@aluation algorithms. Consequently,
our approach exploits both the short-cut evaluation of fisgidction and the power of unnesting
nested queries.



Our Approach. The starting point of our approach is to translate SQL intortational algebra
extended with bypass operators [17]. Then, we apply ourIlnowgesting equivalences which can
cope with disjunctions on a large variety of nested queris.a result, nested query blocks are
removed, and the resulting queries are much more efficieatdtate.

Applying unnesting at the algebraic level has mainly threreaatages. (1) It is possible to give
rigorous correctness proofs for the unnesting equivaen@ Unnesting techniques stated as alge-
braic equivalences are query language independent as$ahg guery language is translatable into
the algebra. (3) Unnesting equivalences can be used duanggeneration. This allows to apply
them in a cost-based manner. The latter is especially irapbim our case since some unnesting
strategies do not always result in better plans.

Contributions. The main contributions of our paper are:

e We present equivalences for unnesting algebraic expressitth bypass operators to handle
disjunctive linking and correlation predicates.

e We show how they can be used to effectively unnest SQL quesitbsscalar subqueries fea-
turing an aggregation function in threel ect clause where the linking predicate involves
0e{=+#<5<>2>}

e Ourtechniques can be applied not only to queries with exaaik nested block (simple queries)
but also to queries whose nesting has a linear or even a ttese.

e We provide experimental results demonstrating the perdoce improvements that can be
achieved by our approach.

e We present how our approach can be applied to quantified sablgueries with the operators
EXISTS, NOT EXISTS, IN, and NOT IN.

e We consider non-equality predicates as correlation pateléc

e We cover nested queries in thaer e clause and theel ect clause.

Limitations. As a current limitation, we restrict ourselves to querieileiting direct correlation:
the correlation predicate only refers to attributes of thent block and the direct outer block.

Further, we do exclude linking predicates with linking cgtersé SOVE/ ANY, or 6§ ALL with
0 € {<,<,>,>} from our discussion. Using aggregate functions that areea@NULL values,
we can still optimize these queries by turning these quarifito the aggregate functiomsnyyrr,
or m\aXNuLL-

Structure of this Paper. The remainder of the paper is organized as follows. Sectibriedly
introduces preliminaries. Section 4 contains our unnggstichniques for scalar subqueries. After
introducing these approaches, we show their effectivewébhsan experimental study (Section 5).
At the end, we summarize related work in Section 6 and coredlne paper with Section 7.

2 Preliminaries

2.1 Terminology

A query blockis asel ect - f r om wher e expression. A query containing a query block nested
in another query block is calledraested query The containing query block is callezliter query
block, and the contained block is callesherquery block. An inner query block is also calledsted
query block. Let be a predicate occurring in thdher e clause of an inner query block. jfrefers

to attributes defined in the outer query block and to atteébwtefined in the inner query blogkjs
called acorrelation predicateand the inner query block is calledrrelated A predicateg in the
wher e clause of the outer query block which contains the inneryghlerck as an argumentis called
connection predicateThe operator used in the connection predicate is calbeshection operator
Connection predicates are also callieding predicateg3].



If a linking predicate occurs in a disjunction as, for exaeh the introductionary query, this is
calleddisjunctive linking Analogously, if the correlation predicate occurs in autistion, this is
calleddisjunctive correlation

2.2 Classification

Kim introduced four types of nested query blocks [18]N, JA, andJ. Let us refer to a nested query
block asB. If B contains an aggregate functidhis of typeA or JAand is calledscalarsubqueryB
must return a single column. B contains a correlation predicate, it is of typer JA. A nested query
block B that neither has an aggregate function nor a correlatiodigate is of typeN. Query blocks
with an aggregation function but no correlation predicateai typeA. Nested query blocks of type
N or J are calledablesubqueries. They are connected to their outer query black) disepositive
linking operatorsEXI STS, SOVE/ ANY, andl N or negative linking operatorBlOT EXSTS, ALL,
andNOT | N. We cover these cases in our technical report [1] only.

While Kim concentrates on classifying single nested qudocks, Muralikrishna classifies
queries according to the nesting structure [22]. He subdiviqueries with more than one nested
block into linear and tree queries: lAnear (Nested) Queris a query where at most one block is
nested within any blockA Tree (Nested) Quelig a query with at least one block which has two or
more blocks nested within it at the same level. We complesscthssification and call a query with
exactly one nested block&imple (Nested) Query

2.3 Algebra

The domain underlying the relational algebra is sets ofsipl he core algebra contains the follow-
ing operators: union.(), intersection ), set-difference\), projection {I), renaming operatopj,
selection §), theta-join &), semijoin (<), antisemijoin ¢), and the grouping operatadr) [13]. We
denote disjoint union by.

For the purpose of this paper, we extend the core algebrauyyofoerators: a binary grouping
operator [') [5, 28], a leftouterjoin {9/ (M) [5, 7], a numbering operator), and a map operator
(x)- Implementations for binary grouping operatof§ €an be found in [21]. The leftouterjoin
(x9:/(®) is required to address the “count bug” [18], i.e. losing pléudue to an empty group.
Therefore, the functiorf assigns meaningful values to empty groups. The numberiagatqr ¢/)
characterizes each tuple with a unique deterministic nurggag. a physical tuple identifier). We
mainly use the map operator to apply a function to each tupteh are required for the unnesting
techniques introduced in Section 4.

Figure 1 summarizes the formal definition of the four opamtds a final important extension
of our algebra, we allow subscripts to contain algebraiacesgions. In our case, such subscripts
result from translating nested query blocks in tfeer e clause, i.e. algebraic operators appear in
selection predicates.

In order to effectively deal with disjunction, we need alggb operators that split their output
into two streams: a positive and a negative one. For exarapgelection producespositive stream
containing all those tuples for which the selection preicvaluates to true; theegative stream
contains the remaining tuples. These operators are chyipdssoperators [17]. To denote the
positive and negative streams of a bypass operator, we esifferscripts- and—, respectively.

For this paper we need a bypass selectioh)( a bypass joinX(*), a bypass semijoir(*) and
a bypass antisemijoin-t). Their definitions are given in Figure 1.

Although the algebra is based on sets of tuples, our applieadso applicable for an algebra on
bags. However, the focus of this paper is on sets. Our prodfsel Appendix B elaborate on the
applicability of our techniques on bags.

3 Unnesting Table Subqueries

We now present our detailed unnesting techniques alongrtée of the classification introduced in
Section 2.2. As table subqueries (i.e. types N & J) are lessmdding, we start out with them. As



Non-standard operators:

eilg.a,04,;7(e2) = {z.A10[g:Gllz€er N
G = f({yly € e2 Az.A10y.A2})}
e1 Ng:f(‘ﬂ) e2 = erMpeaU{zozlzcer A

Ay € e2: p(x,2) N A(2) = Ale2) A
g € Ae2) AVa € (A(e2) \ g) :
(z.a : NULL A z.g : f(0))}

vale) = {tio[A:i]lle={t1,...,tn}}
Xa:eg(el) = {zofa:ezz)llz € er}
Bypass operators:
o;r(e) = {z|lz€enp(x)}
a,(e) = e\ cr;L(e) L {z|z € e A—p(x)}
e1 Ng ea = {zxoylrc€er ANy€exAp(z,y)}
e1 M, ex = (e1 x e2) \ (e1 l><1;r e2)

Z{zoylz €e1 Ay € eah plz,y)}

e1 M; e2 = {zlr€e1 ATy €exAp(z,y)}
e1X,e2 = e1\(er D(;L €2)

z {z|z € e1N Ay € e2 Ap(x,y)}
e1 D; e2 = {zlz €e1N By € e2 Ap(z,y)}
e1b, e2 = el \ (e1 l>;,L e2)

= {z]z € e1 Ay € e2 Ap(z,y)}

*: only valid for two-valued logic (cf. [17] for details)]:] denotes tuple construction.denotes tuple concate-
nation. A(R) is the set of attributes of relation B(e) is the set of free attributes that occur freely in expression
€.

Figure 1: Operators of the algebra

type N queries can be unnested by applying the unnestingitpess for type J queries, we deal with
them later in Sec. 3.3.

This section is organized as follows. First, we discuss tsdidea of our approach by means of
two queries. Second, we present the general solution irothedf unnesting equivalences. On their
left-hand side, they have a selection whose predicate icentiisjunctively a quantified algebraic
expression. On their right-hand side they introduce a bypagrator. Then we move on to more
advanced issues.

3.1 Disjunctive Linking

The first example query exhibits a nested query block whagaritively occurring linking predi-
cate uses the linking operatbN. The nested block is of type J, as it has a correlation prézlioa
itswher e clause.

SELECT DI STINCT »
FROM R
WHERE R A; IN (SELECT S. By 01
FROM S
WHERE R A; = S. B3)
OR R Ay > 1500;

Due to the existential nature of thél operator, the algebraic expression resulting from thestran
lation of the query has an existential quantifier subscdiptigh the linking predicate. The argument
of this quantifier itself is again an algebraic expressiors tlde existential quantifier occurs in a
selection operator, the nesting of the query blocks in treryis reflected by a nesting of algebraic
expressions, i.e. the subscript of an algebraic operatnagntains an algebraic expression.
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Figure 2: Unnesting strategy for Q1 (sketch)

Translating the query into a nested algebraic express&ldg/the following:

O0(3a,=B,(0as=B3(S)))VA4L>1500 (R)

Fig. 2(a) shows the more readable tree form of this expressEvaluating the selection predicate,
which contains the inner query block, for every tuple praztlby the outer query block (R) does
not look very efficient.

To avoid this nested-loop evaluation, we would like to urirties subquery. In the conjunctive
case, nested queries are usually unnested by applyingesesnijRecast into the algebraic frame-
work, this amounts to applying the following equivalence:

O35, =8, (0aygen, (5) (R) = RXa =B an,=B, S. 1)

Let us see what happens if we apply this traditional techaniquur translated query. The resulting
expression (called semijoin plan) is shown in Fig. 2(b). phablem is that efficient implementations
of joins and semijoins only exist for equijoins whereas in case the (semi)join condition contains
a disjunction at the top level. Implementations other thaimgple nested-loop evaluation are beyond
reach. Thus, we are again stuck with a nested-loop evatuatio

Let us take a closer look at the query. Assume that a tuple fRosatisfiesR. A4 > 1500.
Then, we do not have to cheék A1 I N ... forit: it qualifies independently of the outcome of
this check. Further, if a tuple from R does not satiBfyA4 > 1500, it must satisfyR. A1 | N
... in order to qualify. Thus, it does make sense to split theetighteam produced by scanning
R into two independent streams: one containing those tigalisfyingR. A4 > 1500 and one
with the remaining tuples. The latter then needs to be fitdngR. A1 | N .... Finally, as the
two streams are disjoint, a disjoint union)(on these two streams suffices to produce the final
result. Bypass operators capture exactly this kind of neiago This is why we want to use them
for unnesting. Let us introduce a bypass selection withipateR. A4 > 1500. Fig. 2(c) shows
the result. The positive stream of the bypass selectionoteerby a solid line) directly contributes
to the final result whereas the negative stream (denoted tsy wofiltered by a selection with the
algebraic equivalent d®® AL I N .... This equivalentia, —p, (ca,=B,(S)), is the filter predicate
of a top-level selection and itself contains an algebrajwression (especially a scan of S). Hence,
we still have a rather inefficient nested algebraic expoesdemanding a nested-loop evaluation.
However, we are prepared for the final, performance-imm@step.



We now introduce a semijoin to unnest the query. Althoughdbtils are given in the next
subsection, we still would like to give the result:

e = e Ues
€1 = 0X4>1500(R)
€2 = (G.K4>1500(R)) XA1=BiAA2=Bs (S)

Fig. 2(d) shows this expression in a more readable form. &hw#jsin now operates on the negative
stream of the bypass selection and the scan of S. Since ititiconis now a conjunction of two
equality predicates, it can be evaluated very efficiently WFify this claim in our experiments in
Section 5.

Remark. It is important to recognize that commuting the bypass seleavith the semijoin
(see Fig. 2(e)) is also feasible. This enables further dpétion potential. Assume that the second
predicate is expensive to evaluate. Then it may be cheapgerform the semijoin first. This
situation is recognized by comparing ranks of the predgdtee one with the lower rank should be
evaluated first [26]. For a predicgighe rank tank(p)) is defined asS*Tl, wheres is the selectivity
of predicatep andc is the cost required to evalugte

3.2 Disjunctive Correlation

The following query contains a disjunctively occurring i@ation predicate, i.e. disjunctive corre-
lation:

SELECT DI STINCT *
FROM R
WHERE R A; IN (SELECT S. By
FROM S Q2
WHERE R A; = S. Bj
OR S.Bs > 1500)

Fig. 3(a) depicts the canonical translation of this quergpté\that we cannot unnest this query
with the technique of the first example, becausevther e clause of the nested query contains a
disjunction with two predicates, one of which is the cortielapredicate.

Consider a tuple of R. If there exists a tuple in S such that passes the testsB, > 1500 and
r.A; = s.By, thenr is contained in the result. This is expressed by the bypasgae in Fig 3(b).

If no such tuple inS exists,r becomes part of the negative output of the bypass semijain:
qualify, there must be a tuplein S such that.A; = s.B4 andr.A; = s.Bs. As those tuples in
S with s.B, > 1500 have been checked before, we only need to consider thesé& not having
s.B4 > 1500. Thus, we have to perform a semijoin on the negative outpthe@bypass semijoin
and the negative output of the selection (see again Fig.3(b))

]

N N
N XA =B4AAr=B
R JAa,=By 17 PanA2=Rs
~ .

|

g

I -~ +

S Sor b<A1 =By —
. L

Az = Bs B4 > 1500 R UB4>.]500
S
(a) Canonical (b) Unnested bypass plan

Figure 3: Unnesting strategy for Q2 (sketch)



03,4, -5, (5)vp(R) = €1 U ey (2)

e i= o (R)
e 1= (Uzj(R)) Xa,—B, S
UBA]:B] (S)\/p(R) = e U €9 (3)

e = RKX1:B1 S

ez 1= 0p(RXy _p 9)

03a, -5, (5)vp(R) = e1 U e (4)
e1 := o (R)
€y 1= (cr; (R))>aA,=B, S

a;Al:Bl(S)Vp(R) =e Uey (5)

el = RDXIZBI (S)

ez = op(Rpy _p, S)
Figure 4: Equivalences for disjunctive N queries

3.3 Equivalences

After having worked out the general idea by means of two exasppve now introduce our novel
equivalences. They are shown in Figure 4 for type N queridsFagure 5 for type J queries. We
provide proofs of these equivalences in the appendix B. Buévalences allow us, for example, to
formally derive the unnested plans presented before. Qnig¢ichand side, they contain a selection
with a predicate that results from the translation of a restpe N or type J query block. On their
right-hand side, they have an unnested algebraic expreadiio bypass operators.

We first discuss the equivalences for disjunctive linkimgrt those for disjunctive correlation.

For each equivalence which unnests a type J query with disyenlinking we have an unnesting
equivalence for the corresponding type N query. As a redul@ missing correlation predicate
the unnested query only contains a simple join conditiom.tfoe N queries we need no unnesting
equivalences for disjunctive correlation as they have noetation predicate.

3.3.1 Disjunctive Linking

We split the discussion into two parts, one for positive and for negative linking predicates.

Positive linking predicates Eqvs. 6 and 7 have been implicitly applied to our sample qzty
The former yields the plan shown in Fig. 2(d), the latter tine in Fig. 2(e). Both unnest
table subqueries exhibiting a positive linking predichtg bccurs in a disjunction. The former
employs the bypass technique to a disjunctively occurnrimgsery and unnests the subquery
in the negative stream of a bypass selection. The positigarst contains all tuples that match
a lower-ranked predicate A final union merges both streams without having to elirenat
duplicates. The latter equivalence uses the same idedyédatibquery is evaluated first and the
evaluation of a higher-ranked (expensive) predigatepostponed into the negative stream.

Negative linking predicates Eqvs. 8 and 9 unnest queries with a negative linking prediohthe
form NOT | N and NOT EXI STS, which occurs disjunctively. The first equivalence takes
advantage of an antisemijoin in the negative stream to ahesubquery. Note that in order
to evaluate the correlation predicate it also becomes apjadicate of the antisemijoin. The
second equivalence uses a bypass antisemijoin and postih@nevaluation of a higher-ranked
predicatep into the negative stream.
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Figure 5: Equivalences for disjunctive J queries

3.3.2 Disjunctive Correlation

Eqvs. 10 and 11 unnest queries with a disjunctive correlgifedicate.

Positive linking predicates Eqv. 10 is used for unnesting queries whose linking opeiiatioN or
EXI STS. The core benefit of this equivalence results from the cléitering of tuples in R.
First, the linking predicate is only checked for tuples oh&ttmatch the cheaper predicate
Only the remaining tuples of R are checked for matches thet fiee correlating predicate.

Negative linking predicates Eqv. 11 handles the linking operatdM®T EXI STSandNOT | N. It
applies the same strategy as explained in the previousaquoise that handles positive link-
ing predicates. However, not that now an antisemijoin reggdathe semijoin to check for the
negative linking operator.

In both equivalences the predicatean be a simple predicate or a nested query itself.

3.4 Completeness of Equivalences

It is important to understand that the equivalences suftiaenhest all nested queries with linking
predicatd N or EXI STS and their negated counterparts. The reason is that thdatiansof these



gueries exactly results in the patterns on the left-hanelgidur equivalences. When no correlation
predicate exists these equivalences can still be used weoenstant RUE replaces the predicate.
Similarly, we can ignore the subscript of the quantifier foeges with linking operatoeX| STS.

3.5 Tree Queries

Obviously, the equivalences introduced in the last subseare capable of unnesting simple nested
gueries, i.e. those containing just a single nested bldckight be less obvious that they also allow
us to unnest tree and linear queries. In this and the follgwirbsection, we demonstrate that this is
indeed the case.

Let us start with the following tree query:

SELECT DI STINCT *
FROM R
WHERE  A; NOT IN ( SELECT By
FROM S
WHERE Ay = Byp)
R Q3
As IN  (SELECT C
FROM T
WERE Ay = G)

In this query, we have two nested query blocks on the samé leme usingl N and the other
usingNOT | N. Their linking predicates are connected by a disjunctioothBare correlated (i.e. of
type J).

We briefly demonstrate that Eqvs. 9 and 1 enable us to unngsfutery. The canonical translation
of the query is given in Fig. 6(a). We can unnest this querytsy dipplying Eqv. 9. This introduces a
bypass antisemijoin whose join predicates are the linkimyarrelation predicates. Then we apply
Eqv. 1 in the negative stream. The result is shown in Fig..6(b)

S U
or \
- /1><A3:01 ANA4=Co
AA, =B, Jas=c, . L |
I I > T
A1=B1AAy=B
OA,=B, OAL=Cy T
| | R S
S T

(a) Canonical (b) Unnested bypass plan

Figure 6: Unnesting strategy for Q3 (sketch)

3.6 Linear Queries

The above strategies also work for linear queries with typeested query blocks, i.e. we can choose
to apply the equivalences, in a bottom-up or a top-down €asHtig. 7 compares both strategies for
the following query which is a linear query.

SELECT A

FROM R

VHERE A1 IN ( SELECT By
FROM S 4
WHERE By I N (SELECT C; Q

FROM T)
R c2)
OR ¢

Next, we demonstrate how to unnest a linear query whoseliriedicate occurs in a disjunction.
Consider the following query containing two subqueriesypktJ:



JAa;=B; c1
I
g
I S~
S or
VRN
IBy=c4 Cc2
[
T
(a) Canonical (b) Bottom-up 1 (c) Bottom-up 2

(d) Top-down 1 (e) Top-down 2

Figure 7: Unnesting strategy for Q4

SELECT A

FROM R

WHERE A; I N (SELECT By
FROM S
WHERE Ay = B3 Q5
OR B1 I N (SELECT C4

FROM T
WHERE By = C3))

The deepest nested query block is connected to its outey glazk by a disjunction. We depict
our top-down unnesting strategy in Figure 8. Subfigure 8§ajains the canonical translation. Ap-
plying Eqv. 10 for positive linking operators, as alreadgwh for Query Q2, yields the intermediate
plan from Fig. 8(b). Although the middle query block is aligainnested, we would like to unnest
the deepest nested block, too. This can finally be done agplgv. 1. Fig. 8(c) shows the final
result.

3.7 Duplicate Handling

Our unnesting equivalences are defined for an algebra otgeofsiples. We now briefly argue (see
appendix B for the proofs) that all of the equivalences presgkin Fig. 5 are also correct for an
algebra over multisets. This is necessary because by t&@il queries do not remove duplicates,
i.e. they yield multisets of tuples.

10
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Figure 8: Unnesting strategy for Q5 (sketch)

For our equivalences for table queries, two issues have toohsidered. The first is the by-
pass technique. Bypassing does not cause any problemssedtaplits its input into two disjoint
multisets, i.e. equal tuples go the same way. The final (diSjanion merges both inputs without
duplicate elimination. Hence, no duplicates are falseipielated. Further, no new (false) duplicates
are introduced as long as there are no expressions prodigptigates in any of the two streams.

Hence, the second source of possible problems are the opsttzt are applied in the streams. All
equivalences from Fig. 5 employ a semijoin or an antisemijéior both of them implementations
are conceivable which adhere to the selection-like semsrte. they neither wrongly eliminate nor
generate duplicates. Hence, it is safe to apply our unrechniques to multisets.

4 Unnesting Scalar Subqueries

Unnesting scalar queries is difficult and error-prone.iBalerly, empty groups and duplicates [18]
have been sources of errors. As a new challenge, we now dufigjanctive linking and correlation.

This section is organized as follows. First, we discuss tsdidea of our approach by means
of two simple queries. Second, we present the general snliti the form of unnesting equiva-
lences. On their left-hand side, they have a selection whesdicate contains disjunctively a nested
algebraic expression with a top-level aggregation. Onrthight-hand side they introduce a by-
pass operator. After the discussion of our equivalencesnose on to more advanced issues, i.e.
unnesting of linear queries, tree queries, and a discus$iduplicate handling.

Scalar subqueries of type A are easy to handle. Their reznlbe computed independently of the
outer query, and materialization costs are negligible. sTitusuffices to materialize the computed
result. As their treatment is so simple, we do not discussitary further but concentrate on the
more challenging type JA queries.

4.1 Disjunctive Linking

In the following query, the subquery is of type JA, as it camiaa predicate which refers to the
attribute A defined in the outer block and the attribute defined in the inner block:

SELECT DI STI NCT =

FROM R
WHERE A, = (SELECT COUNT(DI STI NCT *) 06
FROM S
WHERE Ay = B)
OR A, > 1500

The linking predicate compares the attribAtewith the result of the aggregation (i.e. count) in the
inner query’ssel ect clause. Moreover, the linking predicate occurs in a didjiomc Translation
into the algebra yields the following expression:

OA1=count(oa,=B,(S))VA4>1500 (R) :

11



Fig. 9(a) presents this canonical evaluation plan in a meaidable form.

For the evaluation of this query, the inner query has to bluated for every tuple produced by the
outer query block, i.e. in nested loops. Obviously, thisasvery efficient. In order to unnest type JA
gueries in the conjunctive case, it is common practice tdyagmouping on the correlation attributes
of the inner query to perform the aggregation. Then, an @iteis performed to accomplish the
match with the tuples from the outer query block with the gredi and aggregated result. The
following equivalence captures this procedure:

OAL 0K (0 ay—n,(9)) (R)
_ f(0
= TLag)(oa0s(R XD (Dyimpaie(S)))). (12)

If the predicate in the outer query block was a conjunctioscauld apply this equivalence with-
out hesitation. However, if we apply this equivalence tatthaslation of the query, the resulting plan
contains an outerjoin with a disjunctive join predicatetHis case, the only known implementation
is the rather inefficient nested-loop implementation.

ag . .
| So . U \ @] \
R or - I
7 \\ g A(R)
s o |
= + L
/. Aq > 1500 T A4>1500 = OA1=g
f ]
A1 count R Aq count R g,
et 1
UA2|:BZ OA2=B> U§4>1500 I'g;=By;count
| 1 |
S S R S
(a) Canonical (b) Bypass plan (c) Unnested bypass plan (1)
U
HA(R) OA4>1500
! I
+
Thy=g MAm)
:0
M4 =B,
/ N
R Fg;:Bg;count
I
S

(d) Unnested bypass plan (2)

Figure 9: Unnesting strategy for Q6 (sketch)

Let us take a closer look at the query. Assume that a tuple RaatisfiesA4 > 1500. Then,
we do not have to checkl = ... forit: it qualifies independently of the outcome of this ckec
Further, if a tuple from R does not satigh4 > 1500, it must satisfyAl = ...in order to qualify.
Thus, it does make sense to split the tuple stream produceddiyning R into two independent
streams: one containing those tuples satisfydg > 1500 and one with the remaining tuples.
The latter then needs to be filtered &Y = .... Finally, as the two streams are disjoint, a disjoint
union (J) on them suffices to produce the final result. Bypass operatpture exactly this kind
of reasoning. This is why we want to use them for unnestingd.ulseherefore introduce a bypass
selection with predicatd4 > 1500. The following algebraic expression results from this:

e = € U €9
1 = UX4>1500(R)
€ = O'Al:Coum‘c(o’AzZB2 (S))(UX4>1500 (R))

Fig. 9(b) shows the more readable result. The positive stigahe bypass selection (denoted by
a solid line) directly contributes to the final result. In &duh, the negative stream (denoted by dots)
is filtered by a selection with the algebraic equivalenddf = .. ..

12



With this expression as a starting point, we can derive tinested bypass plan shown in Fig. 9(c).
Those tuples of R that satisfy the predicdte > 1500 directly contribute to the result. Only
for the remaining tuples, we need to check the conditionesged byA; = .... This check is
represented in the plan by the same trick used to unnestrotivjely nested queries. In a first
step, we group by the linking attribui&, of the inner query and calculate the aggregate. Then, we
perform an outerjoin. For those tuples of R that do not findia partner, the default handling of
the outerjoin assures correctness. Last, we evaluatenttiadi predicate. It has been rewritten since
the aggregation result has been materialized in the atitrifolA final projection on the attributes of
R guarantees the same schema in the positive as well as thitveegggeam before unioning the two
streams.

Remark. Itis important to recognize that commuting the bypass selewvith the selection in the
negative stream (see Fig. 9(d)) is also feasible. This esdhlther optimization potential. Assume
that the second predicate is expensive to evaluate. Theayitom cheaper to perform the selection
first. This situation is recognized by comparing ranks ofghedicates: the one with the lower rank
should be evaluated first [26]. For a predicatie rank tank(p)) is defined as*;—l, wheres is the
selectivity of predicate andc is the cost required to evalugie

That is, if the predicaté\, > 1500 was a very expensive one, we could evaluate the subquery
first. In this case, the selection checking the linking praté turns into a bypass selection, and the
predicateA , > 1500 is evaluated only in the bypass selection’s negative stréapnojection on the
attributes oRin both streams ensures the final schema.

4.2 Disjunctive Correlation

Not only the linking predicate can occur in a disjunction.eTbllowing query contains a disjunc-
tively occurring correlation predicate, i.e. disjunctaerelation:

SELECT DI STINCT =
FROM R
WHERE A, = (SELECT COUNT(DI STI NCT *) Q7
FROM S
WHERE Ay = B,
OR By > 1500)

The aggregation function in theel ect clause of the nested query combines all tuples that pass
for the correlation predicaté, = B, or the simple predicatB, > 1500.

Similar to the canonical translation of Query Q6, but with tlisjunction in the selection predicate
of the nested selection, the canonical translation givésessalso Figure 10(a))

OA1=count(ca,=B,yvB,>1500(S)) (R) :

Unnesting is not possible with any of the existing techngueor the following, we refer to the
plan in Fig. 10(b). The general idea to unnest this query getan two facts: (1) the aggregation
function (count) is decomposable [6], and (2) the predi@ate> 1500 can be evaluated indepen-
dently of the outer query. This allows us to calculate theltobunt of the inner query from adding
up the counts calculated for two disjoint subsets. Take k#&hdhe bottom of the plan in Fig. 10(b).
In the positive stream of the bypass selection (denoted hylid kne), we count all tuples from
relation S that satisfy the predicdBa > 1500. Those tuples of S that do not satiddy > 1500 go
into the negative stream. Here, they have to pass the cborefaedicate before they contribute to
the total count. Hence, we group them and evaluate the canotibn for each group. Analogously
to the general unnesting strategy (see Eqv. 12), we applytanjoin to perform the match with the
outer relation R and — in order to avoid the count bug — assitmtBe attributey; for those tuples
from R that do not have a join partner. At the end, we need a magd up the separately calculated
values forg; andgs to give the total coury. The subsequent selection with predicate= g checks
the linking predicate. The final projection assures thatdisalt only contains attributes from R.
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(a) Canonical (b) Unnested bypass plan

Figure 10: Unnesting strategy for Q7 (sketch)

4.3 Equivalences

Before we can present our unnesting rewrites for scalaiegief type JA, we need to defidecom-
posabilityof aggregate functions [21]. Let, Y, andZ be sets withX = Y U Z andY N Z = ().
A scalar aggregate functigh: X — A is decomposabli there exist functions

fr: X — N
fo:N' N — N

with f(X) = fo(f1(Y), f1(Z)).

The SQL aggregation functions used most often are decorbf@sa

count(X)= count(Y) + count(2)
sum(X)= sumy(Y) + sum;(2)

_ sumz(Y)4sum;(2))
avg (X) = countII((Y)+Cou111§1 (2)

min(X) = ming(minz(Y),min;(2))
max(X) = maxo(max; (Y),max;(2)).

The discussion of our equivalences (see Fig. 11) is split iwb halves. In the first half, we
discuss unnesting equivalences for queries with disjuadithking. In the second half, we advance
to unnesting equivalences for queries with disjunctiveedation. The proofs for these equivalences
can be found in the appendix B.

4.3.1 Disjunctive Linking

In the equivalences, lgt be an aggregation function.

Equivalences 13 and 15are used to unnest scalar queries whose linking predicate®disjunc-
tively. The former postpones the evaluation of the unnestibdjuery into the negative stream
of a bypass selection. Basically, the unnesting technigjaglapted from Eqv. 12. The idea of
this equivalence has already been explained using Quer{iQ69(c) depicts this strategy.

The latter equivalence is used for first evaluating the utetkesubquery, i.e. the linking predi-
cate, and postpone the evaluation of the second preditatthmnegative stream of the bypass
selection. Fig. 9(d) visualizes this strategy.

Equivalences 14 and 16These equivalences use the binary grouping operator thefeasequence
of unary grouping and leftouterjoin. They support an adbitrcorrelation predicate A5 Bs.
For their validity they require the correlation predicatgtd be a key ofR. This is necessary
to be able to preserve the other attributed?pfe.g. A or the free attribute op. They are
subsequently used in the expression.
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e2 = op(R'™5, 5, 9)

Figure 11: Equivalences for disjunctive queries of type JA

4.3.2 Disjunctive Correlation

Equivalence 17 handles queries whose correlation predicate occurs injangison. Its limitation
is that the predicate expressipmmust not be a subquery itself. Moreover, this equivalence
requires the aggregation function to be decomposable anddirelation predicate to be an
equality predicate. Fig. 10 illustrates the idea of thisiegjence for the query from Sec-
tion 4.2. Its main idea is to generate partial, intermediasailts, which are then combined by
the subsequent map operator.

Equivalence 18 This equivalence uses the binary grouping operator insieadgequence of unary
grouping and leftouterjoin. It supports an arbitrary ctatien predicate Af; B,. It requires
the correlation predicatesAo be a key ofR. This is necessary to be able to preserve the other
attributes ofR, e.g. A or the free attribute op.

Equivalence 19in contrast, is more generally applicable. There are noictishs on the aggregate
function. In addition, predicate may contain a nested query. The bypass join generates one
positive stream for those tuples satisfying the correfggicedicate and a complementary nega-
tive one where is checked. Beforehand, we need to introduce a numberingtope, which
enables us to correctly reassemble the results during ttaeybgrouping.
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4.4 Completeness of Equivalences

Our equivalences handle all cases of scalar subqueriesdigifhinctive linking and correlation.
Thereby, the linking predicate can consist of an arbitrakihg operator {=, #, <, <, >, >1).

Let us make sure that the canonical translation of a scalapugry always leads to a pattern that
matches the left-hand side of one of our equivalences. mditiation, the canonical translation
results in an aggregate function cglhas top-level member of a selection predicate, which is ffart o
the linking predicate. In Eqv. 13 and 15 this correspondsdjudctive linking. The argument of
the aggregation function is again a selection checkingfercbrrelation predicate, which in Eqv. 17
and 19 occurs in a disjunction. Remember that the former j3eaial case of the latter, whepe
must not be a subquery itself and the aggregation fungtiorust be decomposable.

4.5 Tree Queries

Tree queries of type JA can be unnested quite easily by ssizeempplications of our equivalences.
Consider the following query:

SELECT DI STI NCT =

FROM R
WHERE ~ A; =( SELECT COUNT(DI STI NCT *)
FROM S
WHERE Ay = Bp)
R Q8
A3 = (SELECT COUNT(DI STI NCT *)
FROM T

VWHERE As = G,)

Figure 12 illustrates the canonical translation and thelted the following two steps. In a first
step, we unnest the query using Eqv. 13 applied to the priedica. the subquery, having the lowest
rank. In the second step, we have to make a choice: either plg Bpv. 13 again, if there exists
another subquery on the same level, or we apply Eqv. 12 gfighiot the case. Because none of the
subqueries contains a nested query, we apply Eqv. 12.

U
g
! o~ ~ \
R _or_ ILa(r)
_-7 S~_ |
= B TA3=g
A/ \ / \A 3 =92
count count .0
1 ’ NgAz4:Cz
-0 J o N
-7 \ / Sa HA(R) H.A(R) FQQ;:Cg;count
Az =B S T Ay=Cy ' - I
TA1=g1." T
1
:0
NgAlz:Bz
7 N
R Fgl;:Bg;count
I
S
(a) Canonical (b) Unnested bypass plan

Figure 12: Unnesting strategy for Q8 (sketch)

4.6 Linear Queries

Linear JA queries are a special case of disjunctive cofoglahe second predicate in the disjunc-
tion is again a linking predicate, as in the following query:
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SELECT DI STI NCT =

FROM R
WHERE A, =( SELECT COUNT(DI STI NCT *)
FROM S
WHERE Ay = B,
R Q9
Bs = ( SELECT COUNT(DI STINCT *)
FROM T

VHERE By = C))

As you can see in Fig. 13, we start with the canonical traissi@nd unnest in a top-down fashion.
In a first step, we apply Eqv. 19. The result is shown in Figh)l3From here, it becomes obvious
that for the deepest nested expression Eqv. 12 can be apyiiel yields the final plan shown in
Fig. 13(c).

U \
U Tar)
o \H |
| S~ A(R) OA1=g>
~_ | I
R =
/ \ TA1=g2 Fgg,t:t’,count
Aq count r ! |
g2,t=t’,count Pt/ —t
I 1
7~ Pt/ —t U
& o g ~
AN e A(R)
=/ Az =B2 VES . \ + |
/7 \\ A2=Bs OB?’I:gl MAy=B,. . O9B3=g1
N A
B3 count / s count \S 2q1:0
s |
o . .
_- - \ Uii : OB,=Cy 0'i:i Fgl ;=Cg;count
_ | |
By =Co T R T R T
(a) Canonical (b) Unnested bypass plan (1) (c) Unnested bypass plan (2)

Figure 13: Unnesting strategy for Q9 (sketch)

4.7 Duplicate Handling

Let us make sure that all equivalences mentioned in thisoseetre also correct when they are
based on an algebra over multisets. The right-hand side wi/&lgnces 13, 15, and 17 contains an
unary grouping on the nested query block’s input, followgdbeftouterjoin. We observe that after
grouping on the correlation attribute of the inner quergheaalue of the grouping attributes occurs
exactly once. This key is later used as join attribute in #iolterjoin. As a result, this join either
finds exactly one matching tuple for each tuple resultingiftbe outer query block, or it keeps the
outer block’s tuple in order to preserve empty groups. Hetieecardinality of the leftouterjoin is
exactly the one of the outer relation R.

In Eqv. 17, we already ensured correctness of the duplieatastic for expression, above. The
map operator does not influence duplicates, as it only comsgghe correct aggregate value.

The numbering operaterin Eqv. 19 turns the multiset R into a set and thereby ensuresaness
for multisets.

Each equivalence introduces one bypass operator. Thiatmpegn the unnested plan, partitions
its input into two disjoint sets. Thus, it neither createpléhates nor discards any tuples. Moreover,
the final union is defined for multisets, ensuring that dgiés are handled correctly.
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5 Evaluation

To demonstrate the effectiveness of our unnesting tecksique performed an extensive evalua-
tion of the techniques presented in this paper. Specifioalymeasured the execution times of the
canonical and the unnested plans using our hybrid reldtaothXML DBMS Natix [10]. Addition-
ally, we compared the resulting evaluation times with thwsasured for three major commercial
database management systems, for anonymity reasons bghece¢knamed DB 1, DB 2, and DB 3.
For the same reason, we cannot present specific query avalpédns for the commercial systems.
However, the strategy can be predicted by comparing th@atrah times with the evaluation times
resulting from the execution of the canonical plans in Natix

After a brief description of the experimental setup, we pré®valuations for simple table and
scalar subqueries with disjunctive linking and correlatiG-urther, we also include linear and tree
queries in our discussion.

5.1 Datasets

The evaluation is performed on several data sets based asttvemas: (1) the schema of the TPC-H
benchmark [29] and (2) the schema RST used for the examplégueom Section 4. The latter
schema contains three tables (R, S, and T), each consi$fiograolumnsA; € A(R), B; € A(S),
andC; € A(T)fori=1...4.

The data sets for the TPC-H benchmark are generated usirtgetihmark generator (dbgen)
with scaling factors 0.01, 0.05, 0.5, 1, 5 and 10. This resalimoderate database sizes of 11MB -
11GB.

For the independently scaled relations of the RST schemaenerated instances with scaling
factors 6f) 1, 5, and 10. This led to 10.000, 50.000, and 100.000 rowsaraints to small tables of
178K, 1.1M, and 2.1M. In the evaluations below, SF1 dendtesstaling factor of the outer query
block and SF2 the scaling factor of the inner query block. et use larger scaling factors
because neither the canonical plans nor the commerciaregstcaled well.

5.2 Settings

We used two comparable PCs with 1 GB of RAM each for the expentm Not all commercial
systems are available for the same operating system. Weitexildatix and two of the commercial
systems on one of the PCs running Linux 2.6.11. The other cancial system ran on the other PC
under Windows XP. All queries were executed with a cold bufferther, for optimizing the queries
using the commercial systems, we used the highest optimizdati/el possible. However, we did not
create any indexes.

Because of the necessity of using two different systemsrehelting evaluation times are not
exactly comparable. However, the growth of the resultirgwation times already demonstrates the
effectiveness of our unnesting approaches.

5.3 Table Subqueries
5.3.1 Disjunctive Linking

In this section, we present a performance evaluation for)@é on our synthetic schema and the
Query 4d shown in the following on the TPC-H schema.

SELECT o.orderpriority, count(*) as order_count
FROM orders
WHERE o.orderpriority = '1- URGENT
OR EXI STS (

SELECT *

FROM lineitem

WHERE | conmitdate < | _receiptdate

AND o._orderkey = | _orderkey)
GROUP BY o.orderpriority ORDER BY ooorderpriority
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For the evaluation with Natix, we generated three alteveativaluation plans for both queries.
For Query Q1 these are:

Canonical: A correlated plan, as depicted in Fig. 2(a).
Semijoin: An unnested plan, as shown in Fig. 2(b) using a nested-loogae implementation.

Unnested: An unnested bypass plan, as given in Fig. 2(d).

For Query 4d we also generated this three alternatives. r Bivaluation plans are depicted in
Fig. 14.

The execution times (in seconds) of running these quereswanmarized in Fig. 15. We aborted
the evaluation of queries after six hours. These cases amgeteby n/a. The first six tables compare
the runtimes for Query Q1 and the bottom table for Query 4d.

For both queries our unnested approach outperforms evdagtest commercial system (DB 2).
For the largest scaling factors, our approach outperforBDy a factor of three or more. The
remaining commercial systems show a performance similant@anonical plan, i.e. a nested-loop
approach. The results indicate that these commercialraggterform a rather naive evaluation. The
unacceptable evaluation times of these systems and thaicahplan underline the importance of
unnesting nested queries. In general, the unnested pldine tfio example queries finish up to four
orders of magnitude faster than the naive nested-loopatiah.

5.3.2 Disjunctive Correlation

Besides the evaluation of type J queries with disjunctiakitig, we performed an evaluation for
gueries with disjunctive correlation.

Therefore, we executed Query Q2 on our synthetic data seganerated two alternative query
execution plans for Natix. The first alternative is basedrendanonical translation (Fig. 3(a)) and
the second is the unnested plan (Fig. 3(b)). Fig. 16 preseai®sults of this evaluation.

In the experiments, systems DB 1 and DB 2 perform as fast asimuested plan. However,
in contrast to the acceleration of nested queries, unmegiives the cost-based optimizer more
opportunities for reordering operators and selection gkptal implementations. Finally, we point
out the enormous performance gains realized compared tailve nested-loop evaluation chosen
by system DB 3 and to our canonical plan.

5.3.3 Tree Table Subqueries

To evaluate queries with a tree structure, we executed tloaviag query on the synthetic dataset.

SELECT DI STINCT *
FROM R
WHERE Al | N ( SELECT B4
FROM S
WHERE A2 = B3) Q10
R
Al IN (SELECT C4
FROM T
WHERE A2 = C3)

Query Q10is a tree query, because it has two nested quelksiiested inside the top-level query
block. Fig. 17 contains the results of our evaluation. Ingb@uations SF1 denotes the scaling factor
for the outer relation. SF2 denotes the scaling factor di boter relations, i.e. Sand T.
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Figure 14: Query plan sketches for Query 4d

5.3.4 Linear Table Subqueries

Consider the following linear query and the according rssofl its evaluation (see Fig. 18). Again,
SF1 denotes the scaling factor for the outer relation. SFdts the scaling factor of both inner
relations, i.e. Sand T.
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SF2 SF2 SF2
SFf 1 [ 5 [ 10 SF 1 [ 5 [ 10 SFf 1 [ 5 [ 10
T | 101]513] 102 T [[021]028] 017 T [ 7.78] 414 833
5 || 50.6 | 260 | 520 5 || 0.86 | 0.83 | 0.89 5 || 338 175 | 363
10 || 100 | 522 | 1043 10 || 1.75] 1.84 | 1.86 10 || 66.1 | 342 | 663

@ DB1(QL (6) DB2 (Q1) (©) DB3(QD)

SF2 SF2 SF2
SF 1 | 5 [ 10 SFI 1 | 5 | 10 SFI 1 [ 5] 10
1 || 10.8] 53.1 104 1 || 40 [ 405 40 1 JJoz21]o02] 02
5 || 455 | 228 | 452 5 || 401 | 4.03| 3.96 5 || 021 02| 02
10 || 86.2 | 431 | 852 10 || 4.01 | 4.02 | 3.97 10 || 021 ] 02| 0.23

(d) Natix: canonical (Q1)

(e) Natix: semijoin (Q1)

System/Technique

001] 005] 05| 1] 5] 10

TPC-H Scaling Factor

DB 1 84.0 | 3715 n/a n/a n/a | nla
DB 2 0.08 | 1.83 | 24.7 | 43.9 | 290 | 616
DB 3 62.8 | 1742 n/a n/a n/a | nla
Natix

e canonical 79.7 | 3631 n/a n/a n/a | nla
e semijoin 17.7 470 n/a n/a n/a | nla
e unnested 0.19| 0.48 | 3.67 | 15.6 | 79.3 | 189

(9) Query 4d

Figure 15: Evaluation for Q1 and 4d

(f) Natix: unnested (Q1)

SF2 SF2 SF2
SF 1 [ 5 [ 10 SF 1 [ 5 [ 10 SFI 1 [ 5 [ 10
1 0.06 | 0.17 | 0.24 1 0.13 | 0.27 | 0.38 1 8.78 | 359 | 87.1
5 0.08 | 0.35 | 0.56 5 0.11 | 0.61 | 0.95 5 46.9 | 220 | 400
10 || 0.11 | 0.38 | 0.70 10 || 0.13 | 0.63 | 1.23 10 || 94.7 | 469 | 885
(a) DB1(Q2) (b) DB 2(Q2) (c) DB3(Q2)
SF2 SF2
SFI 1 [ 5 [ 10 SFl 1 ] 5 ] 10
1 11.9| 483 | 729 1 0.22 | 0.39 | 0.54
5 66.3 | 278 | 661 5 0.26 | 0.69 | 1.02
10 163 | 633 | 1348 10 || 0.31| 0.75 | 1.27
(d) Natix: canonical (Q2) (e) Natix: unnested (Q2)
Figure 16: Evaluation for Q2
SELECT =
FROM R

WHERE R. A1 I N (SELECT S. Ad
FROM S
WHERE R A2 = S. A3
OR S. Al IN (SELECT T. A4

FROM T

WHERE S.A2 = T.A3))

Q11

Our unnested approach dominates all other approaches.xX€bat®n times of DB 1 and DB 3
in comparison to the execution times of our naive evalugbian are a sign of a nested-loop like
evaluation of these commercial systems.

5.4 Scalar Subqueries

5.4.1 Disjunctive Linking

We now present our performance evaluation for simple gsevith disjunctive linking and scalar
subqueries. We selected Query Q6 and, based on the TPC-hhactie introductionary Query 2d.
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SF2 SF2 SF2
SF1| 1 | 5 | 10 SF1| 1 | 5 | 10 SF1| 1 | 5 | 10
1 23.3 | 119 305 1 0.34 | 0.14 | 0.16 1 17.2 | 91.9 | 179
5 114 | 598 | 1524 5 0.13 | 0.19 | 0.27 5 84.3 | 496 | 920
10 || 231 | 1199 | 3008 10 || 0.16 | 0.22 | 0.34 10 || 166 | 944 | 1873
(@) DB 1 (Q10) (b) DB 2 (Q10) (c) DB 3 (Q10)
SF2 SF2
SF1f| 1 | 5 | 10 SF1f| 1 | 5 | 10
1 26.8 | 133 | 273 1 0.23 | 0.68 | 2.04
5 127 695 | 1323 5 0.27 | 1.23| 3.21
10 || 266 | 1291 | 3003 10 || 0.41 | 197 | 4.66
(d) Natix: canonical (Q10) (e) Natix: unnested (Q10)
Figure 17: Evaluation for Q10
SF2 SF2 SF2
SFI[ 1 | 5 | 10 SF 1 [ 5 [ 10 SF 1 [ 5 [ 10
1 8.71| 191 | 902 1 0.19 | 0.75 | 1.64 1 25.6 | 418 | 1376
5 8.36 | 497 | 1515 5 0.31| 091 | 1.73 5 85.6 | 742 | 1974
10 || 8.35 | 818 | 1995 10 || 053 | 1.14 | 1.94 10 || 149 | 1060 | 2925
(@ DB 1(Q11) (b) DB 2 (Q11) (c) DB 3 (Q11)
SF2 | SF2
SFI 1 | 5 [ 10 | SFI 1 | 5 [ 10
1 242 | 348 | 1347 1 0.17 | 0.37 | 0.74
5 79.6 | 6574 | 1891 5 0.24 | 0.43 | 0.81
10 140 | 1057 | 2519 10 0.36 | 0.52 | 0.89
(d) Natix: canonical (Q11) (e) Natix: unnested (Q11)

Figure 18: Evaluation for Q11

For both queries, we executed two query execution plans tixN&he first plan implements
a canonical translation, the second results from the agpic of Eqv. 13. Figures 9(a) and 9(c)
illustrate these strategies for Query Q6. The plans for 2dyaren in Fig. 19.

Fig. 20 presents the results of our performance evaluafiaobserve that our unnested approach
excels all other approaches — for the RST as well as the TP@{H skt. In comparison with
our canonical approach, the performance numbers of the evoi@hsystems for the RST data set
allow to deduce that these systems execute the nested quenested-loop like fashion. Only the
commercial system DB 2 almost keeps up with our unnestedappr However, for the TPC-H data
set our unnested approach even outperforms this systemebgrdar of magnitude. The remaining
commercial systems are surpassed by three to four ordersghitnde for the cases that finished
within six hours.

5.4.2 Disjunctive Correlation

Besides the evaluation of JA queries with disjunctive lintkiwe performed an evaluation for queries
with disjunctive correlation. Therefore, we executed QU@Y using the commercial systems on our
synthetic data set and generated two alternative querygraglans for Natix. The first alternative
is based on a canonical translation (see Fig. 10(a)). Thensewas derived by applying a strategy
based on Eqv. 17 (see Fig. 10(b)).

Figure 21 presents our performance measurements for thase [Fhe assessments indicate that
all commercial systems evaluate this query similarly to@amonical plan. For the moderate size of
2.1MB of the largest synthetic data set — scaling factor X®fih the inner and outer query block
—, our unnested approach outperforms the others by thremtaofders of magnitude. Moreover,
evaluation times up to half an hour for 2.1MB data seem unaeabtée to us.
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Figure 19: Query plan sketches for Query 2d
5.4.3 Tree Scalar Subqueries

To evaluate tree queries, we executed the following quehersynthetic dataset. Fig. 22 presents
the results.

SELECT =
FROM R
WHERE Al = (SELECT COUNT(*)
FROM S
WHERE A2 = B3) Q12
R
A2 = (SELECT COUNT(*)
FROM T

WHERE A4 = C4)
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(d) Natix: canonical (Q12)

(e) Natix: unnested (Q12)

Figure 22: Evaluation for Q12

5.4.4 Linear Scalar Subqueries

Consider the following linear query and the according rssof its evaluation. In the evaluations
SF1 denotes the scaling factor for the outer relation. Skdt#s the scaling factor of both inner
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SF2 SF2 SF2
SF1| 1 | 5 | 10 SF1| 1 | 5 | 10 SF1 1 | 5 | 10
1 10.6 | 55.7 | 111 1 0.19 | 0.33 | 0.52 1 5.06 | 25.1 | 50.1
5 49.4 | 259 520 5 092 | 117 | 1.30 5 25.7 | 144 | 267
10 || 98.3 | 515 | 1029 10 || 1.95| 2.13 | 2.52 10 || 49.8 | 259 | 558
(@) DB 1 (Q6 (b) DB 2 (Q6) (c) DB 3 (Q6)
SF2 SF2
SF 1 [ 5 [ 10 SF 1 | 5 [ 10
1 10.9 | 54.9 | 109 1 0.2 | 024 0.3
5 46.8 | 235 | 474 5 0.78 | 0.87 | 0.98
10 || 88.5 | 450 | 899 10 || 1.6 | 1.65| 1.74
(d) Natix: canonical (Q6) (e) Natix: unnested (Q6)
Factor
System/Techniquel| 0.01 | 0.05| 0.5 1 5 10
DB 1 0.14 | 0.36 | 52.5| 123 n/a n/a
DB 2 0.10| 200 | 29.0 | 67.0 | 328 | 766
DB 3 0.27 | 0.57 | 48.7 | 234 n/a n/a
Natix
e canonical 79.7 | 3631 n/a n/a n/a n/a
e unnested 0.14| 019 | 082 | 149 | 23.1 | 495
() Query 2d
Figure 20: Evaluation for Q6 and 2d
SF2 SF2 SF2
SFI 1 | 5 [ 10 SF 1 | 5 [ 10 SFI 1 | 5 [ 10
1 16.7 | 90.3 | 184 1 855 | 46.3 | 955 1 11.6 | 59.7 | 120
5 82.7 | 445 905 5 429 | 235 | 479 5 71.4 | 378 737
10 165 | 892 | 1803 10 85.7 | 466 | 971 10 143 | 753 | 1519
(@) DB 1 (Q7 (b) DB 2 (Q7) (c) DB3(Q7
SF2 | SF2
SFI 1 | 5 [ 10 | SFI 1 | 5 [ 10
1 16.0 | 98.6 | 208 1 0.12 | 0.14 | 0.15
5 79.8 | 470 897 5 0.22 | 0.24 | 0.26
10 || 166 | 1237 | 1768 10 || 0.38 | 0.41 | 0.42
(d) Natix: canonical (Q7) (e) Natix: unnested (Q7)
Figure 21: Evaluation for Q7
SF2 SF2 SF2
SF 1 [ 5 [ 10 SF 1 | 5 [ 10 SFI 1 | 5 | 10
1 31.8 | 190 539 1 0.14 | 0.47 | 0.92 1 25.6 | 136 274
5 225 | 1039 | 2435 5 0.36 | 0.72 | 1.17 5 147 717 | 1391
10 395 | 1976 | 4874 10 0.66 | 1.02 | 1.58 10 289 | 1446 | 2874
(a) DB 1(Q12) (b) DB 2 (Q12) (c) DB 3 (Q12)
SF2 SF2
SFI 1 | 5 | 10 SFI 1 | 5 [ 10
1 25.8 | 136 262 1 0.19 | 0.29 | 0.45
5 136 689 | 1342 5 0.4 | 0.58 | 0.79
10 || 257 | 1384 | 2693 10 || 0.81 | 0.96 | 1.23




relations, i.e. Sand T.

SELECT =*
FROM R
VHERE R Al = (SELECT count (S. B4)
FROM S
WHERE R A2 = S. B3 13
OR S. Bl = (SELECT count(T.C4) Q
FROM T
WHERE S.B2 = T.C3))
OR R A4 < 1500

SF2 SF2 SF2
SF1| 1 | 5 | 10 SF1f| 1 | 5 | 10 SF1| 1 | 5 | 10
1 nfa | nfa| nla 1 152 784 | 1602 1 nfa | nfa| nla
5 nfa | nfa| nla 5 744 | 3884 | 9237 5 nfa | nfa| nla
10 || n/a | nfa | n/a 10 || 1517 | 7923 | nla 10 || n/fa | nfa | nla
a) DB 1 (Q13) (b) DB 2 (Q13 c) DB 3 (Q13)
SF2 SF2
SF1f| 1 | 5 | 10 SF1f| 1 | 5 | 10
1 n/a | nfa | n/a 1 n/a | nfa | nla
5 n/a | nfa| nla 5 n/a | nfa | nla
10 || nfa | n/a | n/a 10 || n/a | n/a | n/a

(d) Natix: canonical (Q13) (e) Natix: unnested (Q13)

Figure 23: Evaluation for Q13

6 Related Work

Apart from introducing a classification for nested queri€s) [19] was the first to rephrase nested
SQL queries to contain joins or grouping. However, the validf these rewrites depends on impor-
tant restrictions. They mainly concern empty results ferittner query block, NULL values, and du-
plicate handling. Subsequent research found more ungdsthniques for SQL [8, 11, 12, 18, 25],
OQL [5, 9, 27, 28], and XQuery [20].

Strategies for the evaluation of nested queries are disdusg14, 15].

Several optimization techniques for queries containingjudictive predicates have been pro-
posed [2, 16, 17].

However, to the best of our knowledge, nobody has investtyahnesting nested queries with
disjunctive linking or disjunctive correlation so far. Qapproach for unnesting nested queries in
these cases utilize the bypass technique introduced in [17]

Because bypass operators have two output streams, whicimiareed later, the resulting expres-
sion forms a directed acyclic graph (DAG). Strategies fgplementing bypass operators and query
evaluation engines that support DAG-structured querygptam be found in [17, 23, 24]. Especially
for a thorough discussion of the generation and evaluati@?A-structured query plans, we refer
to [23].

7 Conclusion and Outlook

7.1 Conclusion

We believe that nested queries containing disjunctiveipatels have not yet attracted the attention
they deserve. In our experimental study, we have shown tadti@&ing nested queries in a nested-
loop-like fashion leads to unacceptable performance. Wthnovel unnesting strategy, we are able
to remedy this situation and to substantially improve gugcution times. Although most runtime

systems and optimizers do not incorporate bypass plarspitssible to transfer bypass plans into
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plans without bypass operators. This can, for example, ne thy tagging every tuple whether it
belongs to the positive or negative stream.

7.2 Outlook

Encouraged by these results, we plan to enhance our ungpegiproach to handle more sophis-
ticated cases. These include, for example, (1) unnestiegiegiwhose linkingand correlation
predicate occurs in a disjunction, (2) optimizing nestegjustictive queries in thér omclause, (3)
handling all linking operators, i.@. ALL andd SOVE/ ANY for 6 € {<,<,>, >}, and finally (4)
unnesting queries featuring correlation predicates thf&t to attributes defined in a non-adjacent
guery block (indirect correlation).

Since our unnesting technique creates DAG-structuredbedgeexpressions, we rely on effective
optimization techniques for generating and executing Ds&ctured query plans. The algebraic
expressions produced by our techniques are quite demaadhghence, might trigger further re-
search in this direction.

Acknowledgments We would like to thank Simone Seeger for her comments on theuswipt
and Uwe Steinel for the administration of the commercial D&MV
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A Algebra for Sets

All evaluation techniques in this paper are discussed bagealgebraic equivalences. To make
the paper self-contained, we give some basic notationshendéfinitions of the traditional algebra
operators used throughout the paper. In a second step we tediextended bypass operators which
will be used for decorrelating disjunctive queries.

We support the set of well-known algebraic operators, esfection, joins, or grouping. Their
formal definitions, which is already given in the literat(it&], follows after introducing notations
used in their definition.

Each algebra expressierproduces a set of tuples with identical attributes denosed z). The
set of free variables of an expressiois denoted byF(e). Single tuples are constructed by using
the standard] brackets. The projection of a tupleon a set of attributed is denoted by|4. We
also define | := t| 1)\ 4. The concatenation of tuples is denotedbbyVe writea : b to assign the
nameq to the value (e.g. when creating a new attribute We write R to get all tuples contained
in relationR.

As algebra expressions produce sets of tuples, we can usegthlar set operations, N and\ to
construct new expressions. Note that thatitheperator has to perform duplicate elimination, as it
produces a set. If it is clear that no duplicates can occurwrite U for a union without duplicate
elimination.

e1tUes = {z|lxr€eVa€es}
e1tNey = {zjlx e ANx Ees}
er\ea = {zlr€er Nz e}
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A projection on all tuples of an expressietis defined as

Ma(e) := {z|alz €e}

A selectiono of the set of tuples resulting from expressiomising a predicate is defined as
follows:

op(e) = falreenp)

Several join operators are supported:

exMyey = {zoylxr€er Ny €eaAp(z,y)}

erXpey = {z|lreer ATy €eaAp(z,y)}

eibpes = {z|lzv€eiN Ay € ea Ap(z,y)}
e1 Ng:f(w) e2 = eaXyeaU{zoz|lree A

By € ez p(x,y) N A(2) = Ale2) A g € Alez) A
Va € (A(e2) \ g) : (z.a: NULL A z.g : f(0))}

The d-join is a join between two sets, where the evaluatidgh@fecond set, depends on a tuple
x of the first set {2 (x)). Its definition is as follows:

e1 <ex> = {xoylx €e; ANy € ex(x)}

Sometimes we will also usg Meo instead of; <es>.
For explicit grouping operations and decorrelation pugsose define two grouping operators.

The unary grouping is defined as

Lgoaple) = {macly:GlleceNG = f({yly € ey Abx.A})}

and the binary grouping as

e1lga,04,7(e2) = {zja,0[9:Gllx€er NG = f({yly € e2 AN x.A10y.As})}
Finally, for the translation of nested queries we need theviing map operator:

Xaes(€1) = {zola:ea(x)]|z €er}

To translate the linking predicat&xl STS andl N, we employ the internal functios, (e); for
the negated form we usé, (e). Both return true if there exists (does not exist) at leastelement
in their argument that satisfies the predicgte We write3 and A if the predicate is true, i.e. there
is no linking predicate (e.gEXI STS andNOT EXI STS). Further, for each of the common SQL
aggregation functionSUM COUNT, MAX, M N, andAVGwe have a corresponding internal function.

A.1 Bypass Operators

In order to ease the formal description for the bypass opesaheir definitions come in two halves.
The definition of each operator is divided into the part yirdthe positive stream — denoted with
superscript “+” — and the half yielding the negative streandenoted by superscript “-":

We define the bypass selectiar() as follows:
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of(e) = {zlrcenp(x)}
o,(e) = e—ay(e) = {z|z € e A—p(z)}
We define the bypass joi(") as follows:

erMfes = {roylrcerAy€esAp(r,y)}
_ *
e1Myex = (e1xeg)—(e1 X ex) ={zoylr€er ANy €eaAplz,y)}

We define the bypass semijoir{) as follows:

erX ey = {xlzrcei NIy €exAp(r,y)}
er1X,ex = er—(e1 X} en) = {z]z €eg A=Ty € e Ap(a,y)}

The bypass anti-join is defined as:

eibfex = {z|lzcer AN-Ty€exAp(z,y)}
e1b, ea = e;—(e1>) ez) = {z]z €er Ay € ex Ap(z,y)}

In the definitions of the negative streams the equalitiekethwith * are only valid for two-valued
logic (cf. [4] for detalils).

B Proofs

For the following proofs leths denote the left-hand side amids the right-hand side of an equiva-
lence.

B.1 Proof of Equivalence 2 and 6

We proof only Equivalence 6 repeated below. The correctoieiSgquivalence 2 follows immediately
when we replace the correlation predicate-A B, by the constant RUE.

03a,=8, (0a,=B, (S))\/;D(R) = € U €2
e1 = of(R)
€2 = (0';; (R)) [)<A1:B1/\A2:B2 S

if 7(p) € A(R), A(R) N A(S) = 0, A; € A(R), By € A(S), (for Eqv. 6 in additiond, €
A(R), By € A(S))

rths = o (R) U ((0, (R)) Xa,=B,na.=5, (9))
= {rlreRAp}U{rlre{zlr € RA-p} ANIs € SAT.A; = 5.B1 Ar.Ay = 5.Ba}
{rlre RApyU{rlre RA-pA3s€ SAT.A =5.B Ar.Ay = 5.By}
{rlre RA(pV (-pA3Ise€ SAr.Ay =s.Bi ANr.Ay =s.Bs))}
{rlre RA(pV (-pATse{tlt e SAr.As =t.Ba} Ar.A;1 = s.B1))}

= O'p\/HAl:B1 (UAngg(S))(R)
= lhs

Note that predicates and—p partition the tuples of? into two disjoint sets. We explicitly use
this property in the bypass selection to avoid the creatfoduplicates. Together with the short-
circuit evaluation of the disjunction duplicate semangos preserved. For this reason and because
all remaining operators preserve duplicates this equieadolds for bags.
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B.2 Proof of Equivalence 3 and 7

We proof only Equivalence 7 repeated below. The correctoieiSgquivalence 3 follows immediately
when we replace the correlation predicate-A B, by the constant RUE.

O34, (oaem (S)vp(R) = e1Ues
— +
€1 T R I><A1:B1/\A2:B2 S
ey = Up(R D(KlzBl/\Azzm S)

if 7(p) € A(R), A(R) N A(S) = 0, A; € A(R), By € A(S), (for Eqv. 7 in additiond, €
A(R), B2 € A(S))

ths = (R D<21:B1/\A2:Bz S) U (op(R X A =By Ady=B, S))
= {rlre RANIs€ SAT.A] =5.B Ar.Ay = 5.By} U
{rlre RApA—-3s€ SAr.A; =s.By Ar.As = s.Bs}
= {rlre RA((3s€ SAr.A; =5.By Ar.As = $.Bs) V
(pA—-Js€ SAr.A; =8By Ar.Ay = s.By))}
= {rireRA(pV(@3seSAT.A =5B1 Ar.Ay =5.By))}
= {rlre RA(pvV(3se{tlt e SAT.Ay =t.Bs} Ar. Ay = s.B1))}

= Opvaa,—p, (0ay—5,(5)) (1)
= lhs

Again, we rely on a disjoint partitioning d and short-circuit evaluation of the disjunction in the
last step. The correctness for multisets follows for theesamasons as for equivalences 2 and 6.

B.3 Proof of Equivalence 4 and 8

We proof only Equivalence 8 repeated below. The correctoieiSgquivalence 4 follows immediately
when we replace the correlation predicate-A B, by the constant RUE.

03A1:31(0A2:32(S))VP(R) = €1 U €2
er = o, (R)
€2 = (U; (R)) >A1=B1AA2=B, S

if F(p) C A(R), A(R) N A(S) =0, A1 € A(R), B, € A(S), (for Eqv. 8 in addition4, €
A(R), By € A(S))

ths = o, (R)U ((0, (R))>a,=B,r4,=B, (5))
= {rlre RAp}U{rlre{zjlz € RA-pIA-Fs€ SAT.A; =5.By Ar.Ay = 5.Bs}
{rlre RApYU{rlre RA-pA—-3s € SAT.A; = 5.By Ar.Ay = 5.Bo}
{rlre RA(pV (-pA—-3s€ SAr.Ay =s.B1 Ar.Ay = s.B))}
{rlre RA(pV (-pA—-3se{tjte SAr.Ays =t.By} Ar.A1 = s.B1))}

= OpVZa, =, (04a,=8,(S5)) (R)
= lhs

Again, we rely on a disjoint partitioning d¢ and short-circuit evaluation of the disjunction in the
last step. The correctness for multisets follows for theesagasons as for Equivalences 2 and 6.
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B.4 Proof of Equivalence 5 and 9

We proof only Equivalence 9 repeated below. The correctoieSgquivalence 5 follows immediately
when we replace the correlation predicate-A B, by the constant RUE.

O0Fa, =B, (UA2:B2(S))VP(R) = e Ue
o +
€1 = RI>A1:B1/\A2:B2 S
€2 = UP(R [>1§1:B1/\A2:B2 S)

it F(p) C A(R), A(R) N A(S) = 0, A; € A(R), B, € A(S), (for Eqv. 9 in additiond, €
A(R), By € A(S))

ths = (Ro} _p aasep, S) U (0p(R>4, _p as,—p, 5))
= {rlre RA-3s€ SA1r.A; =8By Ar.Ady = s.Ba} U
{rlre RApAnIs€ SAr.Ay =s.By Ar.Ay = s.Ba}
= {rlre RA((-Is € SAT.Ay =8By Ar.Ay =s.Bs) V
(pAIs€ SAr.A =5.By Ar.Ay = $.Bs))}
= {rlreRA(pV (-Fse{tfte SAr. Ay =t.Ba} Ar.A1 =3s.B1))}

= OpvFa -, (0ay—n,(5)) (1)
= lhs

Again, we rely on a disjoint partitioning d¢ and short-circuit evaluation of the disjunction in the
last step. The correctness for multisets follows for theesagasons as for Equivalences 2 and 6.

B.5 Proof of Equivalence 10

T3n, _p, (oay—mpvp(S)(R) = e1Ues
e1s = R l><;§1:B1 e3
ez = (RXy _p, €3)Xa,=B,An=B, (0, (5))
es = o, (S)

if 7(p) C A(S), A(R) NA(S) = 0, Ay, Ay € A(R), By, By € A(S)
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s = (RXG,_p, (07(9) 0
(RXY,_p, (05 () Xa,=B,n4,=5, (0, (5)))
= {rlre RAIsc{tt€ SAp}Ar.A; = 5B} U
{tlt e {r|r e (R\{z|lz e RAIse {tlt € SAp} ANz.A1 =8.B1}})A
Ise{ylye SA-p} At.A; =s.B1 At.As = s.Ba}
= {rlre RANIs€ SAT.A; =s.B Ap}U
{tlt e {rlr e R\ {z|lr € RAIs € SAx. A1 =s.By Ap}} A
s e SA-pAt.A; =8By ANt.Az = s.Bs}
= {rlre RA3s€ SAT.A; =5.B1 Ap}U
{rlre (R—{z|lre RANIse€ SAx.A1 =s.B1 Ap})A
dse€ SA-pAr.A; =s.By Ar.Ay =s5.By}
= {rl((reRNIse SAr.Ay=sB1Ap)V
(re(R—{zlx e RANIse SAz.A1 =5.B1 Ap})A
s e SA-pAr.Ay =s.By Ar.Az =s.Bs))}
= {rlreRA((3s€ SAT. A1 =s.B1Ap)V(Is€ SA—pAr.Ad; =s.By Ar.Ay =5.Bs))}
{rlre RANIse SA((pAr.A1 =5.B1)V (-pAr.A1 =5.B1 Ar.As = s.B2))}
{rlre RA3Ise€ SAr.Ai=s.B1A(pV (-pAr.ds =s.B2))}
= {rlreRAIse{tite SA(pV (-pAr.Az =tB2))} Ar. Ay =s.B1}
034,=5, (UAQZBz\/p(S))(R)
= lhs

*

In the last step we assume short-circuit evaluation of teidction. In the step marked * we rely
on the more general definition of the bypass semijoin whezentfgative stream is defined by set
difference.

e1 K;eg {z|x € e1 ATy € e2 A p}

e1 X, ex = e — (e1 l><;r €2)

For the correctness of this equivalence for multisets inigartant to realize that the bypass semi-
join partitions the tuples of? into two disjoint streams. Either stream is correct undettisat
semantics. Finally the outermost union merges both stredtheut changing the number of dupli-
cates.

B.6 Proof of Equivalence 11

OFa, -5, (az-nyvr()(R) = e1Uer
e1 = R I>X1:B1 es
es = (R DA,=B, €3) PA, =B, AAL=B, (T, (S))
es = o, (S)

if 7(p) C A(S), A(R) NA(S) = 0, Ay, Ay € A(R), By, By € A(S)
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rhs = (R DzlzBl (U;F(S))) U
(Ro4,—p, (0, (9))) Par=Bin4s=B, (7, (5)))
= {rlre RA-3Isc{tlit e SAp} Ar.A; =5.B1} U
{tlt e {r|r e (R\ {z|x € RA—-3s{t|t € SAp} ANx. A1 =5.B1}}) A
-Js e {yly e SA-p} ANt. Ay = s.B1 Nt.Ay = 5.Ba}
= {rlre RA-3s€ SAr.A; =s.B1 Ap}U
{tlt e {rlr e R\ {z|lr€e RAN-Fs € SAx.A1 =s.B1 Ap}} A
—-Jds € SA-pAt.A; =s.By ANt.Ay = $.Ba}
= {rlre RA-3s€ SAr.A; =5.B1 Ap}U
{rlre (R—{zlre RAN-3se€ SAx.Ay =s.B1 Ap})A
—-Jds € SA-pAT.AL =8By Ar.Ay = 5.Bo}
= {r|((re RAN-3s€ SAr.Ay =8B Ap)V
(re(R—{zlxr e RA-3s€ SAx.A1 =s.B1 Ap})A
-Jds € SA-pAr.A; =8B Ar.Ay = s.Bs))}
= {rlre RA((-3s € SAr.Ay =8B Ap)V(-Is € SA-pAT.A; =5.B1 Ar.As = 5.B3))}
= {rlre RA(({s|ls€ SATr.A1 =s.BAp}=0)V
({s|s€e SA-pAr.Ay =8By Ar.Ay =35.Ba} =0))}
= {rlre RA({sls€ SA((r.Ay =s.B1Ap)V (-pAr.A] =5.B1 Ar.A3 = 5.Bs))} =0)}
{rlre RA-3s€ SA((pA1r.A1 =8.B1)V (-pAr.A; =s.By Ar.Ay = 5.B2))}
{rlre RA-3s € SAT.A1 =s.Bi AN(pV (-pA1.Ay = 5.B2))}
{rlre RA-3se{tlte SA(pV (-pAr.Ay =t.Bs))} ANr.A1 = s.B1}

= 0-34,=5,(04y=8,vp(5)) (R)
= lhs

In the last step we assume short-circuit evaluation of tsgidction. In the step marked * we
rely on the more general definition of the bypass antijoinn@liee negative stream is defined by set
difference.

elb;feg = {zlx €e; ATy € ea A p}

e1b, e2 = ey — (e1 l>; €e2)

For the correctness of this equivalence for multisets itipartant to realize that the bypass an-
tijoin partitions the tuples of? into two disjoint streams. Either stream is correct undeltisat
semantics. Finally the outermost union merges both stredtheut changing the number of dupli-
cates.

B.7 Proof of Equivalence 20

om0, 5(5)(R) = 0410,9(Xg:p(5)(R)) (20)

We observe that the equivalence holds if and only if the aenirto the selections is equivalent.
To see this we rewrite the Ihs as follows:
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1hS = UAlef(S) (R)
= {rlre RAA10f({s|s € S})}
= {tlamwlt €{rolg: f({sls € S})|lr € R} Nt.g0t. A1}
= 04,00(Xg:5(5)(R))
= rhs

As a result, all proofs presented next are also valid whernrdkalt of the nested scalar query
block is returned with the tuples of the outer query blocknéte these equivalences are also valid
for disjunctive correlation of nested scalar queries ingilect clause.

B.8 Proof of Equivalence 13

TpvAL0f(ony—s,(s)(R) = e1Ues
er = o/ (R)
_ (0
s = Iam(ogoa, (0, (R) X5 Y) (Ty_p,.1(5))

it F(p) C A(R), A(R) N A(S) =0, A1,Ay € A(R), By € A(S), g & A(R) U A(S)

We defineR’ := o, (R) = {r|r € RA—p} and
S' 1= Typs(S) = {38, 09 : Glls € SAG = f({yly € S Ay.Bs = 5.B2})}.

rhs =

73 (R) U TLamy (o0, (05 (R)) X555, (Tyimpr (9))))
{rlr e RAp} U
{rlre RRANs€ S " Ar.Ay = s.By A s.gOr. A1} U
{rlre RRAN—-3s€ 8" :1.As = s.Bo ANA(z) = A(S") Ag € A(S") A
Va € A(S)\ g: (z.a: NULL) A z.g : f(0) A 2z.g0r. A1}
{rlre RA(pV (—pA((s €S Ar.Ay = s.By A s.g0r.A1) V
(-3s € 8" :r.dy =s.Ba ANA(z) = A(S") Ag € A(S") A
Va € A(S)\ g: (z.a: NULL) A z.g : f(0) A z.g0r.A1))))}
{rlre RA(pV (-pA
(se{tip,olg:Gllt e SANG = f({yly € SANy.By =t.Ba})} AN1r.Ag = 5.By N s.gOr.Ay) v
(mIse{tip,olg:Gllte SAG = f({yly € SAy.Bs =t.Bo})} : r.Ay = 5.By A
A(z) = A(S)Nge A(S") AVa € A(S)\ g: (z.a: NULL) A z.g : f(0) A 2.g07.A1))))}
{rlre RA(pV(pA((s€ SANG=f({yly € SAy.By =5.Ba}) ANr.Ay = $.Ba ANGOr.Ay) Vv
(-3s €S :r.As =s.Bas NA(z) = A(S) AVa € A(S) : (z.a : NULL) A G = f(0) AGOr.A1))))}
{rlre RA(pV(pANG=f({yly € SAr.Ay =y.Ba}) ANGOr.A1))}

OpVvA10f(0ay=5,(5)) (R)
lhs

For the correctness of this equivalence over multisets vie that the bypass selection partitions
the tuples inR into two disjoint sets. The leftouterjoin finds at most onechawith the tuples of
expressiod’,.—p,.rS because the grouping operator creates a key on the joibuatiB,. Addi-
tionally, the leftouterjoin returns by definition at leastectuple for each tuple iR and thus handles
the case for empty groups. Hence, duplicateB @re handled properly.

The result of the aggregation is computed correctly by theryigrouping operator. It simply
precomputes the value of the aggregate funcfidar each value of attribut®, in S, i.e. for each
non-empty group.
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The proof of equivalence 14 for the special case of equatitgipates follows directly from the
proof of the following Lemma. Note however, that we requirgin R to be a key. Otherwise, as
the lemma tells us, attributé;, and other attributes a® are not available after binary grouping.

Lemma:

Mayug (R (Tyipif(S) = (R)Tgasmpai(S) (21)

Proof:

lhs = {ra,osylrc RAsc{to[g:GllteSA
G=f({ylye SAt.By =y.Ba})} Ar.Ag = s.Ba} U
{rjasozylr € RA=3y € S:r.Ay =y.By NA(z) = A(S) A g € A(S) A
Va € (A(S)\ g): (z.a: NULL A z.g: f(0))}
{ria,olg:Gllre RAs€ SAr.Ay =5.Bo NG = f({yly € SAs.By =y.Ba})} U
{ria,olg:Gllr e RA(m3s € S:r.Ay =s5.B) NG = f(0)}
= {ra,olg:Gllre RA((s€ SAr Ay =5Ba NG = f({yly € SAs.Ba =y.Ba})) V
(G=f@)AN—-TFse€ S:r.Ay=5DB))}
= {ra,olg:Gllre RAG = f({yly € SAT. Ay = y.Bo})}
= (R)Fg;Azsz;f(S)
= rhs

B.9 Proof of Equivalence 14

A, A5 (Opv a6, f(oayoym, (s)(R) = Tlay a,(e1 Ues)
er = o (R)
€2 = Ogh A4 (0; (R)Fg;Azesz;f(S))

if F(p) € A(R), A(R) N A(S) =0, A1,A2 € A(R), By € A(S), g ¢ A(R)U A(S) and the
functional dependency, — A; holds.

rhs = Tla, a,(0, (R) U (ILa(r) (g6, 4, (0, (R)Tg:4,0,,:£(5)))))
= {rja, a,/r € RAPY U {tja, 4./t € {rog:Gllr e RAGH AL A—p A
G = f({yly € S Ar.Az62y.Ba})}}
= {ra,alr € RA(PV (pANGHAI NG = f({yly € S A1.As02y.B2})))}
{rja,a,lr € RA(pV (—p AN GOLALG = f({yly € S Ar.Asbay.Bs})))}

HAI-,A2 (GPVA191f(UA292B2 (S) (R))
= lhs

For the correctness of this equivalence over multisets we that the bypass selection partitions
the tuples inR into two disjoint sets. The returns exactly one tuple peutrtpple ofo (R) ex-
tended with the result of the aggregate functfom hereby empty groups are initialized and handled
properly. The final union merges the disjoint subsets of §Eabs selection establishing the correct
final result.
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B.10 Proof of Equivalence 15

UP\/A19(f(UA2:B2 (S)))(R) = H‘A(R) (81 U 62)
£(0
e = ol (R) X (Tap,ie(S))
_ £ (0
e2 = op(ogpa, ((R) X35, (Pa=pue(9))))

if F(p) C A(R), A(R)NA(S) =10, A1,A2 € A(R), By € A(S), g € A(R) U A(S)
First, we simplify the following subexpressiot that occurs both im; andes:

X = Mgy (R) X050, (Temp,i(9)))
= {rosylre RAse{to[g:Gllte SA
G=f({ylye SAt.Ba =y.Ba})} Ar.Ag = s.Ba} U
{rozgylre RA-3ye S:1.Ay =y.By NA(z) = A(S) Ag € A(S) A
Va € (A(S)\ g): (z.a: NULL A z.g : f(0))}
= {rofg:Gllre RAs€e SAr.As =s.Bs NG = f({yly€ SAs.By=y.Ba})} U

lg :
{rolg:Gllre RA—-3s€ S:1.A2 =5.B, NG = f(0)}
= {rofg:Gllre RA((s€ SAr.As =s.BsANG=f({yly € SAs.By=y.Ba}))V
(G=f0)AN—-Ts€ S:r.Ay=s.Ba))}

= {rolg:Gllre RANG=f({ylye SAr.As =y.Ba})}

Now we useX to complete the proof:

rhs = Tlar) (0994, (X)) U (0p(0g9 4, (X))
= {zamlr € X Nw.gbz. A1} U {zjam)le € X A —=(x.g02.41) A p}
= {zamlr € X A((z.902.A1) V (—(z.90x.A1) Ap))}
= {zumlze{rolg:Gllre RAG = f({yly € SAr.Ay =y.Ba})}
A((x.g0z.A1) V (—(z.g0x.A1) A p))}
= {rlre RANG = f({yly € SAr.Ay =y.Ba}) A ((GOr.A1) V (=(GOr.A1) Ap))}

= OpvA0f(ca,=B,(9)) (R)
= lhs

The correctness of this equivalence over multisets folloywhe same argumentation as for Equiv-
alence 13.

B.11 Proof of Equivalence 16

The proof of Equivalence 16 fdt, as equality predicate follows from Lemma 21. Again the A
must be a key of?.

For the general case we have:

A, 45 (Opv a0, (((oageyn, ) (R) = Tlay a,(e1 Ues)
€1 = Ung‘lAl ((R)F!];Azesz;f(S))
€2 = o'p(o';@lAl ((R)FQ%A292B2%f(S)))

if F(p) C A(R), A(R) N A(S) =0, A1,A2 € A(R), By € A(S), g ¢ A(R) U A(S) and the
functional dependency, — A; holds.
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To simplify the following expression we definé as:

X = (R)FQ;A292Bz;f(S)
= {raya.clg:Gllr € RAG = f({s|s € SA1.As055.B5})}

rhs = Tla, a,(079, A, (R)Tg;8,0,8,:£(S)) U 0y (09, o, (R)Tg;8,0,84:£(S))))
= {ta, alt € ({zlr € X Awgbrz. A1} U {yly € X A—(y.g61y-A1) Ap})}
{ta, a,lt € X Nx.gb1z.A1 V p}
= {ta, At €{rja,,a,0l9:Gllr € RAG = f({s[s € S A1r.As025.B2})} A (GOz. A1 Vp)}
= {ra, alr e RANG = f({s|s € SA1.A3025.B2}) A (GO1r. A1 V p)}

= a4, (UpVA191f(UA292}32 (S) (R))
= lhs

The correctness of this equivalence for multisets folloywshe same arguments as for Eqv.14.

B.12 Proof of Equivalence 17

TM0f(oay=prp($)B) = Tar) (04169(Xg:fo (g1.e2)(€1)))
1 (0 -
e17. = R Ni]412£1é2) (Fgl;:B2;fI (UP (5)))
€9 = fI(U;r (S))

if F(p) C A(S), A(R) NA(S) =0, A; € A(R),i=1,2,Bs € A(S), 9.1 € A(R) UA(S), f
is decomposable [21], i.e.

there are setX(, Y, andZ, with X = Y U Z andY N Z = (. The scalar aggregate function
f: X — N isdecomposabli there exist functions

f[ZX — N/
fo:N' N — N

with f(X) = fo(f1(Y), f1(Z)).

To simplify the expressions we defidé.

X = Mo (RMLLE) T mpairi (07 (5)))
{rosglre RAse{to[g:Gllte SA-pA
G=fi{ylye SA-pAt.Bs=y.Ba})} Ar.Ay = s.Ba} U
{rozglre RAN-3yeS:rAy=yBs AN—pAAz)=AS)ANg1 € A(S) A
Va € (A(S)\ g1) : (z.a : NULL A z.g1 : f1(0))}
= {rofgp:Gllre RAG= fi{ylye SA-pAr.As =y.Bs})} U
{rozglre RAN-3yeS:rAy=y.Bs AN—pAAz) = AS)ANg1 € A(S) A
Va € (A(S)\ ¢1) : (z.a: NULL A z.g1 : f1(0))}
= {rolgi:Gllre RAG = fi({yly € SA-wpA1r.A2 =y.Bo})} U
{rolgi:Gllre RA-FyeS:rAy=y.BaA-pAG=fi(0)}
= {rofg:Gllre RAG = fi({yly € SA-pAr.Ay =y.B2})}

Using Eqv. 20, this equivalence also holds without the fietéation on both sides. Hence, we
remove can it in the remainder of the proof.
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ths = ILar)ug(Xg:so g1, f1 (o (7)) (X))
= {zolg: folgr, fil{yly € S Ap}))ljaryuglr € X}
= {zolg:Gllaryglr €{rofgi:Gllr e RANG = fi({yly € SA—pAr.Ay = y.Ba})} A
G = fo(g1, f1{yly € SAp}))}
= {rolg:Gllre RAG = fo(fi{yly € SA—pAr.As =y.Ba2}), f1{yly € SAp}))}
= {rolg: f({yly € SA(rAy =y.B2Vp)})lIr € R}

= Xg:f(0as=Byvp(9)) (R)
= lhs

To establish the correctness for multisets we observe thaipie of R is duplicated. Hence, we
only have to be careful that at most one tuplesahatches with every tuple ag.

In the first part of the proof tuples af(S) are partitioned by the join predicaté, = Bs.
Matching tuples inr,, (S) are combined to exactly one value — the result of the aggieghinction
f1. This value produces exactly one output tuple for matchimdetin R. Tuples inR that do not
find any matching tuple inr; (S) are padded with the value of the aggregation function fomaptg
input.

In the second part no new tuples are produced or filtered. ,Tthescorrect number of result
tuples are produced. When we investigate the correctnase dinal aggregate value we note that
the tuples ofS are partitioned by predicaje(resp.—p). The latter were handled properly in the first
part of the proof. The former are aggregated independemtlya subscript of the map operator
When both partitions are combined according to the defimibiocdecomposable aggregate functions
the correct aggregate value is computed.

B.13 Proof of Equivalence 18

HA17A2 (O'A191j'(0’A292132W)(S))(R)) = HA1,A2 (UA1919(XgifO(glve2)(el)))
e = (R)Fg1:,A292B2;fI (U;(S))

if F(p) C A(S), A(R)NA(S)=0,A; € A(R),i=1,2, By € A(S), 9,91 € A(R) U A(S),
the functional dependency, — A; holds, andf is decomposable as discussed in the proof for
Eqv. 17.

Using Eqv. 20, this equivalence also holds without the fietdation on both sides. Hence, we
remove can it in the remainder of the proof. In addition, weoige the final projection as it is only
needed to establish the same schema of the result tuples.

ths = Xg:.fo(91,ff(a;(S)))((R)Pgl;A29sz;f1 (01; (5)))
= A{zolg: folzgr, fi{yly € SAPH)]lz € {rolg: Gllr € RA
G = fi{yly € SN —pAr.Asl2y.Ba})}
= {rolg: fo(fr{yly € SA—p Ar.As02y.Ba}), f1({yly € S Ap}))llr € R}
= {rolg: f{{yly € S A (r.A362y.B2 V p)})]|r € R}

- Xg:f(O'A292 By VP(S)) (R)
= lhs

To establish the correctness for multisets we observe thatpie of R is duplicated. The binary
grouping takes care that for every tuple®f single group exists.

The bypass selection partitions the tuples afito two disjoint sets. The binary grouping matches
all tuples ofo,, (S) to the groups established from Tuples ofRz that do not find a join partner are
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properly initialized by the binary grouping. Hence exattlg same tuples af — extended with the
result of aggregation — are returned by the binary grouppegator.

In the map operator does not produce or filtere any tuples.sTime correct number of result
tuples are produced. When we investigate the correctnéiss tihal aggregate value we note that the
tuples ofS are partitioned by predicaje(resp.—p). The latter were handled properly by the binary
grouping operator. The former are aggregated independerttie subscript of the map operatpr
When both partitions are combined according to the defimibiocdecomposable aggregate functions
the correct aggregate value is computed.

B.14 Proof of Equivalence 19

T 410180 an0ymyvp () (B) = TLacr)(0a,009((R)T g1t (pr1r—t1(e1 U e2))))
R/ = th(R)
e = R Nz29232 S
ey = Up(RI M 0.8, S)

if 7(p) C A(R)UA(S), A(R)NA(S) =0, A; € A(R),i =1,2, By € A(S), g & A(R)UA(S)

Let us point out that we assume thetidreturned by the numbering operator is computed deter-
ministically. For an ordered set, this might be the positba tuple within the set, it might be a tuple
identifier as it is commonly used to store tuples in relatialadabases, or simply the key attribute of
a relation. We may only use that fore R’ ands € R’ it holds that ift.t1 = s.t1 = t = s. Note
thatt1 is a key for the tuple it is generated for.

We useX as a shortcut:

X = pyen(eUe)
= pti‘*tl((R/ MzzﬁBz S) U (GP(R/ N2129232 S)))
= {rosyylr€ R'As € SArAsbas. By} U
{ye i, ly € {roslr € R" As € SA—(r.Azf25.Ba)} A p}
= {rosy ylr € R'As€ SArAsbas By} U
{rosy 4 lre R NseSA(r.Axbzs.By) Ap}
= {rosy y|re R'Asc SA(r.Axys.ByV (—(r.A2f25.B2) Ap))}

Thanks to Eqv. 20 we can safely remove the final selection din §ides. We also remove the
final projection on the rhs because it is only required fottagtic reasons.

ths = (R)Cgp=p(X)
= {tolg:GlIte RRNG=f({ylye X At.t1 =y.t'})}
{tolg: Gt e RRNG = f({yly e {[sor]y—nlr e R AscSA
(r.A2095.By V (—(r.A2025.Ba) Ap))} Attty = y.t)})}
{tolg: Gt e RANG = f({s|s € SA (t.A3025.Ba V (—(t.A2025.B2) Ap))})}
{to[g: Gt e RANG = f({s|s € SA (t.A2625.B2 V p)})|}
= {tolg: f({s|s € SA (t.A2025.B2 V p)})]|t € R}
= Xgif(UAzeszvp(S))(R)
= 1Ihs

In the step marked * we use the bijectivity of the numberingrajpor mentioned in the beginning
of the proof. Hence we resume wifRinstead ofR’. In the step marked ** we make use of short
circuit evaluation ofv.
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Note that employing the numbering operator makes this edgrice applicable for either sets or
multisets.
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