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Abstract

We determine when a jomn/outerjoin query can be ex-
pressed unambiguously as a query graph, without an ex-
plicit specification of the order of evaluation. To do so, we
first characterize the set of expression trees that implement
a given join/outerjoin query graph, and investigate the exis-
tence of transformations among the various trees Our main
theorem 18 that a join/outerjoin query is freely reorderable
if the query graph derived from 1t falls within a particular
class, every tree that “implements” such a graph evaluates
to the same result

The result has applications to language design and query
optimization Languages that generate queries within such a
class do not require the user to indicate priority among join
operations, and hence may present a simplhfied syntax And
1t 18 unnecessary to add extensive analyses to a conventional
query optimizer in order to generate legal reorderings for a
freely-reorderable language

1 Introduction

1.1 Motivation

Relational query languages and optimizers are designed
to exploit the properties of Restrict/Project/Join (R/P/J)
queries In particular, they depend on the fact that Join 18
assoclative!, 8o 1t is possible to abstract a query as a query
graph The graph does not impose a partial ordering on the
operations, but instead shows relations as nodes, and jomm
predicates as edges Because execution order 18 inessential to
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1Join does not exactly obey the associative law, which allows
parentheses to be moved without altering the operators With
joins sometimes a new parenthesization forces predicate conjuncts
to be moved to a different operator Our formulation in terms of
“implementing trees of a query graph” 18 more precise

Permission to copy without fee all or part of this material 18 granted provided
that the copies are not made or distributed for direct commercial advantage, the
ACM copynight notice and the utle of the publication and its date appear, and
notice 1s given that copying 18 by permssion of the Association for Computing
Machinery To copy otherwise, or to republish, requires a fee and/or specific
permission

© 1990 ACM 089791 365 5/90/0005/0291 $1 50

César Galindo-Legana *
Aiken Computation Laboratory
Harvard University
cesar@harvard harvard edu

the query’s semantics, languages and optimization of R/P/J
queries are particularly simple

¢ From the language pomt of view, users need only pro-
vide enough mformation to produce the query graph,
e g, the SQL Select-From-Where clauses There 18 no
need to supply parentheses to specify an execution or-
der for joins.

o From the optimizer’s pommt of view, every tree that “im-
plements® the query graph 18 known to evaluate to the
same result, and the mput to later stages of optimiza-
tion is known to be a query graph

But there are applications of matching elements of two
relations that cannot be expressed properly by means of
Join A problem arises iIf we want to preserve all elements of
one (or both) of the relations in the result, even if there 1s
no matching element 1n the other relation As an example,
when we want a listing of departments and their employees,
we often want to see all departments, even those without
employees. Currently, to obtamn this rather natural result,
1t 18 necessary to use SQL embedded in a programming lan-
guage —a complicated process For this reason, [DATER3]
proposed outerjoin constructs to be added to SQL There
are also cases where outerjoms arise 1n exwsting languages

¢ Daplex allows the specification of loops that are equiv-
alent to left outerjoins [SHIPS81]

e It can be used to obtan a relational (flattened) repre-

gentation of a hierarchy where some parent instances
have no children [SCHO87,0ZS089)

e It can be used for processing queries with Count oper-
ations [MURAS89]

Unfortunately, the natural extension of an R/P/J query
graph does not provide an unambiguous expression of a
Jomn/Quterjomn query Sometimes the same query graph can
be derived from two queries, 1 e operator trees, that com-
pute different results (example 2) Yet the benefits of having
a simple query graph as an order-independent abstraction
are too significant to be casually discarded In particular,
outerjomn reordering may reduce significantly the cost of a
query (example 1) The task of this paper 18 to characterize
situations 1 which these benefits remain available In addi-
tion, section 6.2 presents a generalzed-outerjoin operation
that appears useful when the query is not freely reorderable
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12 Basic Definitions

Definition. A scheme 18 a finite set of attribute names A
tuple t on scheme S 18 an assignment of values to attibute
names m S The scheme of tuple ¢ 18 denoted sch(t) For
X C sch(t), we say t 18 a tuple over X A null tuple on
scheme S has a null value assigned for all attributes, and 1s
denoted nulls

Definition. Tuples ¢,, t3 on disjoint schemes S, S, respec-
tively, can be concatenated into a tuple on §; U S3, whose
assignment coincides with that of t; for attributes in §,,
and with that of ¢; for attributes m §; Concatenation of
tuples t1, t; will be denoted (t1,t2) If £ 18 a tuple on scheme
S, we may obtam a tuple ¢ on scheme $' D § by paddsing,
1 e concatenating ¢ with nullg,_g

Definition. A relation on scheme § 18 a finite set of tuples
on scheme S The scheme of relation R 18 denoted sch(R)
A database 18 a set of relations whose schemes are mutually
disjoint, they will be called ground relatsons

Deflnition. A simple predicate p 18 defined on some set of
attributes S, 1t maps {tuples over S} to {True, False} For
any t over S, p(t) 18 defined and depends only on the values
of attributes In S A join predicate p 18 defined similarly, on a
pair of sets of attributes Sy, §; (from disjoint sets of ground
relations), such that p(¢1,¢2) depends only on the values of
attributes in §; and S;

Definition. The regular yoin (also called simply “jon”), de-
noted JN[p](R1, Ra), yields the concatenations of tuples from
Ry, R; that satisfy the jon predicate p, 1t discards tuples ¢,
of Ry for which there 18 no ¢3 1n Rj satisfying p(t1,t3) The
outerjosn, denoted OJ[p|(Ri,R;) conssts of JN[p](R,, R;)
plus the non-matched tuples of R, padded with nulls on the
attributes of Rz, R; 18 called the preserved relation and Rz
the null-supplied relation In infix form, we also denote out-
erjoin by an arrow toward the null-supplied relation, e g,
Ry — R;, and join by Ri—R2 2 Two-sided outerjoin will
not be discussed

A query 13 an expression over operators i a relational al-
gebra It 18 expressed as a tree whose leaves correspond to re-
lation variables, and whose mnternal nodes contain joms, out-
erjoins, and other algebraic operators. The result of a query
Q 18 denoted eval(Q), and 1s defined by the usual bottom-up
evaluation of expressions If op,,op2, denote generic oper-
ators (e g , restrict, outerjoin), then an opi/opa/ query s
a an expression 1n which only the mentioned operators may
appear (e g , Restrict/Project/Jon query)

Example 1. Reordering can greatly reduce cost Consider a
query Ry — (Rz — Rs) m which the first predicate equijoin
keys of R, and R, and the second predicate equijoins keys of
R; and R3 It is equivalent to the expression (R; — Rz) —
R3) (as proved m section 2) Assume that these keys have
imndexes, and also that R, has one tuple, while R; and R;

2This notation for jon 18 intended to reflect a graph repre-
sentation that uses undirected edges, and should not be confused
with set difference The notation for outerjoin should also re-
flect the corresponding directed edge used to represent 1t 1n query
graphs

[§9]

8]

have 107 tuples each 'Then the first expression retrieves
2 %107 + 1 tuples, and the second retrieves only 3

It should be noted that the strategy of evaluating joins
before outerjoins, as we did 1n the example above, 18 not nec-
essarily the least expensive alternative for all cases For the
same (freely-reorderable) expression Ry —R; — Rs, if the
join predicate 18 (R1 A > R; B) and the outerjoin predicate
18 (R; C = Ry D), evaluating the join first would produce a
large output, which then participates in the outerjon The
optimal strategy 1n this case 18 to do the outerjomn first

We now define query graphs that are used as abstractions
of query expressions (removing the specification of execu-
tion order) For an R/P/J query, we use the conventional
graph This graph 18 defined to have a node for each re-
lation mentioned mn the query And for each join operator
in the query expression, for each predicate conjunct, there
18 an edge labeled with that conjunct, we assume conjuncts
reference attributes of two ground relations —in section 4
we discuss some 1mitial observation on how to handle more
general cases We also assume that no relation 1s used more
than once 1n a query, but several copies of the same relation
with renamed attributes can be used

For Outerjoin/Jomn queries, each outerjomn operation on
predicate p between ground relations adds a single edge, di-
rected toward the null-supplied relation, and labeled with
the entire outerjomn predicate p Each outerjoin predicate
must reference attributes from exactly two ground relations,
or else the graph 18 undefined

The graph obtained by the above construction may have
parallel edges —1 e two different edges between the same re-
lations, like those obtammed by conjuncts (R, F-Name=R; F-
Name) and (R; L-Name=R; L-Name) But note that, m
terms of evaluation, we are usually interested in applying
both conjuncts at the same time For this reason, we will
treat them as if they were a single conjunct, and the parallel
edges will be collapsed mnto one The graph corresponding
to query Q 18 denoted graph(Q)

1.8 Outerjoin / Join Queries

In contrast to R/P/J queries, Outerjoin/Jomn query
graphs do not necessarily capture the semantics of the query
represented Example 2 shows two queries that have the
same graph but yield different results, assume that the out-
erjomn predicate 18 over (sch(R,),sch(R;)) and the join pred-
1cate 18 over (sch{R;),sch(R3))

Example 2. Joins and outerjosns do not always asso-
ctate Despite having the same graph, Ry — (R2—Rs) 1s
not equivalent to (R; — R2)—R3 To see this, suppose
r1,r3,rs are the only tuples of Ry, Rz, Rs, respectively, and
(ra,rs) does not satisfy the join predicate The first ex-
pression yields {(r1,—,—)} (1 e, one tuple, consisting of r;
padded by nulls), while the second yields the empty set

But being optimists, we think the class of Outerjom / Join
queries that do reassociate easily 1s large and useful The
class of queries whose semantics are successfully represented
by the graph 18 the class of those queries where all reasonable
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Figure 1 Alternate representations of a query

execution orders yield the same result Such queries (and
their graphs) will be called freely reorderable The remainder
of this section summarizes our major results

Definition. An algebraic expression (1.e , query) is called an
implementing tree (IT for short) of graph G if G = graph(Q)

The two representations —expressions and graphs— pro-
vide different levels of information and emphasize different
aspects of the query An expression unambiguously specifies
the inputs to each operation, and can be evaluated A query
graph represents a collection of relations and the join predi-
cates that connect them, but 1t does not directly possess an
evaluation rule When 1t 18 known that all associations (ie,
ITs) will yield the same result, then the graph is a natural
query representation It can be obtained directly from a tex-
tual language that does not specify a particular association,
or else by 1gnoring associations specified 1n a query presented
as an algebraic expression Note also that ITs correspond
only to connectsusly-preserving parenthesizations, 1.e, jomns
without graph edges (1 e, Cartesian products) are excluded
“Tree” terminology (root, ancestor, etc ) will be used freely
to describe expressions and their operands Fig 1 shows
these two representations of a query, p.y denotes a predi-
cate between attributes in relations X and Y

Implementing trees and their relationship to query graphs
can be used to define the notions of “reasonable execution
orders,” “reassociation” and “associativity” Not every reas-
sociation 18 permitted 1n an implementing tree —every join
must be supported by a predicate in the original query In
Fig 1, a reassociation Jomming R and T 1s disallowed A
detailed treatment of query graphs, implementing trees, and
tree rewrite rules (basic transformations) appears in Section
3

Definition. A query Q and its graph(Q) are called freely
reorderable 1f graph(Q) 18 defined and for all Q' such that

graph(Q') = graph(Q), eval(Q) = eval(Q')

Theorem (Join/outerjoin free reorderability). A
graph G (and therefore sts ymplementing trees}) wll be freely
reorderable when the followsng two condstsons hold
o G conssts of a connected set of josn edges, from which
OJ-labeled trees go outward, and

Figure 2 A “nice” topology for a query graph

o outeryosn predicates return False when all atiributes of
the preserved relatson are null

Fig. 2 shows a graph satisfying the conditions of the above
theorem.

2 Identities for Join-like Operators

In this section we prove 1dentities that imply that certain
rewrites will not alter the value of a query Section 3 will
prove that for “nice® graphs, a series of such rewrites can
map any implementing tree to any other implementing tree
for the same graph We choose a proof approach based on
equivalence of algebraic expressions. In this approach, the
intermediate results are still algebraic identities, and may
be useful in other settings Also, an algebraic treatment
should be preferred over proofs of equivalence by mutual
set-containment 1n an environment where duplicates are per-
mitted

2.1 Definitions

Definition. The antsyosn, denoted AJ[p](R1, Rz), or Ry b
R3, 18 defined as {r, € R, | no tuple of R; satisfies p(ry,r2)}

Definition. A predicate p 18 strong with respect to a set S
of attributes if, whenever a tuple ¢ has a null value for all
attributes m S, p(t) =False As a natural extension, we call
a predicate strong with respect to a relation R if 1t 1s strong
with respect to sch(R)

The algebraic 1dentities 1n this section depend on the pat-
tern of attribute references in different join predicates The
following conventions ease the specification and handling of
these patterns

Convention. We will use ® as an mnfix “generic join op-
erator,” in statements where jomn (—), outerjomn (—), or

P
antyoin () can appear Given subexpressions X, Y, ®
denotes an operator whose predicate can reference only at-
tributes 1n X and Y, moreover, any conjunct in the operator
has to reference attributes in both X and ¥ Thus, in the
expression X oy (v By z ) the first predicate reference rela-
tions in Y but not in Z This predicate information 18 omited



when clear from the context We say that P., 18 strong with
respect to X 1if the predicate 18 strong with respect to the
set of attributes 1t references from X.

Pg
Convention. Whenever we have an expression X Ov Y,
we assume that sch(eval(X)) Nsch(eval(Y)) = @ Also, to
have more freedom writing expressions, each operator has
a “symmetric form” that reverses the treatment of left and

right operands XP"’ Y=Y ®x, x [> Y=Y 4“ X,
Pys

and ofcourseX Zy=v XX

Convention. For comparing or computing the union of
relations X, Y, we first pad the tuples of each relation to
scheme sch(X) U sch(Y) Using this convention 1t is legal
to write (R— S)U (R b S), we would pad the result of the
antijomn and then compute the union with the jomn result
The purpose 18 to allow an easier writing of expression (see
1dentities 9 and 10 below)

For reasons of space, most proofs appear in {GALI89]
rather than in this paper

2.2 Preliminary Identities

We will assume that join operators have precedence over
union The following associativity and distributivity identi-
ties on joins follow fairly easily from the definitions Recall
that — indicates join Identities 1-3 are roughly associative
laws, 4-7 are distributive Identity 1 requires the existence
of predicates P;y and Py,, while P;, 18 optional, and if it
exists then 1t has to be moved between operators after reas-
sociation —the corresponding query graph has a cycle For
all other 1dentities, operators always remain unchanged after
reassoclation

(xZy)if g o xTP g (
(x”—’-” Y)5z = x2ry'¥z (2)
x3y)¥z x"é" v 'Y 2) (3)

X—(YUuZ) = (X—=Y)u(X—2) (4

Y U Z)—X Y—X)u (Z—X) (5)

YuzlpX = (YpX)u (ZpX) (8)
x Py =

Pys

X (Y——ZUY[>Z) )]

If the predicate Py, 18 strong with respect to Y, then we
have

x Bz = ¢ (8)
xBr)¥z = xPy (9)

Finally, note that outerjoin can be expressed in terms of
jomn and antijoin as

Py
xy=-x®yuxdy (10)
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(x = Pay y) "% Pys o
(Expand outer_]om, eqn 10)
x=ry2zux™y)
(Expand outerjoin, eqn 10)
(X—Y u X |> Y)PL'ZU

(X ZJYux x> Y) L> zZ
(Distribute join and antiyoin over union, eqn 5, 6)

(x'-’-’-"y)"l'ZU (X 1>Y)'1”—’ZU
(x

T zuxEY Y
(Simplify for strong predicate P,., eqn 8, 9)
Psy sz Py‘ P:v
= (X — Y) "ZU(XZY)PZUX DY
(Reassociate jom and antl_]om, eqn 1 2)

P,,, Pys
Yy — z)ux (YI>Z)UX1>Y
(Complete by pseudo-distributivity of antuom, eqn 17)

X”i"(YPL'Z) U XP‘”(Y & Z)u

x yXzuy iy 2)
(Factor out jomn from union, eqn 4)

P‘”(YPL‘ZUY g Z)u

Pys
P XzZuy 1> Z)

(Rewnte as outerjom, eqn 10)
5 Py

Pys

> Z

Py .
xXnuxdw™

(Rewnte as outerjom, eqn 10)

7)

Figure 8 Algebraic proof of identity 12

2.3 Reassoclation Rules for Outerjoins

The main results of Section 2 are the following identities
on the associativity of “three operand” outerjoin and jon
queries The analysis of whether jomn predicates must be
strong appears to be new

Pgy Py, sz

il

(¥ ¥ 2)

x Py v % Pys 2),
if Py, 18strongwrt Y
X (—psv (Y Pyl )

X—=Y)->
(X P,y Y) Py,

(11)
(12)

(X —p, ¥Y) ¥ 2 (13)

As an example, the proof of identity 12 18 shown m Fig
2 The algebraic proofs of 1dentities 11 and 13 are similar

Identity 12 does not extend to arbitrary predicates In the
following example, predicate P;, 18 not strong with respect
to B.



Example 8. Nonsirong predicates preclude outerjosn reas-
socsatson Consider the relations A = {(a)}, B = {(b,-)},
C = {(c)} Let P denote (A attrl=B attrl), and Py de-
note (B attr2=C attrl or B attr2=null) Then

Ay (B Pg C) yields {(a,—,—,—)}, but
(A Pap B) Poe C yields {(a,—, —,¢)}

3 Query Graphs and Implementing Trees

Implementing trees can be modified by reordering adja-
cent operators to make one of them “jump” one level up the
tree, the resulting tree 1mplements the same graph This
modification 18 called a bassc ¢ransform (BT for short). Al-
though two trees that implement the same graph need not
yield the same result, BTs corresponding to the identities
of section 2 are result-preserving The closure under those
BTs 18 a set of trees that evaluate to the same result Prov-
g free reorderability of a query Q reduces to show that all
queries implementmng graph(Q) can be obtained from Q by
result-preserving BTs

Note that our proofs depend on equivalence of opera-
tor trees (which possess a well-defined bottom-up evaluation
rule), rather than on equivalence of query graphs, which do
not possess a general evaluation rule

8.1 Definitions and Basic Properties

Recall that 1n a query (Q:1 ® Q2), we can call ® the root,
Q1 the left subtree, and Q3 the right subtree

Observation. If IT Q mmplements graph G, then subtrees
of Q implement connected subgraphs of G Suppose Q =
(@1 ®Q2) Edges of conjuncts of operator ® determme a
cut 1n G, removing them, we are left with two connected
subgraphs, say G; and Gz Either Q, implements G, and
Q2 implements G3, or Q3 1mplements Gy and Q; implements
G2

Observation. If G = graph(Q,) = graph(Q;) and ther
corresponding roots are equal (mcluding operator and pred-
icate), the subtrees of both roots implement the same sub-
graphs of G

Observation. Let G be a query graph and G’ an mmduced
subgraph If G’ 18 connected, then ITs of G’ are subtrees of
ITsof G

Definition. A query graph G 18 called “nsce” if the following
holds
¢ G can be expressed as the union of graphs G,, Gj,
where G, 18 connected and has only join edges, and G2
18 a forest of outerjoin edges, and
e the mtersection of G; and G 18 the set of nodes that
are roots of the forest G

Lemma 1. G 18 *nice” of and only sf st satssfies
o There are no cycles composed of outeryon edges,
o there 12 no path of the form X =Y —7Z, and
o there 1s no path of the form X =Y « Z
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Figure 4 Basic Transforms on Implementing Trees

Observation. If G' 18 a connected subgraph of a “nice”
graph G, then G' 18 also “nice”

3.2 Basic Transforms

Definition. There are two bassc transforms of trees, reversal
and reassociation They are illustrated in Fig 4 for the same
ITof Fig 1

Reversal Exchange the left and right subtree of a node as
shown in Fig 4 Since the operator of that node may
not be commutative, 1t 18 replaced by its “symmetric

Py Pyg
form” (e g — 1s replaced by «-)

Reassocsatson. Exchange a pair of parent/child nodes as
shown m Fig 4 ((Q: @1 Q2) ®2 Q5) 18 transformed
to (Q1 ©1 (Q2 ®2 Qs)) I there 18 a conjunct n @2
referencing @, then 1t has to be moved to the operator
©, after the reassociation (see 1dentity 1 of section 2)
This BT 18 valtd or applicable only if the predicate in ©2
references some relation 1n Q3, and if a conjunct was
moved between operators then both operators must be
regular joins We refer to this BT as [X ©:Y ©: 2|

Observation. If Q' 18 obtamned from Q by a reversal or
reassociation BT, then graph(Q') = graph(Q)

We now turn our attention to those BTs which do not
modify the result of the query

Definition. Suppose we obtamn Q' from Q by applying one
BT This BT 18 called result preserving if eval(Q') = eval(Q)
for all values of the ground relations



A reassociation BT [X ©1 Y ®2 Z] 18 result preserving
whenever the “three relations” identity (X ®,Y) 02 Z) =
(X @1 (Y ®2 Z)) holds It follows from the definition that
reversal BTs are always result preserving

Lemma 2. If G = graph(Q) ss “nsce” and outeryoin preds-
cates are strong usth respect to the null-supplied relatson then
all BTs applicable to Q are result preseruving

Proof sketch. The only non-preserving BTs that may

occur with the operators we have are

o [ XY —2]

o [X oY « 2]

We will show that if [X — Y — Z] 18 applicable on

Q@ then G 18 not a “nice” graph The other case 1s

handled similarly Without loss of generality, assume

that [X — ¥ — Z] 18 applicable on the root of @, which
can then be written as ((Q1 — @3)— Qs)

o The outerjoin predicate references some relation Am
Q1 and B; 1n Q3, the join predicate references some
relation By 1n @; and C 1n Q3

o Leaves of @1, @2, Qs induce connected subgraphs
G1, G2, Gs, respectively There 18 In G a directed
edge from A to By, and an undirected edge between
B; and C

o Since B, Bz are both 1n a connected subgraph, Ga,
there 18 a path between them 1n G This path can be
extended to obtain a path between A and C, where
the conditions of lemma 1 are violated 0O

Lemma 8. If graph(Q) 1s “nsce” and graph(Q) = graph(Q')

then a sequence of BTs can obtain Q' from Q
Proof sketch. Suppose Q' = (@1 © Q%) I @ 1s
an mner node k levels below the root m Q and its
predicate 18 a single conjunct, the application of k re-
associations will map Q to an expression of the form
(@1 ® Q2), n which ® 18 the root We know that (up
to a single reversal BT) graph(Q:1) = graph(Q}), and
graph(Q2) = graph(Q}), and each of these graphs 1s
smaller than the original By induction, Q1 can be
mapped to Q) by a sequence of BTs, and Q2 can be
mapped to Q5 by a sequence of BTs When ©® has
more than one conjunct, 1 e 1t 18 a general cutset 1n the
graph, a generalization of the above argument applies
[}

Theorem 1. If graph(Q) ts “nsce” and outerjoin predscates
are strong wsth respect to the null-supplied relation then Q 12
freely reorderable
Proof. Take any Q' such that graph(Q) = graph(Q’)
By lemma 3, Q' can be obtaned from @ by a sequence
of BTs, say

=0T a% Tao=¢

By lemma 2,V1=0 n—1 eval(Q.) =eval(Q.4+1) Fi-
nally, by transitivity eval(Q) = eval(Q'), and therefore
Q 18 freely reorderable 0O
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4 Join/Outerjoin/Restrict Queries: Initial Ob-
servations

In this section, we sketch how Restriction operations can
be added to the theory presented In general, these opera-
tions cannot be freely reordered in the presence of outerjoins,
1e, 1t does make a difference when they are executed We
analyze only the case where all Restrictions and Projections
m the origmnal query occur after all outerjoins have been
performed Unlike joins, we do not usually want to explore
alternative positions, but instead just want to do restrictions
as early as possible.

It 18 well known that a restriction on the preserved
operand of an outerjomn can be moved into the outerjomn
predicate Difficulties arise only with moving restrictions
passed a null-supplied operand But a Restriction with a
predicate that 18 strong on some attribute A will discard tu-
ples 1n which nulls are used to pad that attribute Hence, if
the results of an outerjoin are subject to such a restriction,
there 18 no pomnt in 1ntroducing the padded tuples —regular
join would suffice A similar argument can be used to con-
vert 2-sided outerjoin to one-sided uterjoin

The simphfication rule 18 Suppose the query includes a
predicate (restriction or regular jomn) that 18 strong in some
attributes of relation R Consider the path sn the smplement-
tng tree gomng from that predicate to R' If an outerjoin 1s 1n
that path and R 18 1n 1ts null-supplied subtree, then replace
the operator by regular jomn This simplification is carried
out before creation of the query graph

We conjecture that if the restriction predicate occurs after
all outerjoins, then the simplification cannot introduce new
violations of free reorderability That 18, on the path where
1t operates, it can never introduce a jomn as an operand of
an outerjoin, nor add a join with a null-supplied attribute

While this transformation 18 guaranteed to simplify query
processing, some other simphfications do pull us out of the
class of free reorderabiity For example, suppose we know
that some outerjoin operation yields the same result as a reg-
ular join, 1 e, that there will be no unmatched tuples to be
padded with nulls —a referential integrity constraint could
supply this information It 1s legal to replace the outerjoin
operator by a join operation (and the corresponding edge
of the query graph by a jomn edge} However, the resulting
query may not be freely reorderable, an 1mplementing tree
of the graph of the revised query may not give the correct
result

Consider the freely reorderable expression Ry — R; —
Rs If a referential integrity constraint between R; and R;
allowed us to replace Rz — Rs by R;— Rs, the resulting
query R; — (Rz— R3) would no longer be freely reorder-
able Reassociation for general graphs 1s still possible using
generalized outerjoin, as shown in Section 6, but this requires
a more sophisticated optimizer

Freely-

5 Languages That Generate

Reorderable Queries

Freely-reorderable outerjoins go substantially beyond Re-
strict/Project/Join queries, but impose relatively ittle bur-



den on language syntax or optimization To show that the
class may be more than a theoretical curiosity, we present
some operators that extend SQL to handle relations whose
attributes may be set- or enfity-valued They were devised
by J Bauer (unpublished), as part of an effort to design a
new commercial DBMS with somewhat more than relational
power® In this section we describe the operators, show how
they can be expressed in terms of Outerjomns, and show that
the resulting expressions are freely reorderable The syntax
18 approximate, to enhance readability

5.1 The Operators UnNest and Link

Two new operators, denoted * and —>, will be used n
the From-List of an SQL query We often use “entity® as
a synonym for “tuple®, to emphasize that in this section’s
model, tuples (1 e, entities) have identity, repeating fields,
and entity-valued attributes

UnNest or Flatten (*). I R has a set-valued at-
tribute Fseld, (R * Field) indicates the unnesting of the
attribute* The result 18 a relation R’ with a scheme 1den-
tical to scheme(R), except that Field 18 now single-valued
Each tuple r of R will produce one or more tuples in R' If
r Field had n > 0 elements, then R' has n tuples for r, each
tuple’s Field contaming a single value from the set, 1f r Field
18 empty then there 1s only one tuple for r in R' and 1t has
a null value in Field For example,

Select All

From EMPLOYEE+ChildName, DEPARTMENT

Where EMPLOYEE D# = DEPARTMENT D# and
DEPARTMENT Location = ’Queretaro’

returns at least one tuple for each employee in a Queretaro
department For Queretaro employees with children, one
tuple 18 returned for each child, otherwise, a tuple with null
ChildName 1s returned

Link via (->). If R has an entity-valued atiribute
Field, (R-> Fseld) indicates the completion of each tuple r
in R by concatenating to 1t the tuple referenced by r Field
The scheme of the result 18 sch(R) Usch(the entity type ref-
erenced by Field)—Field In the extension, for each tuple
R we will have exactly one tuple in the result If r Field 18
null, then a null tuple 18 concatenated to r

For example, suppose DEPARTMENT includes
EMPLOYEE-valued attributes Manager and Secretary, and
a REPORT-valued attribute Audit The following query
returns, for all Zurich departments, the department infor-
mation, plus the employee attributes of the manager, and
the report information from the audit.

3A Nori and J Hee helped refine the operators’ semantics
The “free reorderability” criterion emerged from an effort to val-
date these designers’ intuition that thiz language would be easly
optimizable

“This operation can easily be extended to allow Field to be
relation-valued

Select All
From DEPARTMENT-->Manager-->Audit
Where DEPARTMENT Location = *Zurich’

The next example uses both Flatten and Link The order
of the clauses 18 not essential —the parser can associate the
attributes with their relations The query helps a prosecu-
tor 1dentify money siphoned to employees or their children,
by adding EMPLOYEE and ChildName information to the
department information of the previous query

Select All

From EMPLOYEExChildName,
DEPARTMENT-->Manager-->Audit,

Where EMPLOYEE D# = DEPARTMENT D# and
DEPARTMENT Location = *Zurich’ and
EMPLOYEE Rank>10

Attributes obtammed from the right side of ~> and * op-
erators cannot appear 1n the Where-List predicates because
the position of the restriction predicate would be ambiguous,
either before or after unnesting But they may be restricted
1n an enclosing query block

5.2 Expressing Link and UnNest with Outerjoins

We can make * and —-> special cases of outerjoins by defin.
ing traversable predicates on these associated entity fields
The reformulation 18 similar to that used m [ROSES85] to ap-
ply relational optimization to SQL over Codasyl structures
Assume below that every tuple (1., entity), and also every
field value, has a unique object 1dentifier (e g, a physical
address on disk), denoted by the prefix @ The restatement
1n terms of outerjoins requires introducing special predicates
NestedIn and LinkedTo that connect an entity to 1ts repeat-
ing values or related entities These predicates are evaluated
only as part of a join or outerjoin, and require the optimizer
to generate code to traverse to the related value or entity
For example, given an EMPLOYEE 1nstance denoted e, the
access routines can find all DEPARTMENTS d such that
Manager(d) = e. In any case, the implementation technique
for these predicates is not relevant to correctness of query
reordering

The operators are expressed 1n terms of outerjoin as fol-
lows

o For UnNest, suppose we have an expression (R * Field)
Define an abstract, one-column relation VaiueOfFteld
contamning every value appearing i r Field for any r m
R Then define a predicate NestedIn(@r,Qualue) be-
tween 1dentifiers of tuples of R and ValueOfField, true
whenever value 18 1n r Field The UnNest expression
can be written now as

OJ[NestedIn(@r, Qualue)|( R, ValueOfField)

o For Link, suppose we have an expression (R->Field)
where the entity-valued Field points to a tuple m
relation DomamnOfFseld Define a jomn predicate
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Linked To(@r, @ualue) between 1dentifiers of tuples of
R and DomainOfFseld, true whenever r Field points to
value The Link-via expression can be written as

OJ[Linked To(@r, Qualue)|( R, DomanOfFeld)

Two examples are shown below To improve readabihity
we abbreviate EMPLOYEE, DEPARTMENT, and Value-
OfChildName as EMP, DEPT, and ChName respectively

Select All From EMPLOYEE*Childname becomes

EMP OJ[NestedIn(@EMP, @ChName)] ChName

Select All From DEPARTMENT-->EMPLOYEE+*Childname
18 written as the following expression, where the position of
parenthesis 18 arbitrary

DEPT OJ[Linked To(@DEPT, @EMP)]
(EMP OJ|NestedIn(@EMP, @ChName)] ChName)

Join/UnNest/Link Queries Are Freely Reorderable

Observation. The rules above imply that all query blocks
are freely-reorderable, 1 e, that they satisfy the precondi-
tions of Theorem 1 (As in SQL, the query block 18 hence
an attractive unit for optimization, in both languages, com-
bining query blocks requires more subtlety [MURAS89] )

Proof. Relations that were the null-supplied mput to
an outerjoin were those introduced by the attributes
in the rnight side of operands * and -> Each time
a relation 18 obtained from a field, 1t was considered
independent, 1 e , a new tuple variable Therefore there
was no way to create two edges directed mnto a node, or
a cycle Furthermore, these relations could not appear
i the Where clause of the same query block Thus
none of the forbidden subgraphs has arisen Finally,
note that the special outerjoin predicates are strong So
from Theorem 1 each query block 18 freely reorderable

It 18 possible to express non-reorderable queries, by im-
posing restrictions 1n enclosing query blocks As i SQL,
transformations involving multiple blocks may be difficult
But at least the main unit of optimization, the block, 18
freely reorderable

6 Conclusions and Future Work

6.1 Extending an Optimizer to Handle Freely Re-
orderable Queries

For designers of query optimizers, freely-reorderable
queries are much simpler than the general case For lan-
guage constructs that are known to generate only freely-
reorderable outerjoins, the extension seems small, at least
conceptually Optimizers already 1mplement a query graph
by generating expression trees with different associations of
the graph edges, now 1t must fill ;n Join or else Outerjon
(preserving the operator direction) There 18 no need to in-
sert additional operators, or perform a subtle analysis

For more general languages, 1t may be possible to ex-
tend thie approach to reorder freely-reorderable subqueries
of the given query. But further research 18 needed to
determmne how to combine reordering results for queries
that contain arbitrary combinations of operators, e g, Re-
strict/Project/Join/Outerjoin/Semijoin queries

6.2 Generalized Outerjoins

The result-preserving basic transformations based on
1dentities of section 2 are unable to reassociate an expression
of the form X — (Y — Z), hike the one we had mn example
2 A full algorithm for reordering arbitrary join/outerjoin
queries 18 beyond our scope, but we present a generalzed
outerjomn operator (denoted GOJ) that may be an mmpor-
tant element 1n the solution

Definition. Let S denote a set of attributes contained in
sch(R,), and r denote projection wsth removal of duplicates
Then the generalszed outerjosn consists of tuples that appear
1n the join, plus S-projections of tuples whose S-projection
did not appear 1n the join, the latter are padded with nulls
for attributes outside S

The formal definition (with the predicate p omitted for read-
ability, and — used for set difference 18

GOJ[S|(R1, R2) = (14)
JN(R],RQ) U
(7[S](R1) — =[S] IN(Ry, Rz)) x ““Hsch(nl) usch(r;)-s

Our defimition refines the Generalized-Join operator
[DAYAS87] by omitting unmatched R; tuples whose S-
projection appeared in the join We use the term “general-
1zed outerjoin® because GOJ generalizes join and outerjoin,
but not semijomn or antyjoin As with Generalized-Jomn, GOJ
can be computed by a slightly modified join algorithm

We have proved several reassociation 1dentities for GOJ
[GALI89], under the assumption that relations are duplicate
free, predicates are strong and of the form P, and F,,, those
1dentities include

X 0J (Y JN 2)= (15)
(X 0J Y) GOJsch(X)] Z

X JN (Y GOJIS] 2) = (16)
(X JNY) GOJIS Usch(X)]Z,
f § C sch(Y) and 1t contamns all X-Y join attributes

6.3 Theoretical Remarks

Studies of jomn-like operators (outerjoins, nested queries,
and semijoins) have had an unusual number of erroneous
claims For example, [MURA89)| 1dentifies three papers with
errors To us, this indicates the need for additional defini-
tions and lemmas to make sound reasoning easier We hope
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that our analysis of association and implementing tree may
be useful

Note that 1t may be helpful to be able to reason about
both the graph and the query trees, as each representation
makes different information accessible The graph shows the
pattern of join predicates, but only the implementing trees
show execution strategies, or have a general evaluation rule
that can justify transformations Thus far, our conditions
for reorderability applied to graphs, we conjecture that there
are also simple conditions on the expression trees. For ex-
ample, the null-supplied input of an operand should not be
created by a regular join, nor mvolved later as an operand
of a regular jomn

The “folk theorems” about reorderabihity do not tell what
detailed preconditions are needed for each rule, e g, that
predicates be strong, or that relations be duplicate-free. A
formal analysis highlights these preconditions and gives a
framework to examine algebraic extensions

We hope that similar free reorderability theorems can be
proved of other classes of expressions, using the tools devel-
oped here For example, for jon /semijoin queries, it appears
that fewer basic transforms preserve the result, and therefore
a smaller set of graphs will be freely reorderable —semijoin
edges 1n series appear to be an additional forbidden sub-
graph
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