Rewriting AggregateQuerieausingDescriptionLogic

David DeHaan,David Toman, and Grant Weddell
Sdool of Computer ScienceUniversity of Waterloo
f dedehaandavid, gweddelg@uwvaterloo.ca

Abstract

This paper preseris an application of a DL reasonerto the optimization of
an object-relational query language. Queries cortaining aggregatefunctions are
dixcult to optimize becausecaremust betakento guaranteethat the output value
of the aggregatefunction is not a®ected.We present a mapping from an object-
relational aggregatequery to a DL implication problem suc that satisfaction of
the implication is a sutcient condition for the correctnessof a particular logical
rewrite rule with respect to a given stchema.

1 Intro duction

An aggregatefunction is a function that takesas input a bag of valuesand outputs
a single value. An aggregatequery is a query that corntains an aggregatefunction.
Aggregatefunctions may occur frequertly in certain application domains;for example,
query workloads in OLAP and data warehousingenvironments make substartial use
of aggregation [3, 8]. The most commonly discussedaggregatefunctions are those
de ned by SQL| SumAverage, MaximumMinimum and Count. However, many other
aggregatesare possible: Median, Standard Deviation , Parity , and Product, just to
name a few with mathematical signi cance.

Description Logicscanbe usedasa represettation for the preconditions of the rules
of a query optimizer, as well as for the constraints of an object-relational database
schema. One advantage of this approad is that all of the reasoningabout the applica-
bilit y of optimization rules can be reducedto instancesof logical implication. The rest
of this paper describesa particular query rewrite rule for aggregatequeriesand how
Description Logics with an ability to expressuniquenessconstraints can be usedto
reasonabout the applicability of the rule. In particular, this paper contributes three
suzcient conditions|form ulated as DL implication problemsj|for the commuting of
a join operator with an aggregationoperator which handle casesnissedby algorithms
that assumethe aggregation operator occurs at the root of the query. This builds
directly upon the work in [9, 10].

2 De nitions

In this sectionwe de ne a Description Logic called DLF DE and an object-relational
query languagecalled QLA . Both of these languagesare extensionsof similar lan-
guagesfound in [10].
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Figure 1: Syntax and Semarics of DLF DE

De nition 1 (Syntax and Semantics of DLF DE)

Let F be a set of attribute namesff;f,;:::9. A path expressionis de ned by the
grammar \ Pf = f:Pfjld" for f 2 F. Let fCy;Cy;:::g be primitive concept de-
scriptions. We de ne derived concept descriptions by the grammar in Figure 1. An
inclusion dependencyis an expressionof the form D v E.

The semariics of expressionsis de ned with resgct to a structure (¢ ;¢ ), where ¢
is a domain of \objects" fer;es;:::gand (§' an interpretation function that “xes the
interpr etations of primitive concepts C to be subsetsof ¢ and primitive attributes f to
be total functions® (f)! : ¢ ! ¢ . The interpretation is extenda to path expressions,
(d)' = xx, (f:Pf)! = (Pf)! £(f)' and derived concept descriptions D and E as
de ned in Figure 1. An interpretation satis es an inclusion dependencyD v E if
(D)' u (E)'. A terminology T consistsof a nite setof inclusion dependencies. The
logical implication problem asksif T F D v E holds; that is, if all interpretations
that satisfy all constraints in T also satisfy (D)' p (E)' (the posel question).

A DLF DE terminology can be usedto represen the stchema of an object-relational
database;in particular, ead object type corresponds to a primitiv e concept. In or-
der for the implication problems to be decidable in DLF DE, certain strati cation
requiremerts over equational constraints must be met [10]. In this case,the DLF DE
implication problem is DEXPTIME-complete.

The following example demonstrateshow a DLF DE terminology can be usedto
represemn an object-relational schema. This schemawill be usedasa running example
throughout the paper.

Example 1 Figure 2 illustrates a schemafor a simple purchaseorder databasealong
with the carespnding DLF DE terminology The constraintsin T inducethe primitive

conceptsPERSON,VIP, ORDER,ITEM, LINEITEM, STRING,INT, and FLOAT. Observe
that the nal constraint on the ORDER conceptmodelsthe fact that ordersfor a VIP

customerare always handledby the samesalesrep.

De nition 2 (Ob ject-Relational Query Language QLA)
LetV] B p F berespective setsof query variablesf a;; ay; : : :g and aggmegate functions

DL languagesare somewhat divided over the issueof whether or not attribute descriptions should
denote partial or total functions. We follow [1] in opting for the latter casein order to avoid compli-
cations that would otherwise arise that relate to the semartics of some of our constructors[2].
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The syntax and semanticsof QLA are shownin Figure 3. The semanticsof a query
Q, denotal [Q], is a function that maps interpretations to bags of tuples. Query
variables occuring in a given query are assumel to satisfy standard conditions of well-
formedness, and are never reusel within the query. Also, for a giventuple t = ha; :

denotee,.

Although the agg operator de ned for QLA s restricted to taking only a single ag-
gregatefunction —, this doesnot limit the expressiwe power of the languagesince any
agg operator containing multiple aggregatefunctions can be rewritten asthe natural
join of multiple agg operators, ead taking a single aggregatefunction. For the rest

stands for iterated binary joins.

3 Related Work

Testing the equivalenceof arbitrary aggregatequerieshas beencharacterized for con-
junctiv e [11], positive [6], and disjunctiv e querieswith limited negation [5]. Howewer,

2We have selectedV and B as subsetsof the attribute namesin order to reduce the need for addi-
tional notational baggage.In particular, query variables\b ecome" attribute namesin our abstraction
of queriesas DLF DE concept descriptions.



this body of work doesnot consider schema information, and only considersqueries
where the aggregationoperator is at the root of the query operator tree.

Khizder et al [9] useDescription Logic to deducethe correctness(with respectto a
schema) of a rewrite rule for moving subqueriesout of the scope of the elim operator.
Unfortunately, their construction requirescorverting the query to a normal form that
is only possible becausetheir query language is conjunctive and does not contain
aggregatefunctions. Liu et al [10] extend this to positive queriesby introducing the
concept of query context which eliminates the reliance on a normal form.

De nition 3 (Query Context) A querycontext Q[]is a QLA expressioncontain-
ing a single instance of the special terminal symiol []. For Q°2 QLA , the expression
Q[QY denotesthe syntactic substitution of QP for [].

Yan and Larson [12, 13] considera rewrite that commutes a top-level aggregation
operator with the join of two baserelations. Let C denote the baserelation pulled
out of the aggregateblock, V the set of attributes in the selectionlist of the aggre-
gation operator, and R the attributes from C that form the join key with the rest of
the aggregation block. They shaowv that a necessaryand suxcient condition for the
correctnessof the rewrite with respectto schemaT (assumingan arbitrary aggregate
function) is that both the functional dependenciesV! RandV [ R! Key(C) are
implied by the constraints in T and the rest of the query. This condition has been
used within the context of a system for answering queries using views [7], but it no
longer remains necessarywhen the aggregationblock is not at the root of the query
operator tree. Similar rewrites have beenconsideredin [4, 8].

4 DL Reasoning for Rewriting Aggregate Queries

In this section we showv how a reasonerfor DLF DE terminologies can be applied to
rewriting aggregatequeriesexpressedn QLA . Speci cally, we wish to generalizethe
rule of Yan and Larson described in the previous sectionto allow for the commuting
of a join with an aggregationoperator within generalquery cortexts.

4.1 Generalizing Join-Aggregation Comm utation

The rewrite rule of [12] can be generalizedin seweral ways. First, the two functional
dependenciesin the condition can be combined into the single equivalent dependency
V! Idc, whereld¢ is a unique tuple identi er for tuples from relation C (follows
since,by de nition, Idc ! R). Next, relation C canbeallowedto be an arbitrary sub-
query. Finally, rather than consideringonly top-level aggregation operators, one can
allow the aggregationblock to occur at arbitrary positions within a larger containing
guery. One impact of this last generalizationis that the functional dependencyis no
longer a necessarycondition for correctnessof the rewrite; it is possiblefor the over-
all queriesto be equivalent without the aggregatesubqueriesbeing equivalert. This
can happen when the rewritten aggregateblock is nestedwithin another aggregation
operator whoseaggregatefunction ignoresor compensatesfor the changesintroduced
by the rewrite.



Example 2 The following queriesare equivalenteventhough the dependency
Cov > :fDateg! oild

does not hold for all databaseswhereCq is a primitive conceptcarespnding to the
result of the query

Ei: agg Sum(temCnt) as TotalltemCnt  E;: agg Sum(ltemCnt) as TotalltemCnt

[ agg Date, Count(l) asItemCnt [ selectDate, ItemCnt
from ORDER as o, LINEITEM asl, from ORDER as o,
(o.Date = Date), (0= 1.0rd) ] (agg o, Date, Count(l) as ItemCnt

from LINEITEM asl,
(o.Date = Date), (0= 1.0rd)) ]

The queriesin Example 2 are equivalent even though the output of the [] blocks may
di®er. This is becausethe output valuesfrom the Count function are re-aggregated
by the Sunfunction in such a way that the granularity of the inner grouping doesnot
matter. More formally, we say that the Sumfunction is cleanly composablewith the
Count function.

De nition 4 (Cleanly Comp osable Aggregate Functions)
Aggregate functions ~°%and ~ cleanly composeif and only if for any two bagsof values
M1 and M 2,

Ui (M1] M2)ig) = X (M1); T (M2)jg):

Some examplesof cleanly composable pairings besidesSum-Countinclude Sum-Sugm
Product-Product , Max-Max and Min-Min.

Example 3 The following queriesare minar modi cations of the queriesfrom Example2.
They are alsoequivalent.

Ei: agg Max(Date) as MaxDate E,: aggMax(Date) as MaxDate
[ agg Date, Count(l) asItemCnt [ selectDate, ItemCnt
from ORDER aso, LINEITEM as|, from ORDER as o,
(o.Date = Date), (0= 1.0rd) ] (agg o, Date, Count(l) as ItemCnt

from LINEITEM asl,
(o.Date = Date), (o = 1.0rd)) ]

The above queries are equivalert becausewhen the join is moved out of the scope
of the inner aggregation operator, any di®ering valuesfor ltemCnt are not usedand
the Maxfunction ignores any duplicate tuples introduced. More formally, Maxis a
duplicate insensitive aggregatefunction.

De nition 5 (Duplicate Insensitiv e Aggregate Function)
An aggmegate function — is duplicate insensitive if and only if for any bag of values
M,

"(M)= (fe:e2 Mg):



Other examplesof duplicate insensitive functions include Min and CountDistinct

We wish to design a rewrite rule that captures the scenariosillustrated by Ex-
amples2 and 3. In order to do so, we introduce someterminology that allows us to
concretely refer to an aggregationblock that is \ab ove" the current aggregationblock
being examined.

De nition 6 (Nearest Enclosing Aggregation Op erator)

Given a query context Q[], the nearest enclosingaggregation operator to [] (if such
an operator exists) is the elim or agg operator suchthat Q[] = Q%elim V°QY]] or
Q[] = Q%agg V% "Ya-) as a0 QJ]] where Q°does not contain elim or agg.

We are now ready to give an informal outline of our desired rewrite rule. Given
gueries

Ei: Q[aggV, (a) as a from Qq, Q3]
Ex:  Q[select V, a- from Q1, (aggW, (@) as a- Q)]

(W will be de'ned later), de ne E? and EJ to be the respective contents of [] for E;
and E. Then, E; © E if we can determine that any one of the following conditions
hold.

1. E)” EQ within the context of Q[].

2. Potentially di®eringvaluesfor a— are \comp ensatedfor" by a clean composition
of the aggregatefunction of the nearestenclosingaggregateoperator with .

3. Potentially di®ering valuesfor a- are not used, and any duplicate tuples intro-
duced are removed by the nearestenclosingaggregateoperator.

For the last two conditions, we needto ensurethat the valuesfor a- are not usedin
somevalue-dependent manner (such asin a predicate) anywherein the query operator
tree between|[] and the nearestenclosingaggregateoperator.

4.2 Expressing the Rules within DLF DE

To utilize a DL reasonerfor testing correctnessof the rewrite we needto represen
in DLF DE the constraints induced by the query structure. In preparation, it will be
helpful to extend our schemainformation with additional knowledge about aggregate
functions.

De nition 7 We de ne an aggregateschema, written Tagg, as

Tagg= fC-v Cp : 2B and is duplicate insensitiveg
[ fCov 8 :Ccc: &~ 2B and % are cleanly composable

where Cp;, Ccc, and each C- and C—o are distinct primitive concepts.

The aggregateschemainformation dependsonly on the aggregatefunctions available
in the systemand not on ead query; therefore, it can be stored along with T.

Now we are ready to model the query-dependert constraints for a given invocation
of the DL reasonerto decidethe applicability of the rewrite rule to the query. For
subquery Q and query context Q[], we introduce the inclusion dependency Cq v
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Figure 4: Capturing Structural Constraints

(Equ Egqy), whereCq is a primitiv e conceptcorresponding to the result of the query,
Eq is a conceptinherited \up” from Q, and Eqj is a conceptinherited \down" from
Q[]. Figure 4de nesEq and Eq[}, aswell as®q and ®q(j which arethe setsof variable
namesthat occur in Q and Q[], respectively. Note that ead unique object identi er
Id g is peculiar to subexpressionQ and is an artifact of the translation to DLF DE;
ld g neednot occur as an actual attribute within the object-relational system.

The secondand third conditions of the outline at the end of the previous sec-
tion require knowing properties of the nearest enclosing aggregateoperator in Q[].
Relevant properties of the nearest aggregate operator are captured by introducing
dependenciesof the form Cq v Ag[j, where Agy is de ned asin Figure 4. Note that
this construction requires two distinct primitiv e concept names Cagg and Ceji, and
a distinct attribute name +. Figure 4 also de nes ° [} which is a set cortaining the
variable name of the input argumert to the aggregatefunction of the nearestenclosing
aggregationoperator in Q[].

Theorem 1 The queries

Ei: QaggV, (a) as a from Qq, Q2]
E:  Q[select V, a- from Q1, (aggW, (a) as a- Q)] ,

whee W = (V[ ®q,)\ ®q,, are equivalent with respect to T [ Tagg if any of the
following conditions are satis ed.

1. T[ fCqoV EquEqg, UEqQ,gF CqoV (Cq :fV[ ®gp9! Idg,)
2. a GZ@Q[], a2 OQ[], and
T[ Taggl fCoV AggF Cq V (Caggu 8+8 :Ccc)

3M is a mapping that removes functional dependenciesand equational constraints from its argu-
ments. This is necessaryto keepEq a valid DLF DE concept.



3. a 62y, and
T [ Taggl fCoV Ag9F Cq V (Ceiim t (Cagg U 8+Cpy))

Pro of (sketch): Let E? and EP denote the contents of [] for E; and E;.

Condition 1: Supposethat E; 6" E;. Then there exists someinterpretation | with
a xed valuation of ®q(; such that [E]l 6 [EJ]l . This is only possibleif the
interpretation [EJ]l includes two distinct tuples which agreeon attributes V [
®qr1- However, thesetuples canbe usedto createan interpretation | containing
only two objects s;t 2 (CEg)' that agreeon attributes V [ ®q[j but disagreeon
ldgg. De ne Q9 = (aggW, “(a) asa- Q). As these objects satisfy the left-
hand side of the constructed implication, the Eq construction for the select
and from operators dictates that s and t must di®er on either Id o, or Id 9.
However, by the Eq rule for the agg operator, disagreemen on Id o9 implies
disagreemebh on W p (V [ ®g,) which implies disagreemen on Id g, (because
we already stated that s;t agreeon V [ ®g[;). Therefore, we have

T[fCqoV EguEq, UEQ,06/ CqVv Cq :fV[ ®g! Idg,:

Condition 2: By construction, this condition is true only when[] falls into the scope
of an aggregationoperator and the nearestsuc operator to [] is

Q%aggV® "qa-) asao QY]

such that ~%and ™ are cleanly composableand Q°doesnot cortain elim or agg.
Consider a single tuple t 2 [from Q1, Q2]I corresponding to a single pair of
values(ldq,;1dq,). Becausea- 62Rqy; (i.e. intermediate tuples are not Tftered
out basedupon value of ®-), for every grouping of V%in

[aggV® ~Ya-) asa—o QYEI!

to which t contributes f copiesof a to the aggregateoperator ~° (summedacross
all groupingsof V), an identical grouping exists in

[aggVC ~Ya-) asa-o QIEIN

to which t also contributes f; multiples of a (summed acrossall groupings of
V). It follows from De nition 4 that the value of a-o for ead grouping of V%is
unchanged,so & = BE.

Condition 3: By construction, this condition is only true when the nearestenclosing
aggregation operator to [] is either elim or agg with a duplicate insensitive
aggregate function. Howewer, the output of this aggregation operator is not
a®ectedby any duplicate tuples introduced by the rewrite, and sincea- 62y,
the value of a- is newver used (including in the selectionlist of the aggregation
operator) so a- doesnot a®ectthe output of the query. Thus, &~ E.

The rewrite rule from Theorem 1 is useful for pushing aggregationoperators below
joins, which reducesthe cost of calculating the aggregatefunction. It canalsobe used
to pull aggregationoperators above a join, which could be useful for making the query
match the de nition of a materialized aggregateview, asin [7].



Example 4 The following queries|which both report the number of orders matching
each(Cust, Rep.Name)pair for VIP customers|can be reasonedequivalentby Condition
1 of Theaem 1.

Ei: selectCustomer RepName OCnt E,: selectCustomer RepName OCnt
from VIP asv, (v = Customer), from VIP asv, (v = Customen),
[ agg Customer RepName Count(o) as OCnt [ selectCustomer RepName OCnt
from PERSONasp, (p.Name = RepName, from (from PERSONas p,
ORDERaso, (0.Rep= p), (p.Name = RepNamg),
(0.Cust = Customen) ] (agg p, Customer, Count(o) as OCnt

from ORDER as o, (0.Rep = p),
(0.Cust = Customer)) ]

The queriesinsidethe [] are broken down into the following subqueries.

Q1 = from PERSONasp, (p.Name = RepNamé
Q2 = from ORDERaso, (0.Rep= p), (0.Cust = Custome)

The rewrite is correct because
T[ fCqV Eqg[uEq, UEqg,gF CqV (Cq : fCustomerRepNamg! Idg,)

holds. By examiningthe constraints constructedfor Eq,, it is fairly obviousthat p
functionally determinesld g, in the result. Therefae, the crucial step in the reasoning
processis to combinethe inherited constraintsfrom E gy

Co v 8v:VIPu (v = Customer)
with various equality constraintsfrom Eq,, plusthe schemaconstraint
ORDER VvV (8Cust:VIP: fCustg! Rep
in order to concludethat
Cq v (Cq :fCustomeg! p:ld)

holds. A reasoningalgaithm suchasthe onein [12] that reasonsabout aggregatiorblocks
independentof their contextin the querytree would missthe constraintsfrom E g, and
sofail to nd the equivalence.

The queriesgivenin Examples2 and 3 can be reasonecequivalentusing Conditions2
and 3, respectively

5 Summary

We have preseried an application of a DL reasonerin testing suzcient conditions for
the correctnessof a query optimization rule for the object-relational query language
QLA which includes aggregationand union operators. One novel feature of the con-
structed implication problemsis the capturing of functional dependenciesover virtual

object identi ers induced by the structure of the query.

Future work includesestablishingcompletenessesultsfor logical rewrites involving
aggregation operators. Completenesswith respect to the interpretation of arbitrary
aggregatefunctions is not realistic, as one can create sets of pathological functions
whoseinteractions adhereto patterns that would needto be explicitly represened in



the aggregateschema. We have proposedthe duplicate insensitive and cleanly compos-
able classesf aggregatefunctions in an attempt to generalizetwo common patterns.
Unfortunately, our current reasoningmecdhanism is not complete even with respect to
un-interpreted aggregatefunctions. One problem is that the notion of nearest enclos-
ing aggregation operator and our assaiated construct Aqpy is not powerful enoughto
capture transitiv e casesof compensation between nested aggregation blocks. To do
so, we would needto extend our construction to capture the ertire hierarchy of aggre-
gation operators that occur asancestorsof [] in the query tree; we would also needto
stratify ®q[; and °g[; sothat we could identify value-dependert usageof aggregation
variables at di®erert depths in the query tree.
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