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Abstract

This paper presents an application of a DL reasonerto the optimization of
an object-relational query language. Queries containing aggregatefunctions are
di±cult 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 such that satisfaction of
the implication is a su±cient condition for the correctnessof a particular logical
rewrite rule with respect to a given schema.

1 In tro duction

An aggregatefunction is a function that takes as input a bag of values and outputs
a single value. An aggregatequery is a query that contains an aggregatefunction.
Aggregatefunctions may occur frequently in certain application domains; for example,
query workloads in OLAP and data warehousingenvironments make substantial use
of aggregation [3, 8]. The most commonly discussedaggregatefunctions are those
de¯ned by SQL| Sum, Average, Maximum, Minimum, and Count. However, many other
aggregatesare possible: Median, Standard Deviation , Parity , and Product , just to
name a few with mathematical signi¯cance.

Description Logicscanbeusedasa representation for the preconditionsof the rules
of a query optimizer, as well as for the constraints of an object-relational database
schema. One advantage of this approach 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 abilit y to expressuniquenessconstraints can be used to
reasonabout the applicabilit y of the rule. In particular, this paper contributes three
su±cient conditions|form ulated as DL implication problems|for the commuting of
a join operator with an aggregationoperator which handle casesmissedby 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 section we 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 Semantics of DLF DE

De¯nition 1 (Syn tax and Semantics of DLF DE)
Let F be a set of attribute names f f 1; f 2; : : :g. A path expressionis de¯ned by the
grammar \ Pf ::= f : Pf j Id " for f 2 F . Let f C1; C2; : : :g be primitive concept de-
scriptions. We de¯ne derived concept descriptions by the grammar in Figure 1. An
inclusion dependency is an expressionof the form D v E.
The semantics of expressionsis de¯ned with respect to a structure (¢ ; ¢I ), where ¢
is a domain of \objects" f e1; e2; : : :g and (¢)I an interpretation function that ¯xes the
interpretations of primitive conceptsC to be subsetsof ¢ and primitive attributes f to
be total functions1 (f )I : ¢ ! ¢ . The interpretation is extended to path expressions,
(Id )I = ¸x:x , (f : Pf)I = (Pf)I ± (f )I and derived concept descriptions D and E as
de¯ned in Figure 1. An interpretation satis¯es an inclusion dependency D v E if
(D )I µ (E)I . A terminology T consists of a ¯nite set of inclusion dependencies.The
logical implication problem asks if T j= D v E holds; that is, if all interpretations
that satisfy all constraints in T also satisfy (D ) I µ (E)I (the posed question).

A DLF DE terminology can be used to represent the schema of an object-relational
database; in particular, each object type corresponds to a primitiv e concept. In or-
der for the implication problems to be decidable in DLF DE, certain strati¯cation
requirements 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 used to
represent 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 corresponding DLF DE terminology. The constraintsin T inducethe primitive
conceptsPERSON,VIP, ORDER,ITEM, LINEITEM, STRING,INT, andFLOAT. Observe
that the ¯nal constraint on the ORDERconceptmodels the fact that orders for a VIP
customerare always handledby the samesalesrep.

De¯nition 2 (Ob ject-Relational Query Language QLA )
Let V ] B µ F be respective setsof query variablesf a1; a2; : : :g and aggregatefunctions

1DL 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 semantics of someof our constructors[2].
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Figure 2: Pur chase Order Dat abase Schema
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Figure 3: Syntax and Semantics of QLA

f ¯ 1; ¯ 2; : : :g.2

The syntax and semanticsof QLA are shown in Figure 3. The semanticsof a query
Q, denoted [[Q]], is a function that maps interpretations to bags of tuples. Query
variablesoccuring in a given query are assumed to satisfy standard conditions of well-
formedness,and are never reused within the query. Also, for a given tuple t = ha1 :
e1; : : : ; an : en i 2 [[Q]]I computed by query Q over interpretation I , we write t@ai to
denoteei .

Although the agg operator de¯ned for QLA is restricted to taking only a single ag-
gregatefunction ¯ , this doesnot limit the expressive power of the languagesinceany
agg operator containing multiple aggregatefunctions can be rewritten as the natural
join of multiple agg operators, each taking a single aggregatefunction. For the rest
of the paper, common abbreviations to syntax will be made; e.g., from Q1; : : : ; Qk
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]. However,

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 queries as DLF DE concept descriptions.



this body of work does not 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 respect to a
schema) of a rewrite rule for moving subqueriesout of the scope of the elim operator.
Unfortunately, their construction requiresconverting 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 intro ducing the
concept of query context which eliminates the reliance on a normal form.

De¯nition 3 (Query Con text) A query context Q[ ] is a QLA expressioncontain-
ing a single instance of the special terminal symbol [ ]. For Q0 2 QLA , the expression
Q[Q0] denotesthe syntactic substitution of Q0 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 selection list of the aggre-
gation operator, and R the attributes from C that form the join key with the rest of
the aggregation block. They show that a necessaryand su±cient condition for the
correctnessof the rewrite with respect to schemaT (assumingan arbitrary aggregate
function) is that both the functional dependenciesV ! R and V [ 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 queriesusing 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 show how a reasonerfor DLF DE terminologies can be applied to
rewriting aggregatequeriesexpressedin QLA . Speci¯cally, we wish to generalizethe
rule of Yan and Larson described in the previous section to allow for the commuting
of a join with an aggregationoperator within generalquery contexts.

4.1 Generalizing Join-Aggregation Comm utation

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



Example 2 The following queriesare equivalenteventhough the dependency

CQ v > : f Dateg ! o:Id

does not hold for all databases,whereCQ is a primitive concept corresponding to the
result of the query.

E1 : agg Sum(ItemCnt) as TotalItemCnt
[ agg Date, Count(l ) as ItemCnt

from ORDER as o, LINEITEM as l ,
(o.Date = Date), (o = l .Ord) ]

E2 : agg Sum(ItemCnt) as TotalItemCnt
[ selectDate, ItemCnt

from ORDER as o,
(agg o, Date, Count(l ) as ItemCnt
from LINEITEM as l ,

(o.Date = Date), (o = l .Ord)) ]

The queriesin Example 2 are equivalent even though the output of the [ ] blocks may
di®er. This is becausethe output values from the Count function are re-aggregated
by the Sumfunction in such a way that the granularit y 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 ¯ 0 and ¯ cleanly composeif and only if for any two bagsof values
M 1 and M 2,

¯ 0(fj¯ (M 1 ] M 2)jg) = ¯ 0(fj¯ (M 1); ¯ (M 2)jg):

Someexamplesof cleanly composablepairings besidesSum-Countinclude Sum-Sum,
Product-Product , Max-Max, and Min-Min.

Example 3 The followingqueriesare minor modi¯cations of the queriesfrom Example2.
They are alsoequivalent.

E1 : agg Max(Date) as MaxDate
[ agg Date, Count(l ) as ItemCnt

from ORDER as o, LINEITEM as l ,
(o.Date = Date), (o = l .Ord) ]

E2 : agg Max(Date) as MaxDate
[ selectDate, ItemCnt

from ORDER as o,
(agg o, Date, Count(l ) as ItemCnt
from LINEITEM as l ,

(o.Date = Date), (o = l .Ord)) ]

The above queries are equivalent becausewhen the join is moved out of the scope
of the inner aggregationoperator, any di®ering values for ItemCnt are not used and
the Maxfunction ignores any duplicate tuples intro duced. More formally, Max is a
duplicate insensitive aggregatefunction.

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

¯ (M ) = ¯ (f e : e 2 M g):



Other examplesof duplicate insensitive functions include Min and CountDistinct .
We wish to design a rewrite rule that captures the scenariosillustrated by Ex-

amples 2 and 3. In order to do so, we intro duce 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 such that Q[ ] = Q00[elim V 0 Q0[ ]] or
Q[ ] = Q00[agg V 0, ¯ 0(a¯ ) as a¯ 0 Q0[ ]] where Q0 does not contain elim or agg.

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

E1: Q[agg V , ¯ (a) as a¯ from Q1, Q2]
E2: Q[select V , a¯ from Q1, (agg W, ¯ (a) as a¯ Q2)]

(W will be de¯ned later), de¯ne E0
1 and E0

2 to be the respective contents of [ ] for E1

and E2. Then, E1 ´ E2 if we can determine that any one of the following conditions
hold.

1. E0
1 ´ E0

2 within the context of Q[ ].

2. Potentially di®eringvaluesfor a¯ are \compensatedfor" by a cleancomposition
of the aggregatefunction of the nearestenclosingaggregateoperator with ¯ .

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

For the last two conditions, we need to ensurethat the values for a¯ are not used in
somevalue-dependent manner (such asin a predicate) anywhere in 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 need to represent
in DLF DE the constraints induced by the query structure. In preparation, it will be
helpful to extend our schema information with additional knowledgeabout aggregate
functions.

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

Tagg = f C¯ v CDI : ¯ 2 B and ¯ is duplicate insensitiveg

[ f C¯ 0 v 8¯ :CCC : ¯ 0; ¯ 2 B and ¯ 0; ¯ are cleanly composableg

where CDI , CCC , and each C¯ and C¯ 0 are distinct primitive concepts.

The aggregateschema information dependsonly on the aggregatefunctions available
in the system and not on each query; therefore, it can be stored along with T .

Now we are ready to model the query-dependent constraints for a given invocation
of the DL reasonerto decide the applicabilit y of the rewrite rule to the query. For
subquery Q and query context Q[ ], we intro duce the inclusion dependency CQ v



Q ®Q EQ
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Q1 [agg V , ¯ (a) as a¯ [ ]] ®Q 1 [ ] [ V EQ 1 [ ] f ag Cagg u 8±:C¯

Q1 [Q2 union all [ ]] ®Q 1 [ ] EQ 1 [ ] ° Q 1 [ ] AQ 1 [ ]

or Q1 [[ ] union all Q2 ]

Figure 4: Capturing Structural Constraints

(EQ u EQ[ ]), whereCQ is a primitiv e conceptcorresponding to the result of the query,
EQ is a concept inherited \up" from Q, and EQ[ ] is a concept inherited \down" from
Q[ ]. Figure 4 de¯nesEQ and EQ[ ], aswell as®Q and ®Q[ ] which are the setsof variable
namesthat occur in Q and Q[ ], respectively. Note that each unique object identi¯er
Id Q is peculiar to subexpressionQ and is an artifact of the translation to DLF DE;
Id Q 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 aggregateoperator are captured by intro ducing
dependenciesof the form CQ v AQ[ ], where AQ[ ] is de¯ned as in Figure 4. Note that
this construction requires two distinct primitiv e concept namesCagg and Celim and
a distinct attribute name ±. Figure 4 also de¯nes ° Q[ ] which is a set containing the
variable nameof the input argument to the aggregatefunction of the nearestenclosing
aggregationoperator in Q[ ].

Theorem 1 The queries

E1: Q[agg V , ¯ (a) as a¯ from Q1, Q2]
E2: Q[select V , a¯ from Q1, (agg W, ¯ (a) as a¯ Q2)] ,

where W = (V [ ®Q1 ) \ ®Q2 , are equivalent with respect to T [ Tagg if any of the
following conditions are satis¯ed.

1. T [ f CQ v EQ[ ] u EQ1 u EQ2 g j= CQ v (CQ : f V [ ®Q[ ]g ! Id Q1 )

2. a¯ 62®Q[ ], a¯ 2 °Q[ ], and

T [ Tagg [ f CQ v AQ[ ]g j= CQ v (Cagg u 8±:8¯ :CCC )

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



3. a¯ 62®Q[ ], and

T [ Tagg [ f CQ v AQ[ ]g j= CQ v (Celim t (Cagg u 8±:CDI ))

Pro of (sk etch): Let E0
1 and E0

2 denote the contents of [ ] for E1 and E2.

Condition 1: Supposethat E1 6´ E2. Then there exists someinterpretation I with
a ¯xed valuation of ®Q[ ] such that [[E0

1]]I 6´ [[E0
2]]I . This is only possible if the

interpretation [[E0
2]]I includes two distinct tuples which agreeon attributes V [

®Q[ ]. However, thesetuples can be usedto createan interpretation I containing
only two objects s; t 2 (CE0

2
)I that agreeon attributes V [ ®Q[ ] but disagreeon

Id E0
2
. De¯ne Q0

2 = (agg W, ¯ (a) as a¯ Q2). 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 Q1 or Id Q0

2
.

However, by the EQ rule for the agg operator, disagreement on Id Q0
2

implies
disagreement on W µ (V [ ®Q1 ) which implies disagreement on Id Q1 (because
we already stated that s; t agreeon V [ ®Q[ ]). Therefore, we have

T [ f CQ v EQ[ ] u EQ1 u EQ2 g 6j= CQ v CQ : f V [ ®Q[ ]g ! Id Q1 :

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

Q00[agg V 0, ¯ 0(a¯ ) as a¯ 0 Q0[ ]]

such that ¯ 0 and ¯ are cleanly composableand Q0 doesnot contain elim or agg.
Consider a single tuple t 2 [[from Q1, Q2]]I corresponding to a single pair of
values(Id Q1 ; Id Q2 ). Becausea¯ 62®Q[ ] (i.e. intermediate tuples are not ¯ltered
out basedupon value of ®¯ ), for every grouping of V 0 in

[[agg V 0, ¯ 0(a¯ ) as a¯ 0 Q0[E0
1]]]I

to which t contributes f t copiesof a to the aggregateoperator ¯ 0 (summedacross
all groupings of V ), an identical grouping exists in

[[agg V 0, ¯ 0(a¯ ) as a¯ 0 Q0[E0
2]]]I

to which t also contributes f t multiples of a (summed acrossall groupings of
V ). It follows from De¯nition 4 that the value of a¯ 0 for each grouping of V 0 is
unchanged,so E1 ´ E2.

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. However, the output of this aggregation operator is not
a®ectedby any duplicate tuples intro duced by the rewrite, and sincea¯ 62®Q[ ],
the value of a¯ is never used (including in the selection list of the aggregation
operator) so a¯ doesnot a®ectthe output of the query. Thus, E1 ´ E2.

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

E1 : selectCustomer, RepName, OCnt
from VIP as v, (v = Customer),

[ agg Customer, RepName, Count(o) as OCnt
from PERSONas p, (p.Name = RepName),

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

E2 : selectCustomer, RepName, OCnt
from VIP as v, (v = Customer),

[ selectCustomer, RepName, OCnt
from (from PERSONas p,

(p.Name = RepName)),
(agg p, Customer, Count(o) as OCnt
from ORDER as o, (o.Rep = p),

(o.Cust = Customer)) ]

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

Q1 = from PERSONas p, (p.Name = RepName)

Q2 = from ORDERas o, (o.Rep = p), (o.Cust = Customer)

The rewrite is correct because

T [ f CQ v EQ[ ] u EQ 1 u EQ 2 g j= CQ v (CQ : f Customer; RepNameg ! Id Q 1 )

holds. By examining the constraints constructed for EQ1 , it is fairly obvious that p
functionally determinesId Q1 in the result. Therefore, the crucial step in the reasoning
processis to combinethe inheritedconstraintsfrom EQ[ ]

CQ v 8v:VIP u (v = Customer)

with various equality constraintsfrom EQ2 , plus the schemaconstraint

ORDER v (8Cust:VIP : f Custg ! Rep)

in order to concludethat

CQ v (CQ : f Customerg ! p: Id )

holds. A reasoningalgorithm suchasthe onein [12] that reasonsabout aggregationblocks
independentof their context in the querytree would missthe constraintsfrom EQ[ ], and
so fail to ¯nd the equivalence.

The queriesgivenin Examples2 and 3 can be reasonedequivalentusingConditions2
and 3, respectively.

5 Summary

We have presented an application of a DL reasonerin testing su±cient 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 problems is the capturing of functional dependenciesover virtual
object identi¯ers induced by the structure of the query.

Future work includesestablishingcompletenessresults for 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 represented in



the aggregateschema. We have proposedthe duplicate insensitive and cleanly compos-
able classesof aggregatefunctions in an attempt to generalizetwo common patterns.
Unfortunately, our current reasoningmechanism is not complete even with respect to
un-interpreted aggregatefunctions. One problem is that the notion of nearest enclos-
ing aggregation operator and our associated construct AQ[ ] 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 entire hierarchy of aggre-
gation operators that occur asancestorsof [ ] in the query tree; we would alsoneedto
stratify ®Q[ ] and °Q[ ] so that we could identify value-dependent usageof aggregation
variables at di®erent depths in the query tree.
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