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Abstract

Most parallel databases exploit two types of parallelism: intra-query parallelism and
inter-transaction concurrency. Between these two cases lies another type of parallelism:
inter-query parallelism within a transaction or application. Exploiting inter-query paral-
lelism requires either compiler support to automatically parallelize the existing embedded
query programs, or programming support to write explicitly parallel query programs.

In this paper, we present compiler analysis to automatically detect parallelism in the
embedded query programs. We present compiler dependence test algorithms for detecting
both interna and e terna dependences. We show that the properties of some special func-
tions such as MI  and M can help reduce dependences. inally, we discuss the potential
use of dependences to impro e the performance of embedded query application programs.




raditional mainframe databases are being replaced by highly parallel database systems.
Most parallel databases exploit two types of parallelism: intra-query parallelism and inter-
transaction parallelism. Intra-query parallelization impro es the execution time of complex
queries by executing the query operations in parallel. Inter-transaction parallelization im-
pro es the throughput of the database system by executing queries from multiple transac-
tions in parallel.

Between these two cases lies another type of parallelism: inter-query parallelism within
a transaction or application. Exploiting inter-query parallelism requires either compiler
support to automatically parallelize the existing embedded query programs, or programming
support to write or rewrite explicitly parallel query programs.

arallel databases ha e been an acti e research area. eWitt and ray gi es an
excellent o er iew of the state of research on parallel database systems. hey considered
pplication rogram arallelism as one of the future research problems. hey stated
that, he parallel database systems o er parallelism within the database system. Missing
are the tools to structure application programs to ta e ad antage of parallelism inherent in
these parallel systems.

While there has been much research on intra- query optimizations for parallel pro-
cessors and concurrency between transactions , little wor has been done on
inter-query parallelization within a transaction or application.  arabeg and ianu
presented algorithms for maximizing the degree of parallelism of straig (- ine code within
parallel transactions. s far as we now, no wor on embedded query programs has been
done.

In the area of parallelizing compilers, dependence analysis of sequential programs has
been widely studied in the high performance computing research community. owe er,
the data dependence analysis tests are usually designed for array-based programs or
pointer-based programs

In this paper, we show that a compiler can automatically detect parallelism in the
embedded query programs. ur main contributions are summarized below.

We formulate the dependence problem, and categorize the dependences into interna
and e terna dependences.

We present two compiler dependence tests for detecting internal and external depen-
dences.

We show that the use of special functions such as MI and M can help reduce
dependences.

his paper is organized as follows. irst, we gi e the problem formulation for dependence
analysis of queries in ection . In ection , we propose a model of representing queries
in terms of ead Write sets. In the next sections, we present two dependence tests. he
test for interna dependencesis described in ection , and the test for e terna dependences



is in ection . In ection , we show that the properties of special functions can be
used to impro e the dependence analysis. Examples of dependence analysis of programs
from the benchmar are included in ection . 1 en the independence dependence
between queries, we discuss potential optimizations that can be performed on embedded
query application programs to impro e parallelism in ection

eads and writes to the same ob ect and uses of the same alue may result in dependences
between queries. he ob ects may be either records in the database or ariables in the
host language. If there is a dependence between two queries, the compiler must preser e
the original order. If, on the other hand, the compiler can pro e that two queries are
independent, we are guaranteed the correct result no matter in which order those two
queries are executed.

ro ing that two queries are independent enables many powerful inter-query optimiza-
tions.  hese include standard compiler optimizations which ha e been used in general
purpose programming languages. 1l these techniques can be applied to embedded query
languages as well.

In our model we consider queries embedded within a host language. his pro ides
mechanisms not a ailable in e.g., control ow . Because of the presence of both
the host language and the query language, we de ne two types of dependences: interna
dependence and e terna dependence. n internal dependence is a dependence between two
queries that access the same set of records in the database, where one of the shared records
is written. n external dependence is a dependence between two queries that share the
same host-language ariables, where one of the ariables is written.

he dependences between queries are represented with a dependence grap . he depen-
dence graph contains a ertex for e ery query in the program and a directed edge between
ertices and if there is a dependence between queries and . We initialize the graph
so that there is an edge between any two queries which operate on the same table. here
are no edges between queries operating on di erent tables. he we use internal dependence
analysis to eliminate as many edges as possible between the queries in the same table, and
we use the external dependence analysis to add all external dependences between queries
operating on di erent tables, which ha e to be preser ed to maintain the semantics of the
original program.
he algorithms for building precise dependence graphs between queries are the focus
of our paper. he following sections show how we deal with each of the dependences.
ection describes how to detect internal dependences, and ection shows how to nd
external dependences.

In this section, we present the model which we use to represent standard queries. his
model allows us to easily extract read and write information about the table attributes or
program ariables.



We enumerate below our assumptions, before loo ing at the models for each of the base
query classes, in the following subsections.

. We assume that queries are in format. We belie e our wor can be generalized
to any query language. owe er, for the sa e of conciseness, we choose as our
base query language

. We model the four common queries elect, pdate, elete and Insert. ur
representation can be extended to handle oin, ro ect, pen, etch, lose, and
cursor related operations, which are all similar to the elect query.

. We also allow queries to contain standardized functions li e , M, ,
M and MI . his is further discussed in ection

In the subsequent sections, we refer to a conditiona term as an expression of the form

where  can be any relational operator in the set ,  belongs to the
set of attributes columns of a table,  belongs to the set of ariables, belongs to the
set of constants, and are functions.

We de ne a condition as one or more conditional terms connected by any of the logical
operators in the set , which correspond toa , r, and t respecti ely.
otice that the can always be pushed-in inside a conditional term, for example,
isequi alent to , 80 henceforth, we will not consider the logical operator
t. E en among the relational operators, since  and  can be written in terms of |
and , we will assume that . We say that a condition is satis ab e if there
is a record in the table for which the condition holds true.

he fundamental retrie al operation in is the mapping, represented syntactically as a

ct t r r bloc . We model the elect operation by grouping the ariables

in the operation according to whether they are de ned or used. We further separate them

into two groups according to whether they are program ariables external , or part of the

database internal , that is, accessible only by queries. he elect operation can be modeled
as shown in  gure , and

he ead-Write representation can be explained as follows:

a_ tr a , refers to all the program ariables , external to
the query, that are used in the condition . hese are the program ariables read by
the query.

rt . tr a , refers to all the program ariables , external to the

query, that are de ned by the query.



igure : Example of elect

igure : ead-Write epresentation of elect
a_ tr a . or notational e cacy we use the condition  to be equi alent
to the set satis es , where is a record, i.e., the set of all
records satisfying condition . t this time, we restrict our attention to the whole

record in a table. We plan to relax this to consider indi idual attributes separately,
as part of future wor .

rt _ tr a refers to the fact that no database table entry is written to.

We do not elaborate the representation of each set in the other cases as they are similar
to the abo e.

he main modi cation operation in is the pdate operation.  his is represented
syntactically as an at t r bloc .

We model the pdate operation as described in  gures

igure : Example of pdate

he ey di erence in the representation of the pdate operation is the presence of two
write sets, Write_Internal_ re and Write_Internal_ ost. he rst set describes the set of
records that are to be updated, and the second set describes the set of records obtained after



igure : ead-Write epresentation of pdate

applying the update operation. he rationale for ha ing two sets is that an update may
modify an attribute that is part of the Where condition, potentially changing the condition.

ote that the Write_Internal_ ost set is a conser ati e estimate, for the records which had
the same alues prior to the update are also included in the set.

he Insert operation used to add an entry to the database. his operation is represented
syntactically asan s rt t a s bloc .

Insert can be modeled as described in gures , and

igure : Example of Insert

igure : ead-Write epresentation of Insert



he elete operation is used to delete a record from the database. his operation is rep-
resented syntactically as a t r or t bloc . elete can be modeled as
depicted in gures , and

—

igure : Example of elete

igure : ead-Write epresentation of elete

In this section we present an algorithm to test for internal database dependence between
any two queries.

he internal dependence test starts by constructing the ead_Internal and Write_Internal
sets for each query, as de ned in ection . ecall that we use the condition interchange-
ably with the set of records satisfying the condition, so let refer to the ead_Internal
condition, and to the Write_Internal condition, for query

We say that a pair of conditions, and , is tncompatib e, if the con unction of the
pair, denoted by , is unsatis able, otherwise we say that the pair is compatib e.
We say that there is an interna dependence between a pair of queries i ,

is compatible, or
is compatible, or
is compatible,



where query is executed before query , denoted by query query . therwise, we
assume that the two queries are interna y independent. or pdate queries, we use
if it is query , and we use if it is query , instead of simply using

ince we start with a complete graph of dependences between any two queries which
operate on the same table, we proceed by examining each possible pair of queries in turn,
and try to eliminate the dependence edge from the graph, if we can establish that the two
queries are internally independent.

Before we test for compatibility between the read and write conditions of di erent
queries, we con ert , the con unction of the two conditions, into dis uncti e norma orm

ecall that is in dis uncti e norma orm if , where stands
for . Each , where is a conditional term. or example, if
and , then
, and

o determine the incompatibility of the pair of conditions forming , we
ha e to ma e sure that each of the is unsatis able, or con ersely if any is satis able,
then we conclude that the two conditions are compatible.

We now formulate a method of sol ing or establishing the incompatibility of a pair of
conditions. We will rst consider the simple case where we only ha e conditional terms
of the from , Where , are attributes, and  are
constants, i.e. where is a linear function of the attributes of the table. ote that in the
cases where arithmetic operations do not ma e sense, for example in the case of strings, we
only consider terms of the form or . ater in the section, we will discuss
how to extend it for the more general case in ol ing ariables. We do, howe er, restrict our
attention to linear functions of attributes, ariables or constants.

We say that the term  is inler-re ated to term , i an attribute | such that occursin
both and ,and we de ne the notion of grouping within each  as the process of forming
the set of inter-related terms. fter grouping within each | we ha e , where

each group , is a con unction of inter-related terms, . We obser e that only
terms that are inter-related, i.e., those which ma e up a group, need to be chec ed for
contradictions. or example, let
fter grouping inter-related terms, we ha e,
, and . he attribute cannot ha e any in uence on the
satis ability of group . o we consider each group, , separately, and if any group is
unsatis able, is unsatis able. on ersely, if all groups are satis able, then issatis able.

rom our example abo e, in the absence of nowledge of the state of the database, we must
assume that the conditional term is satis able. In general, we can eliminate
any group which has only one term in it, by safely assuming that it is true. Moreo er,
in cases where the domain of alues for an attribute is non-numeric, we can simply chec



for compatibility by comparing the constant alues for the attributes in the conditional
term. In the example abo e, by comparing the alues of , we can quic ly establish
a contradiction.

nce the groups ha e been formed, our simple tests comprises of eliminating all groups
ha ing only one term, and groups which ha e attributes with non-numeric domains are
tested for unsatis ability by simple comparisons among the terms comprising the group.
We now concern oursel es with groups ha ing terms with a ne expressions.

he fact that we can replace with , and with
, combined with the con uncti e form of | allows us to consider each group
not eliminated by the simple tests, as a system of linear inequalities, which can be sol ed
for solutions by using the ourier-Motz in Elimination method . onsider the following
system of  linear inequalities in  un nowns, formed from the terms within a group, where
the attributes, , are un nowns, and are constants:

his method proceeds by eliminating one un nown at a time, by rst rewriting each lower
and upper bound for that un nown, and then comparing each lower bound against each
upper bound, and obtaining a new system of inequalities not in ol ing that un nown. or
example, the abo e system of linear inequalities can be partitioned into the three sets:

where denotes all the upper-bounds, denotes all the lower-bounds for , and
denotes inequalities not in ol ing . fter eliminating , we get the new set of inequal-
ities,

We repeat this process until a contradiction is reached, or we eliminate all un nown ari-
ables, in which case the system must ha e a real solution.

a s b ctr s ur formulation abo e can easily be extended to sol e for the
general conditional terms of the form shown in equation . While pre iously, we considered
the un nowns to be only the attributes of tables, we now relax this condition, and allow

ariables to be un nowns too, obtaining the following system of linear inequalities



where can be an attribute or a ariable. his new system can now be sol ed by our
algorithm to test for compatibility between the two conditions. he complete algorithm is
summarized in gure

igure : lgorithm for testing Internal ependences

Information is shared between embedded queries ia ariables of the host language. here-
fore we must now the ow of data in the host language to determine dependences between
queries.

In addition to dependences between queries caused by con icting accesses in the database,
there are new types of dependences in embedded . he ariables of the host language
may carry information between two queries thus ma ing the two queries dependent. on-
sider the following example.

E al :a Mtable W E Eb b

e

E

@ e

cl c Mtable W E Ed e

In this case the two queries access dis oint portions of the database, yet there is a
dependence between them, because the alue retrie ed in the rst query is used indirectly
in the second query.



If we can pro e that induction ariables are di erent in di erent iterations of a loop, we can
pro e independence of queries which use that induction ariable to select records. onsider
the following example.

ri t n

Etable E a ::@aW E Eb

Without the information that the alue of is di erent in e ery iteration, we would

ha e to assume conser ati ely that all instances of the query are dependent on each other.

owe er, using data ow analysis e.g., chains, cf. ection . we can pro e that all

instances are independent and they can be reordered or issued in parallel assuming no
other dependences in the loop .

or data ow analysis and for induction ariable detection we use factored use-def chains
chains , which are described in detail in Wolfe

or e ery use of a ariable we ha e a pointer to a unique reaching de nition.  his
is possible because of the introduction of -terms , which merge con icting de nitions
created by control ow. chains not only ha e desirable properties, but they can also
be constructed e ciently with nown algorithms.

We use the following notation for chains. Each occurrence of a ariable is mar ed
with a unique label. de nition is denoted with that label in the subscript. Each use
is mar ed with its label and another label of the de nition which reaches this use. or
instance is a de nition of ariable  which is labeled . he use of on
the right-hand side is labeled . he de nition is the reaching de nition for

o guarantee that there is always at most one de nition reaching any use of a ariable,
we insert -terms at control ow con ergence points. -term creates a new de nition
for a ariable with multiple de nitions reaching that point. onsider the following code
fragment.



wo de nitions reach the merge point of control ow after the  statement. new
de nition is inserted to merge de nition and into one.  his causes ust one
de nition of to reach the use

eaching de nition information enables straightforward detection of information sharing
between two queries.

ct ar ab s here is another use of chains which is important to our
analysis: detecting induction ariables in a loop. fter detecting an induction ariable, we
try to pro e that the ariable has a di erent alue in e ery iteration of the loop. If such a
proof is possible, we can often show that instances of queries in di erent loop iterations are
independent.

a a rt ts In addition to modi cations to ariables as handled in standard
data ow analysis, we ha e to considerthe a _ tr a and rt _ t r a setsde-
ned in ection . E ery occurrence of a ariableina a _ t r a setis treated as a
use of that ariable. n occurrenceina rt _ t r a setisequi alent to a de nition.
n example using these sets to nd dependences is gi en in ection

In this section we loo at ways in which we can identify distincty a ued ariables in a

loop. We de ne distinct y a ued ariables as those ariables that can ne er ha e the same
alue across iterations of a loop. hese ariables are di erent from induction ariables in

the sense that, in the case of induction ariables we now the exact function by which we

can represent them. In the case of distinctly alued ariables we do not now what alue

they ha e in a gi en iteration but we do now that the possible set of alues of a distinctly
alued ariable in iteration i cannot intersect with the possible set of alues for the same
ariable in iteration

igure : Example of istinctly alued ariables

In the example shown in igure , ar is a distinctly alued ariable, because the
alue it is being assigned in the elect statement, is being used to determine the list of
records to be deleted. herefore future iterations can ne er assign the same alue to ar .



he identi cation of such ariables is important for eliminating possible loop carried
dependences.

prede nes e functions that can be called from within a elect query. hese
functions are returns the number of alues , M returns the sum of the alues ,
returns the a erage of the alues , M returns the maximum alue , and MI
returns the minimum alue . Each of these functions operates on the collection of alues
in one column of some table, and produces a scalar result. urthermore, the argument of
the function may be preceded by the eyword I  E which means that the argument is
a set and duplicate alues in the column are not considered.

he importance of these functions lies in the fact that a scalar alue is returned, and this
scalar depends on the elements that satisfy the where condition of the elect statement. We
can generalize the abo e idea of detecting distinctly alued ariables when these functions
are used in the elect statement.

In the following discussion we assume that the conditions for the query statements
elect, elete and pdate are ne er alse, i.e., there is at least one record satisfying the
condition. We assume that none of the Insert operations returns an error.
Below we list conditions in ol ing these functions where we may detect possible dis-
tinctly alued ariables.

If the elect employs I , the selection criteria  ondition does
not depend on the iteration count, and there is a elete on at least one record that
satis es the ondition then the ariable de ned by the function could be

distinctly alued.

imilarly if a elect is followed by an pdate or Insert which adds a new record that
will satisfy ondition then could be distinctly alued.

If the elect employs M I , we really cannot do anything as deleting
se eral elements may result in the same original sum if we delete |, ,and | the
sum remains unchanged . owe er if we now that the domain of is either or

then we can ma e the same chec as for

If the elect employs I , then deleting records does not help, as the

a erage alue could feasibly repeat.

If the elect employs MI I , the selection criterion  ondition does not

depend on the iteration ariable, and there is a elete on all records that satisfy
ondition MI , then  could be distinctly alued.

If the elect employs M I , the selection criterion  ondition does

not depend on the iteration ariable, and there is a elete on all records that satisfy
ondition M , then  could be distinctly alued.

he algorithm for implementing these chec s will in ol e the comparison of pairs of
queries on the same table in the database, combined with data ow analysis.




he benchmar is an wor load. It is a mixture of read-only
and update intensi e transactions that simulate the acti ities found in complex
application en ironments.
In this section we describe an example from , and show how the tests presented
in the pre ious sections are used to construct the query dependence graph.

ur base algorithm to output the dependence graph is described in igure

igure : omplete lgorithm

We 1st form the ead-Write representations.  hese representations are useful for
constructing the actored se- ef chains. he actored se- ef chains can be used for
Induction ariable nalysis, ata ow nalysis and istinctly alued ariable nalysis.
We distinguish between two inds of dependences in our approach. oop independent
dependences 1  are dependences within the same iteration of the loop. oop carried
dependences are dependences across iterations. inally the test for Internal epen-
dences uses all the information from the preceding steps to determine loop carried and loop
independent dependences.

We now loo at the main loop from the e erytransaction in , to illustrate the
basic idea behind each transformation in the algorithm.

he example here is the eli ery transaction in . he basic code is shown in igure

a rt r rs tat S

he rst step is to transform the queries into their respecti e ead Write representations.
igure  shows the ead Write sets for the rst elect query in gure

ead_External identi es the program ariables _ _ _ used in the condition
Write_External identi es the program ariable no_o_id thatis de ned by the select operation.
ead_Internal identi es all records within the able new_order that satisfy the condition
. Write_Internal is the empty set. he ead Write sets for the other queries can be
constructed similarly.



igure : Main or oop In eli ery ransaction

igure : ead-Write epresentation of elect



st r tr a c s

he 1st part of the algorithm for this section will identify the scalars present in the loop,
and construct the def-use chain of these scalars. he scalars in the for loop are: i no_d_id
no_o_id  _id o_carrier_id o tota _amount o_c_id curr_tmstmp tota _amount. he ari-
ables that are within the loop are ¢ no_d_id tota _amount o tota _amount and
no_o_id .

he resulting def-use chain is shown in igure

he next step is to identify induction ariables. his can be done by examining the
def-use chain as described in . he induction ariables for this loop are ¢ no_d_id.

igure : esultant se- ef hain

st ct a arab A a ss

By the method outlined in the ection we can see that there are no istinctly alued
ariables in the code.  _ _ , ali ely candidate, is not a distinctly alued ariable as the
condition of the select operation changes with iteration count.

st r tr a c s

ext we test the internal dependences on each of the digraphs for ew_ rder, r-
ders, rder_ ine and ustomer separately using information obtained from the external
dependence test, and istinctly alued ariable analysis. or example, when testing for
dependence between the rst elect and elete operations in igure within the same
iteration, we see that the ead_Internal et of the elect operation and Write_Internal et
of the elete operation are compatible. o there is a loop independent dependence 1
from the elect operation to the elete operation. If we loo across iterations i.e if we



Select select Update Update

ew_org orders order_| Custome
LID
New_ord orders order_|

(A) Initial Query Dependence Graph

select
orders

(B) Final Query Dependence Graph

igure : hase



loo at the elete operation in iteration and the elect operation in iteration where

then the set of common records accessed is empty, as no_d_id is a basic induction
ariable and no_d_id is di erent for the two iterations. herefore, there is no loop carried
dependence between them.

he result is shown in igure , and is labeled as ta r c
ra . We note that there are no dependencies shown in the gure between the two
queries to rders, and the two queries to rder_line. his is due to the fact that the access
set of the respecti e pairs do not intersect at the attribute le el. It is not di cult to extend
our model to handle such cases as well.

inally, we combine information across the di erent digraphs with the external data ow
dependences, to obtain the complete query dependence graph for the loop in igure B.
his is labeled as a r c ra

rom the pre ious sections we ha e seen how a dependence graph for embedded pro-
grams can be generated. sing this dependence graph the compiler can decide to change the
execution order of the queries. his can result in two basic types of optimizations: parallel
issue of database queries or code motion, i.e., rearranging the order of queries to facilitate
further optimizations, or to directly impro e performance by o erlapping the execution of
some queries.

irst, in ection . , we present optimizations which can be performed within a basic
bloc .  hen, in ection ., we demonstrate optimizations which can be performed on
loops. his is an important class of optimizations, as loops occur frequently in embedded
transactions.

In arabeg and ianu present a scheme for scheduling parallel transactions. ur results
from the pre ious sections can be used to perform such a scheduling. he dependence graph
de nes a partial order on transactions thus enabling the transformations.

ara at It is a fundamental loop optimization. If the dependence graph
shows that there are no dependences across iterations, e ery iteration may be executed in
parallel. ther optimizations are discussed below.

strb t his is the process of brea ing loops into two or more smaller loops.
Within the context of embedded programs, the loop distribution enables us to dis-
tribute the original loop into a parallel loop and a sequential loop.  he basic algorithm
in ol es identifying strongly connected components. odes belonging to the same strongly



connected component cannot be placed in separate loops as the resulting dependence would
not be legal. onsider the following example.

ri t n
E E MI noodid 1 :no_o_d
M new.order W E E no_wid :w.id nodid :mo.did
E E E M new_order W E E no_w.id :w.id
nod_id :no_d.id noolid :no_oid

his loop cannot be directly parallelized. It is howe er legal to distribute the loop,
store the results from the rst loop in temporary ariables and execute the second loop in
parallel. If we expect that the set of results from the loop may be too large to t into the
memory, we should perform loop unrolling before distribution.  he result code would be
as follows:

r t nst S
ri t min n, s
E E MI noodid 1 :buf i-
M new_order W E E no_w.id :w.id nodid :no.did
ri t min n, s ara
E E E M new_order W E E no_w.id :w.id
nodid :no.d.id noolid :bufi-

his set of transformations achie es s-way parallelism. We can change s at run-time to
use exactly the amount of a ailable parallelism.

t ar his is a technique , for reorganizing loops so that each
iteration in the software pipelined code is made from instructions chosen from di erent
iterations of the original loop. he statements from di erent loop iterations are o erlapped
to better exploit inter-query parallelism.

In this paper, we presented compiler techniques to automatically detect parallelism in the
embedded query programs. We formulated the dependence problem, and categorized the de-
pendences into interna and e terna dependences. hen we described compiler dependence
test algorithms for detecting both internal and external dependences. We showed that the
properties of some special functions can help reduce dependences. inally, we discussed the
potential use of dependences to impro e the performance of embedded query application
programs.
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