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Abstract also discuss how query extraction can be combined with
Transparent persistence promises to integrate progragnmin @PProaches that use higher-level queries. We previously pr

languages and databases by allowing procedural programs tented a sound query extraction technique [33], but thigwor

access persistent data with the same ease as non-persisteff@S imited to a kernel language without procedures and did
data. In this work we demonstrate the practical feasibility Nt target a practical database platform. In this paper we

of a technique for extracting queries from object-oriented IMPlement query extraction for Java and evaluate its effec-

programs that use transparent persistence to access datdVEN€ss ontwo benchmarks. The contributions of this work

A program analysis derives query structure and conditions are.

across methods that access persistent data. The system come Define an interprocedural static analysis to extract qaerie
bines static analysis and runtime query composition to han-  from Java programs using transparent persistence. The
dle procedures that return persistent values. Our prototyp  analysis handles virtual method calls by introducing ad-
Java compiler implements the analysis, and handles recur-  ditional queries where necessary and composing analysis
sion and parameterized queries. We evaluate the effective- results at runtime.

ness of query extraction on the OO7 and TORPEDO bench-
marks. This work is focused on programs written in the cur-
rent version of Java, without languages changes. However,
the techniques developed here may also be of value in con- ® The analysis supports recursion by unfolding in stages of
junction with object oriented languages extended with high finite depth.

¢ The analysis results are converted to queries targeting the
popular Hibernate persistence system [6].

level query syntax. e We evaluate the system using the OO7 [5] and TOR-
PEDO [23] benchmarks.
1. Introduction The current implementation demonstrates the feasibility

Integrating programming languages and databases is an im-of this approach, without making changes to the Java |an-

. D . . uage. Some important features are left for future work- Cur
portant problem with significant practical and theoretinal guag P

terest. Integration is difficult because procedural laiggsa rently only operations thatread persistent data are stgor

and database query languages are based on different semarﬁ‘-Ot updates to persistent values. Aggregation operatiuhs a

tic foundations and optimization strategies [22]. Fromapr sorting are also not considered. These features are easier t

ramming lanauage viewnoint. databases ma istent implement using high-level queries, as in Linq [4, 26], but
9 g 'anguage viewpoint, Qs . would require changes to the Java language. It is important
data, which has a lifetime longer than the execution of an in- .

o o . to stress that the techniques developed here can also be used
dividual program [36, 1, 27]. Ideally a unified programming

' ) in conjunction with queries, as illustrated in the follogin
modeltransparent persistencshould be applicable to both . . .
) . section. This work suggests that the best solution may be a
persistent and non-persistent data.

One of the key integration issues is the treatment of combination of queries, to specify aggregation and sorting

) . : and query extraction to specify prefetch and merge queries.
queries. Queries are not fundamentally necessary, given an query pecify p geq

object-oriented view of persistent data in which a program
can traverse from one object to another. But there are at2' Problem
least two advantages to queries: they can provide higher-Transparent persistence can be added to most any language
level constructs for programmers to access data, and theyby extending the concepts of automatic memory manage-
enable specialized query optimizations typically found in mentand garbage collection to the management of persistent
databases. data: by identifying a root object g®rsistentany object or

In this work, we develop a technique for extracting value reachable from the root is also persistent [2]. For ex-
queries from programs that use traversals to access persisample, the Java program in Figure 1 uses several procedures
tent data. The goal is to support query optimization. We to operate on a collection of employee objects. The code
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void reportZip (DataAccess db, int zip) {
Query q = db.createQuery( // create query

1+ class Client { ... 1
> void reportZip (DataAccess db, int zip) { 2

3 for (Employee e : db.getEmployees()) 3 "from Employee e

4 if (e.zip == zip) 4 left join fetch e.manager

5 printlfOver (e, 65000); 5 where e.zip == :zip

6 6 and e.salary > :salaryLimit”);

7 Il set the parameters

s ¢ q.setParameter("zip", zip, Hibernate.INTEGER);

B s q.setParameter("salaryLimit", 65000, Hibernate.INTEGER);

void printlfOver (Employee e, final int salaryLimit) {
if (e.salary > salaryLimit)
printEmployee(e);

0} w0 for (Employee e : q. list ()) // execute the query
1 void printEmployee(Employee e) { 11 printEmployee(e); /I no test required
12 print (e.name); print(": "); 12 }

rint (e.manager.name); . . . .
j 3! print ( & ) Figure 2: Query execution using Hibernate.

15 class DataAccess { ...
16 Collection <Employee> getEmployees() {

i return root.getEmployees(); 1+ void reportZip (DataContext db, int zip) {
w1} > /I preload specification
Figure 1: Procedures and transparent persistence. ¢  DataloadOptions dlo = new DataLoadOptions();

s dlo.LoadWith<Employee>(e => e.manager); // ERROR!
s db.LoadOptions = dlo;

_ ) o ) ) s Il query

is typical of web-based applications in using a data access int salaryLimit = 65000;
8
9

layer, represented by tiiataAccess class, to load persistent var employees = from e in db.Employee

data. where e.zip == zip && e.salary > salaryLimit
The DataAccess class has direct access to tlwet vari- 1 select e;

able, which represents a persistent store of objects. The foreach (Employee e in employees)

reportZip method calls thgetEmployees method of the data ** printEmployee(e);

access layer to load employees. It then iterates through thé b

employees to find the employees in a given zip code; these Figure 3: Query and load options in Ling.

employees are printed using theintlfOver method. The
printlfOver method checks employee salaries before print-
ing. Loading of the employee’s manageiagy. each man- cause it leverages the power of relational query optimiza-
ager object is loaded when needed. tion [7]. Despite its performance benefits, there are sev-
A key problem with this approach is that the entire eral well-known drawbacks to the Hibernate version: Query
database of employees must be loaded, even though onlystrings and parameters are not checked at compile time for
a few employees may be printed. The operation should syntax or type safety, and passing parameters is awkward.
use an index to find the desired employees, using stan- These problems have been fixed by more recent query
dard database optimizations. But transparent persistencanechanisms, including Linq [4, 26] and Safe Query Objects
does not easily leverage the power of database query op{9]. Figure 3 gives one attempt to implement this program
timization. To solve this problem, many persistence mod- in C# with Ling. In this example, prefetch is specified by
els allow programmers to execute queries. For example,settingLoadOptions on theDataContext Object that executes
Figure 2 is a hand-optimized rewrite of Figure 1 that uses the query. The sample illustrates @adWith<Employee>(f)
Hibernate, an object-relational mapping tool, and its yuer option, which specifies that the obje¢b) should be loaded
language HQL [17] to execute a query. The query returns whenever an object of a typeT is loaded. Unfortunately,
only employees whose salary is over a salary parameter,the code will generate a runtime error, because load options
and whose zip code is a given zip code. The prefetch clauseare not allowed to create cycles in the type graph; the exam-
left join fetch e.manager indicates that each employee’'s ple loads an employee (manager) with every employee.

manager should also be loaded. Tifiestatements in Fig- Alternatively, Fig. 4 uses Ling to create an employee

ure 1 are not needed in Figure 2 because the quehgs: object that contains a manager record, where the manager
clause ensures the query only returns employees for whichis loaded via a join. In this case the select cause of the query
the tests are true. calls an Employee constructor that takes two arguments, the

Although the programs in Figure 1 and Figure 2 printthe name and the manager object.
same results, they have different performance and software A fundamental problem with queries is that the modular-
engineering characteristics. For large data sets, therHibe ity of the original program in Figure 1 is compromised, be-
nate version will typically be orders of magnitude faster; b cause the query in the main functiesportZip contains im-
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behavior of the program. Query extractionssundif the

id tZip (DataContext db, int zi . .
void reportZip (DataContex int zip) { queries derived from a program load all the data necessary

int salaryLimit = 65000;

1

z var employees = from e in db.Employee to perform each_ operation. A querypseciseif it loads no

4 where e.zip == zip && e.salary > salaryLimit more data than is needed by the program.

. join m in db.Employee on e.managerID equals m.ID In practice, query extraction does not need to be either
6 select new Employee( e.name, m ); sound or precise in order to be effective. This may seem
7 foreach (Employee e in employees) disturbing, but unsoundness simply means that some objects
s printEmployee(e); are not loaded by the query and are instead loaded lazily as
o 1} described in Section 2.

Figure 4: Creating results with Ling.
3.1 Paths as Abstract Values

plementation details about the behavior of prietEmployee The key idea behind query extraction is to perform a static
subroutine. TheeportZip function would have to be rewrit-  analysis in which program values are replacedohths A
ten if printEmployee were changed to also print the em- path is an abstraction of a database value that represents th

ployee’s department: fields that were traversed to reach the value.
void printEmployee(Employee ¢) { A pathp is aEhree-'Fuplté:f, ¢, d) consisting of a sequence
print (e.name); print(": "); of field namesf that identify the steps taken to traverse a
print (e.department.name); print(", "); // Added sequence of objects, a conditiomnder which the traversal
print (e. manager.name); is performed, and informatiod about the traversal’s data
I3 dependences. The condition and dependence information in

a path may be omitted when they are not significant or may
be easily determined from context.

Paths abstract over collections, so that all the objects in a
collection have the same path. A special field nars@ands
for an arbitrary element of a collection. For examplepit
contains a collectioamployees, then the collection’s path is
employees; the path to an arbitrary employeedsployees..;
and the path to an employee’s salaryrigployees... salary .

A path’s conditionspecifies the conditions under which
the data described by the path are accessed. For example,
the program in Figure 1 uses the expressioname and
e.manager.name Only under the enclosing statement’s con-

. ditione. salary > salaryLimit. A query condition is a syntac-
3. Intraprocedural Query Extraction tic expression containing operators for numerical and-logi
This section recasts our previous approach to intraproe¢du  cal operations over primitive values and paths. A condition
query extraction [33] as an attribute grammar. The attebut in a program is ajuery conditionif it can be included in a
grammar describes our Java compiler closely and general-database query, as described in Section 3.2.

izes easily to the interprocedural case. The data dependencen a path specifies whether the

The persistent data store is organized as a collectionpath’s values affect the data produced by the program, or
of linked records. The structure of the store can be de- if they affect only control flow. Data dependence determines
fined by an Entity Relationship (ER) model [8] or UML  whether a path forces loading of objects in a collection.
class diagram [29]. A persistent record is a labeled prod- For example, Figure 1 uses th® code andsalary fields
uct whosefieldscontain either basic values or references to only in conditional expressions. Even though these paths ar
other records. A reference/relationship can be eithedesing used unconditionally, they do not force loading of the en-
valued or multi-valued. Given an object,teaversalis a tire collection of employees because they are only used to
series of field accesses that loads one or more related obdetermine control flow of the program.
jects. The special variableot represents the unique root of
the database, from which all traversals start.

Any given operation in a program typically operates on
a smallsubsetof the complete database. A query can be The intraprocedural path analysis computésaersal sum-
viewed as a function that selects a subset of the databasenary, or set of paths, for each statement and expression in
for use in a program. As long as the subset contains all thea method. The analysis is specified as an attribute gram-
data actually needed by a particular operation, the subsetc mar [20] over Java abstract syntax. The synthesized at-
be used in place of the full database without affecting the tributes used in the analysis are defined in Figure 5. The

The query also merges the conditions that were origi-
nally given separately imeportZip and printlfOver . It may
be possible to preserve the original modularity of the pro-
gram by assembling the query from fragments. However,
this effort would significantly complicate the design and in
troduce more potential for errors.

This paper presentpiery extractiona technique that can
be used to infer queries from procedural programs. The goal
is to analyze the program in Figure 1 and derive the query
thatis used in Figure 2, while preserving the procedurscall
and modularity of the original.

3.2 Intraprocedural Path Analysis
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| Abstract Value AV () | PathsP(-) | Outgoing StoreOS(-) | Incoming StorelS

root ({€}, true, false) AV (") IS(+)
e.f AV(e).f AV(+) IS(+)
v 1S(-)[v] 0 IS(+)
el op e2 AV (el) op AV(e2) TS(el) UTS(e2) IS(+)
v=e L TS(e) [v— AV(v) UAV(e)]IS(:)
if e sl else s2 i TS(e) UTS(s1) UTS(s2) 0S(s1) U 0S(s2)
for (v :e)s L TS(e) UAV(e).. UTS(s) 0OS(s)/v IS(s) « [v— AV(e)..]IS(-) U OS(s)
otherwisde] i TS(e) IS(+)

(a) Computing paths and values.
L] Traversal SummarytS(-) |
y C(s1) = C() A AV(e) (AV(),C(-), true) if D(-)

Query ConditionC | if e sl else s2 | C(s2) < C(-) A not(AV(e)) v .
e . o (P(-),C(+), false) otherwise
if e is a valid query condition 5 _

Data Dependenc® | effectfule] D(e) « true b T5(e)U Z.ter(') :

IT(s) «— IT(-) + AV(e).L | (P(),C(), D) U iter(+) if D() _

if AV(e).. extenddT(-) 0 otherwise

whereiter(-) = ({last(IT(-))}, C(-), true)

(c) Computing traversal summaries.

Iterator ContextIT | for (v : e) s

(b) Auxiliary Definitions

Figure 5: Attribute grammar that computes traversals fartesst of Java syntax.

domains for the attributes are: Assignments affect the out-store attribute. The result
maps the variable to the right-hand-side’s abstract value.

AV o p+ (AVep AV)  abstractvalues: paths +0ps ¢ 4ne in_store already contains a value for a given variable

PTS : {p} sets of paths then the out-store contains the union of the old and new
15,08 : v— AV input and output stores
values.
D : boolean data dependence flag

A for statement creates a special patf(e).. that rep-
resents an arbitrary element of the collection valu@he
attributes of thefor statement’'s body are computed using
a store that maps loop variableto the special path. The
body’s in-store value depends on its out-store value, which
forms a circular dependency. The final value for this attabu
is the result of a fixed-point computation.

All other Java statements are given a default interpreta-
AV(e).f ={(f.f,c,d) | (f,c,d) € AV(e)} tion, by theotherwisecase: the paths are unioned and the
store is unchanged.

Figure 5a defines attribute values for each kind of Java
expression, represented byThe abstract value of the spe-
cial variableroot is a path value with no field traversals
and the default condition and dependengetrue, false).

A field traversak. f concatenates field names to previously
computed paths, according to this definition:

A variable’s abstract value is the value stored in attribfite - i i . .

If 1S contains no binding for a variable, then the variable’s Query Conditions Figure 5b defines auxiliary attributes for
abstract value is undefined ). Binary operators are inter- ~ duery condition<. The query condition attributé collects
preted as abstract operators over abstract values; these aconditions under which an expression or statement is exe-

also used to represent query conditions. cuted. The attribute is inherited by all sub-expressions. A
The traversal path attribute collects all the traversal ~ condition in anif statement can be a query condition if it
summaries of an element’s sub-expressions. satisfies three requirements: it contains gmdytable opera-

The out-storeattribute OS(-) describes an element's af- [0S itis pointwise and it involves onlynested iterations
fect on thestore or mapping from variables to the set of  An operation isportableif it can be performed either
abstract values each variable may represent. The out store i N the database or in the program. For example, checking
typically a function of the inheriteth-store attributelS(-). the existence of a file is not a portable operation. It is also
The way in which stores flow between elements and their €ssential that the operations have the same semantics in the

constituents is standard, although a few cases deserve merdatabase as in the program. This requires some translation,
tion. for example, to provide consistent handling of null values
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in Java and SQL. Restricting query conditions to contain and data dependence are replaced:
portable operations has little effect on programmers, bsza

they would only expect portable operations to be included in (S,c,d) = {(f,c,d) | (f,_,.) € S}
aquery.
A condition is pointwiseif it can be evaluated on each The traversal summary rules also implement two special

item of a collection independently of all other items in sjtuations. The first case, for variables, ensures thaigusin
the collection. The restrictions on query conditions im0l an expression has the same effect as using a variable that
checking for loop carried dependences, which are identified has been assigned the value of the expression. The second
by a well-known static analysis. Programs very frequently two cases, for assignment and for any other expression, deal
contain loop carried dependencies, since they are cregited b with an interaction between data dependence and iteration
any aggregation operation, including computing the sum or variables. The intuition behind these definitions is that an
maximum of a collection. However, it is much less common data dependent statement inside a loop causes the program to
that a variable involved in a loop carried dependence will be have a data dependence on the iteration variable of the loop.
used in a filter condition. As an example, consider a program For example, if the loop includes a statemesk-+1 then

that prints only the values that form an increasing sequencethe program has a data dependence orettistenceof the

from a collection: items in the collection (which satisfy the conditi@). The
int base = 0 formal definition adds a data-dependenttraversal patiéor t
for (Data x in db.getltems()) { current iterator context whenever the analysis encouaters
if (x.value >= base) { assignment or a data-dependent expression.
print (x.name);
base = x.value; 4. Interprocedural Query Extraction

1

If two different collections are involved, then they must
be nestedso that the inner collection is a field of an item
taken from the outer collection. Iteration of nested collec . .

. . ., ; dard, several aspects of the problems are unigue—which call
tions is very common: iterating over all purchase ordeexth o .
) . ) . . for specialized solutions.
iterating over each item in the purchase order, is nested be- . : : N
Query information can flow in two directions, corre-

cause the items are part of the purchase order. Non-nested it .
sponding to procedure parameters and return values. For

erations do sometimes arise; they correspond to ad-hag join
: . : procedure parameters, the caller should prefetch the data
that find correlations between collections that have no ex- .
licit relationship between them needed by the procedure. For persistent return values, the
P ' procedure should prefetch the data needed to support the

Data Dependence and Iterators Figure 5b also defines traversals in the caller from the procedure result. Thus the
auxiliary attributes data dependereand the iterator con- ~ duery information moves in the opposite direction from the
text|T. values.

The data dependence attriblidlags expressions whose For persistent return values, the caller can sen_d a query
execution affects the program output. It is true for anyestat  fragment as an extra argument to the procedure, indicating
ment or expression that can affect state that is outside thewhat traversals will be performed on the procedure return
method, including assignment to object fields, and argu- value. This mechanism works even for virtual function calls
ments to library methods (likgrint methods). Rather than ~ The query fragments are combined at runtime, leading to a
list all contexts that can affect the store, they are sumgedri ~ NOVel combination of static query extraction and dynamic

Interprocedural analysis allows query extraction to propa
gate query information across procedure boundaries. While
the basic framework for our interprocedural analysis ia-sta

aseffectfufe] contexts containing an expressiarData de- ~ query composition for procedure return values. o
pendence defaults tfalse. Transmitting information from procedures to call sites is
The iterator context attributd” maintains a list of inner- ~ more difficult, especially in object-oriented programsttha

attribute helps determine whether a conditional expressio four possible approaches to this situatidevirtualization
satisfies thenestedrestriction for query conditionsT also  SPecializationover-approximationandquery separation

helps the analysis keep track of which collections should be Devirtualization and closely related class hierarchy anal-
marked data dependent. ysis, are techniques to identify a specific method that veill b

called at a given virtual method call site. It works by exam-
Traversal Summaries Figure 5c¢ defines the traversal sum- ining a complete program to discover whether there is only
mary attributeTS. It combines the path, condition, and data one implementation for a given method signature.
dependence attributes into a traversal summary. Given a set Polyvariant specializations a technique for compiling
of pathsS and a conditior and data dependenégthe nota- a separate version of the caller for each method that can
tion (S, ¢, d) represents a new set of paths whose conditions be called. This technique is used in JIT compilers, where
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it is very effective. The main drawback is the potential for . .
ianificant . de si 1+ public void salarylnfo () {
signicant increase In code size. > for (Department d : root.departments) {
Over-approximatiorcould be used to compute a query | printSalariesAbove (d,65000);
that approximates the queries from all matching method, printSalariesBelow (d,30000);
bodies. This technique works best if the queries from dif- , 1}
ferent virtual methods are similar. If not, extra data cda#dd ¢ public void printSalariesAbove (Department d,

loaded that is not needed. 7 final double amount) {

Query separatioris a simple approach: in cases where s for (Employee e : d.employees) {
devirtualization fails, simply require the procedure t@ex ° if (e.salary > amount)
cute a new query to load its own data. 0 System.out. println (e.name);

Our current implementation uses devirtualization and* 1}

query separation to handle call sites with persistent param > Public void printSalariesBelow (Department d,
13 final double amount) {

ters. . . 1 for (Employee e : d.employees) {
The first three techniques all rely on the closed-world as-_ if (e.salary < amount)
sumption: the results are valid only if the dynamic class-hie System.out. println (e.name);

archy does not differ from the static class hierarchy. Jasap ., }}

grams can violate this assumption by dynamic class loading _.

and runtime code generation. Techniques have been develF'9Ure 6 Method salarylnfo can pre-load data for
oped to update static analysis results when the set of elasse PrintsalariesAbove and printSalariesBelow .

changes dynamically [19]. We believe that these techniques

could work with query extraction, but we have notyet tried 4.3 Method Calls

to integrate them. .
9 A callsite’s traversal summary and abstract value depend on

4.1 Interprocedural Paths whether the analysis can predict the called method’s data

Whereas intraprocedural analysis considers only pattis tha raversals. When a callsit(? passes a persistent value to a
traverse fromroot, interprocedural analysis must consider method, the called method’s traversals indicate the shipe o

paths traversed from method parameters and from methogd@t@ that the method expects. The caller should execute a
return values. query to load the data required by the callee. For example,

We extend the definition of paths from Section 3.1 to in- the Program in Figure 6 requires only those employees who
clude a path root. Aooted pathis a four-tuple(r, f, ¢, d) make less than $30,000 or more than $65,000. To load just
where the root can be theoot, a persistent method param- these records efficiently, the analysis must synthesize the
eter. or a callsite return. conditions from the twarint methods.

Interprocedural query extraction composes traversal sum- The first case is a call site that cannot be devirtualized,

maries to create summaries of data traversals that crosd€notedii(a, ..., an). Inthis case, the called method must
method boundaries. The composition operation for paths EX€CUte its own query by using its traversal summary, taking
is: the actual method arguments as roots. The call arguments

are included in the traversal summary of the caller:
(T7 f? C) d) © (T/’ f‘l7cl7d/) = (T7 ff/7c/\ C/7d\/ d/)
Composition is lifted to operate on sets of paths by compos- TS@Gi(ar,. .., an)) = O TS(as)

ing all combinations of paths from each set. =

4.2 Interprocedural Path Analysis The abstract value of the call site is a new path using the

Interprocedural query extraction extends the attribugéergr label as a root:
mar of the previous section to handle method declarations
M, callsitesg;(as, . . ., a,) and returngeturn e. The analy- AV(gi(--)) ={(,e,¢d)}
sis assigns a unique lakigio each callsite of a methad

A return statement’s attributes are computed from the  In a static, final, or devirtualized method call, the method
attributes of the returned expression. The abstract velue o implementation that will be invoked by the call is known
a methodAV (1) is the union of all the abstract values for statically. If the called method takes persistent pararagte

the method’seturn statements: the caller preloads the data needed to support the callee’s
- traversals from those parameters. We define a method’s
TS(return e) = TS(e) .
traversal summary to be a map from persistent roots to paths.
AV(return e) = AV(c) The set of paths a methdd traverses from a given param-
AV(M) = U AV(s) eterp; is:
s=return ecM PM — TS(M)[P;]
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public void employeelnfo() { public void hrDeptInfo() {

1 1
> for (Department d : root.departments) { > Department d = getHRDepartment();
3 for (Employee emp : d.employees) { s for (Employee e : d.employees) {
4 Employee e = getEmpToNotify(emp,65000); 4 System.out. println (e.manager.name);
s System.out. println (e.department.name); s }}
s 11} s public Department getHRDepartment() {
7 public Employee getEmpToNotify(Employee e, 7 for (Department d : root.departments) {
s final double amount) { s if (d.id ==1)
s if (e.salary > amount) B return d;
10 return e; 10 }}
u  else . ,
N return e.manager: Figure 8: Callee can pre-load caller’s data.
13
}

a persistent value returned by a procedure, the caller may
perform additional traversals to access related inforomati
Ideally the callee would load subsequent data needed by the
caller.
For example, methokkDeptinfo in Figure 8 calls

getHRDepartment, which returns aDepartment. Method

RZM — AV(M)[P] hrDeptInfo subsequently traverses tr]is Va|.u&'81p|oyees

field and each subsequent employeeisager field. Ideally

The abstract value domain is also extended by defining getHRDepartment should fetch this data fdtrDeptinfo.
AV(-)[R] to be the empty set if it contains only abstract ~ TO support this behavior, every method that returns a
operations. A method’pass-througtpaths are those paths ~Persistent value is changed to take an additional argument

in its return value that are traversals from a parametervalu S’ that contains the caller's traversals from the callee’s
return value. The caller also passes a ftagirtualized that

oM _ L”J RM indicates whether the callsite was devirtualized, in which
- 4
=1

Figure 7: Traversal passes througfiEmpToNotify back to
employeelnfo.

If a method returns a path that traverses from a given param-
eter P;, then that path is denoted:

case the callee need not load pass-through paths. The callee
uses this information to generate a dynamic quesybased

wheren is the number of parameters far. In Figure 7, on its own static traversal summary:

method getEmpToNotify’s return value is the result of a i

traversal from its first parameter Method employeelnfo, TS/ (9) = TS(g) U {(AV(Q) —T9) 0 ST devirtualized
which calls getEmpToNotify traverses the return value’s AV(g) o S/ otherwise

department field. The calling method detects this pass- . N

through path and preloads the employee’s department. Re_call that static query composition from caller to callee r
The argument summaries in a devirtualized callsite are uired the caller to bind values for any parameters that ap-

composed with the traversal summary of the called method. P€ared in the callee’s abstract value. Dynamic query compo-

If method f calls methodg at devirtualized callsité, the sition from callee to caller requires the callee to bind ealu
callsite’s traversal summary consists of the traversalgena Or any parameters that appear in the callee’s return sum-
by the arguments plus the traversals performed wighin mary. The caller helps satisfy this requirement by prowddin

the callee with the necessary values.

n
TS(gi(ar, ... an)) = | { -(r:\%;);i P9) } Conditions and Dependence Conditions present a prob-
i=1 ! ‘ lem for composing paths across procedure boundaries. If a

If method ¢ is recursive, then this analysis diverges. we C@lle€’s abstract value references one of its paramekes, t
the caller must replace the parameter with its correspandin
argument’s abstract value. If the callee’s abstract vaddie r
erences a local variable, then the caller must conserlative
replace that condition witkrue. If a callsite cannot be devir-
tualized, then its arguments are marked data-dependent.

discuss how to ensure termination in Section 4.5.

The abstract value of a devirtualized method is the com-
position of any argument paths with any corresponding paths
in the called method’s abstract value:

AV (gi(ar,. .. an)) = (| (AV(a;) o R)) U (AV(g) — T9) Query Parameters A query parameteiis a value that
=1 comes from the Java program and may be different for each
execution of the query. For examplerintlfOver in Fig-
Method Return Values For method return values, query ure 1 includes a condition that depends on thryLimit
information flows from the caller to the callee. In using method parameter. A condition may contain ohipdable
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variables. A variable is bindable if its last assignmentuwsc ~ other. If the analysis widens a query conditionTo then
before the query which uses the variable executes. Our cur-that condition becomeasue.

rent implementation executes queries only at the beginning

of a method’s execution. Thus a variable must bénal 4.6 Soundness

parameter, or a variable that makes a traversal frofina We previously proved the soundness of our analysis for a
parameter. This restriction still allows the condition iig+ small kernel language. The analysis in this paper is not
ure 1 to be attached but disallows any conditions that dependsound, because persistent values may escape through object
on the resul_ts of, for example, a virtual method call invoked fields; however, the program will fallback to the lazy loaglin
after executing the query. provided by the persistence architecture. There is an impor
tant caveat; the persistent architecture does not knowtabou
filtered collections. If the analysis allows a filtered cotlen
) i o to escape, then such a collection may be used by other parts
Object-oriented programs exhibit several features that re o yhe program that expect a differently filtered collection
quire a customized solution. An instance of a persistent 5 conservative solution is to remove conditions on a path
record may use_his to ref_erence Its f|e_lds. The analysis ac- \yhich abstract collection values if the path can escape. A
commodate.s t_h's behgwor by modelinigs as a path rqot, more sophisticated analysis could keep track when a collec-
Wheneverthls ISa per5|ste_nt r,ec_ord. Ifa program assigns a g reference escapes the scope of a method and reload it as
persistent value to an objects field, the analysis marks the 5, nfiltered collection. The current analysis also does not
assigned expression as dependent. o handle reflection. In particular, class loading and dynamic
Java strings are instances, rather than primitive values. ¢jas generation break the devirtualization's closeddvor
As such, string comparison in nga uses a stn_r&g&ls assumption. Finally, our implementation like most peesist
method. Our analysis detects this comparisorifirstate- architectures preserves object reference identity wétsim-

ments and converts the expression to a query condition, if 510 ey but does not guarantee reference identity across
the expression satisfies the restrictions from Section 3.2. the entire program lifetime.

A common idiom in data-centric, object-oriented pro-
grams is to iterate through a collection and build a new )
collection by adding an element only if the element satis- 9. Implementation

fies some condition. In general, our analysis does not track\ve implemented query extraction using JastAdd, a Java-
paths assigned to user-created data. However, for thimidio  pased compiler system that enables program analyses to be
the analySiS computes the collection’s abstract value @s th written in a modular, declarative fashion [16] Query exgira
union of the abstract values added to the collection. This ap tion is imp'emented as a source to source transformation
proach maintains soundness, under the assumption that theyhich rewrites the program to include queries. The trans-
add method makes no traversals of its own. formed program executes queries in HQL (Hibernate Query
Language). The input to the system is a Java program and a
Hibernate configuration file that identifies persistent sdas

The analysis may generate infinite-size values, by examin-anq their mapping to database tables. The output is a Java
ing recursive methods or by examining recursive paths over ggrce program which can be compiled and run on a stan-

4.4 Query Extraction and Object-Oriented
Programming

4.5 Recursion

which the program iterates. For example: dard Java virtual machine.
int totalManagerSalaries (Employee e) {
if (e != null) { 5.1 JastAdd
“it”"‘ e.salary + totalManagerSalaries(manager); JastAdd includes a Java 1.5 compiler compiler, which we ex-
b feizri o tended to perform query extraction. JastAdd provides as par
} ' of the Java compiler a control flow analysis which handles all
} Java control flow constructs including exceptions. Our-anal

_ _ ~ysis takes advantage of this control flow analysis to connect
In our previous work, the analysis detected recursive field the input and output store attributes. JastAdd also include

traversal and widened the path immediately o Thus  an experimental devirtualization analysis which makes the
the analysis was uninformative in the presence of recursive ciosed-world assumption.

traversals. Our current implementation uses a path represe
tation that is more expressive and generates the path 5.2 Code transformation

A persistent methods a method that accesses the special
variableroot, takes persistent parameters, or returns a per-
Our currentimplementation also widens abstract values. Th sistent value. For each persistent methothe analysis pro-
join of two values isT if one of the values contains the vides two values.

e.manager . salary
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public Bid highBid(double threshold) { public Bid highBid( double threshold,

1 1

> AuctionService as = new AuctionServicel(); 2 AbstractValueSet<Path> avs,

s for (Bid b : root.bids) { 3 Map<String, Object> callerParams,
4 if (b.amount > threshold) { 4 boolean loadParams)

s as. printBid (b); s {

6 System.out. println ("Bid of " + b.amount); s Il Prologue

7 return b; 7 AbstractValueSet<Path> returnAV = highBid_RAV();
s }} ¢ AbstractValueSet<Path> ts = highBid_AV();

s return null; s Map<String, Object> queryParamValues =

w0} 10 new HashMap<String, Object>();
queryParamValues.put("threshold",threshold);

Figure 9: An example of amethod which accesses per3|ster112t ts = QueryExecutor.composeWithReturnAV(ts, returnAV, avs,

data.

13 queryParamValues, callerParams, false );
12 Map<PathRoot, AbstractValueSet<Path>>
15 tsPartitioned = Path.mapRootToPaths(ts);

1. A traversal summary fafoot and for any devirtualized

. 16 Root root = new edu.utexas.plq.Root();
callsites.

17 Map<String, Object> methodParamMap =
2. A traversal summary for the method return value. 18 new QueryExecutor().executeQueries(session,

. . 19 root, ts, Root. persistentClasses (),
The two traversal summaries are encoded into helpey, queryParamValues, returnAV, avs

methods namesh_AV andm_RAV, for “abstract values” and callerParams, loadParams);
“result abstract value” respectively. 2
Persistent methods are augmented with three extra ats // Original Code
guments: callerPaths, callerParams, and loadParams. The 2« AuctionService as = new AuctionServicel();
callerPaths parameter is a traversal summary for pathsz for (Bid b : root.bids) {
rooted at the return value of the method. This summary is¢ if (b.amount > threshold) {
composed with the traversal summary of the method at run? as. printBid (b, ts.get(new PathRoot(" callsite-0 **),
time. The callerParams parameter provides values for any * q”erypf’ramvalues'tr”e);
parameters mentioned igallerPaths . The loadParams pa- zz 1 return b;
rameter specifies that the caller could not devirtualize the . null
call to this method. In this case, the method will have to_,
execute queries for any persistent parameters. For example ) o
the code in Figure 9 is transformed to the code in Figure 10  Figure 10: Code transformation for method in Figure 9.
which is simplified to omit type packages.
Callsites inside the method (such géntBid) callsite in
Figure 10 are transformed to use the version of the method
which accepts additional traversal information.

lowing the user to tune how recursive queries are generated.
Concretely, if a program recursively traverses data omghi

as a binary tree of deptlhh and nUnfold= m, then the first

5.3 Query Translation query will retrieve the topn levels of the tree. When the
program reaches one 2" nodes at deptin, another query

is executed which retrieves levels of the subtree rooted
at that node. This continues until the program finishes its
traversal. In the current implementation, recursive paties
only allowed if they are generated by method recursion, be-
cause the implementation only performs queries at method
boundaries. Further engineering is required to allow ttie fu
generality of recursive paths as supported by the analysis.

Our prototype compiler targets the Hibernate Query Lan-
guage (HQL), which is automatically translated to SQL by
the Hibernate library. A traversal summary is translatéd in
as few queries as possible given the constraints of HQL. If a
portable condition contains a traversal from an object Wwhic
may be null, then the transformed program may eliminate a
NullPointerException that would have occurred in the origi-
nal program. This can be fixed by adding null checks to the
HQL condition or more productively warning the user of this .
: ; : o . 6. Evaluation
potential bug. Supporting recursive queries is challeggin
because HQL/SQL do not support transitive closure. The We evaluated query extraction’s potential by examining
implementation supports recursion by unfolding recursive benchmarks that contain transparent code and hand-optimiz
paths a finite number of times. A query is generated for the queries. The results demonstrate that query extraction is a
unfolded traversal summary. If the program traverses be&¢yon viable concept. The analysis extracts the same number of
the objects already loaded, additional queries are exécute queries that appear in the hand-optimized versiopef
using the same unfolded traversal summary. The number ofsistent programs-programs that perform only transparent
unfoldings is a parameterUnfold to query extraction al-  persistence and that contain no explicit queries. The pro-
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Method Declarations Callsites

Benchmark| Total | Persistent?Preload? Recursive? Total | PersistentPPreload? Recursive?
TORPEDOQ|| 136 67 54 0 274 41 34 0
007 187 123 113 3 239 79 78 6

Table 1: Number of (possibly recursive) methods/callsieSORPEDO and OO7 across which query extraction statically
extracts a query.

gram generated by query extraction sometimes loads moreran on Sun’s HotSpot JVM version 1.5.0, with a maximum
objects from the database than an equivalent hand-optimize heap size of 256MB and thearallelOld garbage collector.
program, because query extraction must statically over- ) ) ] ) ) )
approximate a program’s data requirements. However theMeasuring Execution Time  Execution time is non-
results demonstrate that the analysis is not overly conser-deterministic, due to the random behaviors of the operat-
vative: The extracted program loads fewer objects than theiNd system and JVM. To account for non-determinism, we

transparent program in many cases, and the same number odather a group of sample values and report the sample size,

cases. We follow a multiple-iteration, multiple-JVM-invocation
These two metrics—number of queries executed and Methodology [12, 14] to gather samples. We run several it-
number of objects loaded—are the mostimportant indicators €rations of each benchmark within a single JVM invocation
of query extraction’s scalability, because they charimtex until the execution time reaches a steady state. Then we dis-
program’s behavior with respect to persistence. Our proto- able the JVM compiler, execute another iteration to glear Fh
type performs well for these metrics. Other metrics—such complllatlon.queue, .and compute-the mean execution time
as total execution time and analysis time—are important of ten iterations. This value constitutes a sample exesutio
indicators of query extraction’s usefulness as a realdvorl time for a single benchmark invocation. We gather a group
tool. We also present our implementation’s performance for ©f samples by running multiple invocations.
these metrics, and conclude that our prototype performis wel 6.1 TORPEDO

except in a few cases.
The TORPEDO [23] benchmark consists of a simple data

Benchmarks  No standard suite of benchmarks exists model for an online auction service and 17 use cases which
for comparing transparent programs with equivalent, hand- perform various operations on sample data. Six of these
optimized programs that contain explicit queries. We ex- use cases perform read-only operations; the other 11 use
amined existing database benchmarks and located two thatases modify the data. The application is separated intethr
serve our purposes. The TORPEDO [23] benchmark mea-|ayers: a data and persistence layer responsible for Igadin
sures the number of queries executed by object-relationaldata from the database, a business logic layer responsible
mappers for Java. The OO7 benchmark [5] measures thefor implementing use cases, and a view layer responsible for
performance of object-oriented database management syspresenting results.
tems. We had to modify both benchmarks, so that we could  We evaluated query extraction for TORPEDO by creat-
use them to evaluate our analysis. We explain the modifica-ing three versions of the benchmark. Thand-optimized
tions in the subsequent sections. version employs explicit queries to perform each use case.

) i . . ) Thetransparent versiomses simple queries to load the top-
Experimental Configuration =~ Our experimental configu- — 1o\e| object(s) required for each use case, then uses &ansp

ration consisted of a server to host the database and a clienf ;¢ persistence to load any subsequent objects.qieey-

machine on which the benchmarks ran. The machines weregy 5 cteqversion is the result of applying our analysis to the

located on the same local network, and ping reports an av-ansparent version, where each top-level query is reglace
erage roundtrip time of about .250 milliseconds. The SeIVer i the special keywordoot. All three versions use Hi-

has a 2.4 GHz Intel Pentium 4 processor with an 8KB L1 hemate 3 to access the database. To simplify our testing we
cache, 512KB L2 cache, and 1GB RAM. The server's oper- merged the view and business layers; the view layer did not

ating system ?S based on the 32}?“ Linux 2.6.22 _kernel, and ¢4 ntain any persistent traversals or types. We implemented
the database is PostgreSQL version 8.2.6. The client has duaonly the six use cases that performed no data updates.
3.0 GHz Pentium-D processorswith a 16KB L1 cache, IMB  ajihough TORPEDO contains relatively simple traver-

L2 cache, and ZG_B RAM' The server's operating system is sals over a small database, the benchmark presents some
based on the 32bit Linux 2.6.22 kernel. All the benchmarks isicuities for inter-procedural analysis. Table 1 listsvh

many methods and callsites the benchmark contains, how
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(a) Queries executed per use case.
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(b) Objects loaded per use case.
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(c) Execution time per use case.

Figure 11: Number of queries executed and objects loadedddrORPEDO benchmark. Query extraction locates and esgcut
the same number of queries as the hand-optimized versidhuseacases, loads fewer objects than the transparenbwarsi
all but one use case, and outperforms the transparent ménsinany cases.
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many of those declare persistent parameters or return persize is 10 benchmark invocations. The results show that our
sistent value, how many of those for which query extraction research-quality implementation outperforms the transpa
can preload the method’s data, and how many are recursiveent version in many cases. We found the overhead of run-
TORPEDO has many persistent methods, but the applicationtime query composition to be negligible (around .004% of
layers communicate through interfaces making devirtaaliz  total execution time). We believe that more engineering ef-
tion impossible in some cases. Every use case involves atfort would yield even better results.
least three methods in the different architectural layes a 6.2 007
most involve many more. The query extraction analysis for
TORPEDO took 32.94 seconds (34 seconds). 0O07 [5] is based on a CAD/CAM application that defines
TORPEDO specifies only that researchers must report@ composite structure by a highly recursive and interrelate
the number of queries executed. We report number of graph of components and parts. The OO7 benchmark is not
queries executed, number of objects loaded, and executiorfepresentative of the most common operations in typical
time for both benchmarks, because these metrics provide affansactional/enterprise applications, because OO &éesu
more accurate picture of the behaviors of transparent,-hand On extensive traversals of hierarchical structures. Hewév

optimized, and query-extracted programs. is widely used and presents some interesting challenges for
guery extraction.
Queries Executed Figure 11a shows that query extrac- The OO7 specification defines three kinds of use cases:

tion locates and executes the same number of queries as theaversals queries andstructural modificationsThe traver-
hand-optimized TORPEDO. Both of these versions executesals scan the object graph and collect information. There
fewer queries than the transparent TORPEDO. The numbersare six traversal use cases, confusingly labeled Travérsal
for each use case includes commits. Each use case requirethrough Traversal 9 (Traversal 4, Traversal 5, and Traversa
a minimum of two queries because each use case executeg do not exist). Traversal 2 and Traversal 3 perform database
a commit. The hand-optimized and query-extracted TOR- updates; the remaining traversals perform read-only tasks
PEDO execute one additional query to load all the auctions There are seven query use cases labeled Query 1 through
in the database. By contrast, the transparent TORPEDO re-Query 8 (Query 7 does not exist). All seven queries perform
quires eight queries to perform the same task: one to load allread-only operations. There are two structural modificatio
the auctions, three to load the items for each auction, toree use cases. One use cases inserts values into the database,
load the collections of bids for each auction, and the commit and the other deletes values from the database. The speci-
fication describes three database sizes: small, medium, and

Objects Loaded Figure 11b shows the total number of 1546 Our evaluation is for the small database size, which
objects loaded by each TORPEDO version. In four of the . iains around 41.000 objects.

six benchmarks the query-extracted version loads the same  ,r evaluation is based on a version of OO7 that uses
number of objects as the hand-optimized version, and bothyinernate 3. which we had implemented for a previous re-
versions load at most as many objects as the transparent Vergo o .ch effort. Our OO7 version implements the 11 read-
sion. “Find High Bids” is naturally an aggregation task, be- 4\ yse cases in the specification and omits the four use
cause it searches for the maximum amountbid for a specified g qes that perform updates. The traversal use cases ate base
auction. The hand-optimized TORPEDO contains an aggre- o, yransparent persistence. We applied query extraction to
gation query and loads the minimum number of objects. The yhese yse cases to generate versions that contain explicit
query-extracted TORPEDO loads all the auctions’ bids and g erjes. We then compared the performance of these two
computes the maximum in the client; however it still loads yesions. Neither the 007 specification nor reference im-
fewer objects than the transparent version, because i tra o mentations provide a version of the traversals that con-
parent version must first search for the specified auction.  ¢ain hand-optimized queries, so our evaluation for these us

. The qu.ery-ext.rac:[’ed TORPEDO loads many objects for ¢55e5 compares query-extracted performance to transparen
‘List Partial Auction”, because the code for this use case ,qrgjstence performance. The query use cases contain hand-
invokes the same method as “List Auction”, but passes a gstimized, explicit queries. We compared these use cases
bool_ean flag that |_nd|cates the m.ethlod should _I|st onlly a version to versions generated by applying query extraétion
portion of an auction. The analysis is context insensitive equivalent, use cases. We present results for this conoparis
and cannot distinguish between the two cases, so it CONSergased on the results of Section 6.1. we expect that query-
vatively loads all the objects that may be required by the gy racted performance would compare favorably to trarspar
method. ent performance for these use cases.

Execution Time The TORPEDO database does not con- Table 1 lists the persistent characteristics of the methods
tain much data, so the use cases execute quickly. Figure 11" 0O7. The query extraction analysis for 007 took 98.39

shows the use case execution times for each version of theseconds:tB.GO seconds).

benchmark. The confidence level is 95%, and the sample 007 does not sp_eC|fy which metrics to repor_t, o we re-
port number of queries executed, number of objects loaded,
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Figure 12: Queries executed, objects loaded, and executiorfigure 13: Queries executed, objects loaded, and execution
time per Query use case. time per Traversal use case.

and execution time. Because OO7 contains recursive traver-Objects are due to the fact that the transparent program from
sals of an object graph, the performance of the query- which the query-extracted version is generated traverses a
extracted version for some use cases depends on how deeF?'ationShip to evaluate a condition, so query extractiosim

the analysis unfolds recursive traversals. Query extacti '0ad the traversed object to maintain the program’s seman-
is parameterized by this depth, as described in Section 5.31ics. The hand-optimized query references the same refatio
We first compared the performance of the transparent 007Ship in the query’sihere clause, but does not need to load the
against a query-extracted 007 with an unfolding depth of 1. Objects referenced in the condition. _
Figures 6.2 contains the results for the Query use cases, and Query 8 performs an ad-hoc join of two collections.
Figure 6.2 contain the results for the Traversal use cades. A Query extraction does not optimize these kinds of traversal
execution time values are for a confidence level of 95% and The hand-optimized version loads all the required objects

a sample size of ten benchmark iterations. with a single query. The qyery-extracted version perfqrms
one query for each collection, but loads too many objects

Performance for Query Use Cases The evaluation for because the use case’s condition violatesnsgtedrestric-
these uses cases compares query-extracted performandion discussed in Section 3.2.
against hand-optimized performance. Query extraction per  For all use cases except Query 8, the query-extracted
forms as well as the hand-optimized version for the first version takes about the same time to execute as the hand-
three queries. optimized version, or is a little slower. The query-exteatt
The query-extracted versions of Query 4 and Query 5 version of Query 8 takes three orders of magnitude longer
execute the same number of queries as the correspondingo execute than the hand-optimized version, because query
hand-optimized version, but load more objects. These extraextraction does not optimize this query.
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Performance for Travesal Use Cases The evaluation These solutions all provide a language-based, safe alter-
for these uses cases compares query-extracted performanaeative to embedded query strings. They differ from our solu-
against transparent performance. Traversal 8 and Trd@rsa tion in that they require programmers to learn a new syntax
yield uninteresting comparisons for queries executed &hd 0  or API, and that the programmer must write explicit queries.
jects loaded, because these use cases traverse a singte objeAlthough these queries benefit from type-safety and auto-
The query-extracted version executes more quickly than its matic conversion to a database query language, program-
transparent counterpart for these two use cases. Query exmers still bear the burden of declaring their needs for per-
traction executes fewer queries for Traversal 1 and TraVvers sistent data. This declaration introduces a subtle depeyde

6. The transparent versions of these use cases employ trangn the program between the structure of the data declared
parent persistence to lazily load objects as they are sader  in the query and the structure of data traversed by the pro-
The query-extracted version prefetches these objects@and s gram. Furthermore, explicit queries reduce the modulafity
uses fewer queries. The query-extracted versions of thesegprograms by concentrating queries in one program location,
two use cases always load the same number of objects as theeducing opportunities to exploit redundant data traversa
transparent version, because the use cases traakrie Our approach infers a programmer’s persistent data use
objects in the database along a certain path. by analyzing programs in an existing language. However,

Figure 14a shows how the number of queries and the static analysis cannot in general detect common query id-
execution time vary with unfolding depth for Traversal 1. ioms like aggregation and existence. New languages, type
This use case traverses the entire object graph stored in thesystems, and constructs also are better solutions for other
database—a behavior that cannot be easily expressed withartifacts of impedance mismatch like null values. It is an
a relational query language like HQL. Although the query- open problem to find the “sweet spot” between these two
extracted version executes fewer queries than the tragispar approaches, but we believe their combination provides the
version, the query-extracted version takes much more timemost promise for integrating programming-languages and
to execute. This overhead is due to the large amount of databases.
redundant data in each row that is required to represent an Neubauer and Theimann partition a sequential program
object graph in a relational table. As the number of queries run at one location into semantically equivalent, indepen-
decreases, the amount of redundant data increases, so thedent, distributed processes [28]. Their approach provides
is an inverse relation between the number of queries and thesoftware engineering benefits similar to ours, except for
execution time. multi-tier applications.

The results for Traversal 6 highlights query extraction’s =~ The DBPL language [32] and it successor Tycoon [25]
advantages. This use case traverses a sub-tree of the objeetxplored optimization of search and bulk operations within
graph. Figure 14b shows how the number of queries andthe framework of orthogonal persistence. Tycoon proposed
the execution time vary with unfolding depth for this use integrating compiler optimization and database query-opti
case. Note that the number of queries is a good indication of mization [11]. Queries that cross modular boundaries were
execution time for this use case. The query-extractedmersi  optimized at runtime by dynamic compilation [31]. The lan-
always executes fewer queries than the transparent versionguages included explicit syntax for writing queries or bulk
and takes less time than the transparent version except whemperations on either persistent or non-persistent data.
the unfolding depth is 5. This spike occurs because the data Several researchers have extended object persistence ar-
happens to have a tree structure of height six. Thus unfgldin chitectures to leverag&aversal context-access patterns,
depths that are not factors of six are suboptimal, for the including paths—to dynamically predict database loads and
reasons described in Section 5.3. In general, the optimalprefetch the predicted values [3, 15, 18]. Because our work

unfolding depth depends on the data characteristics. generates queries which could be used in object persis-
tence architectures, the two techniques could be combined
7 Related Work to achieve further performance benefits.

Interest in the problem of integrating programming lan- .

guages and databases has enjoyed a recent resurgence. Mo%t Conclusion

researchers have focused on providing queries as firgd-clas This paper presents an automatic technique for extracting
members of a programming language. Kleisli [35], Haskel- queries from object-oriented programs that use transparen
I/DB [21] and Links [10] are functional programming en- persistence. The work builds on our previous formal study
vironments that provide comprehension syntax as a meandor query extraction in a kernel language without procedure
to specify database queries. LINQ extends C#'s syntax andThe key problem for interprocedural analysis is propaggtin
type system to include similar features [4]. Safe queries pr query information across procedure boundaries: persisten
vide typed, first-class queries for Java [9]. The Java Query data needed for procedure parameters should be preloaded
Language (JQL) extends Java to support optimizable queriesby the caller, and conversely, the procedure should preload
of in-memory objects [34]. all the data needed by the call site from its return value.
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Procedure parameters are handled by devirtualization, but

pages 57-76, New York, NY, USA, 2007. ACM.

procedure results use a novel combination of static arslysi [13] ¢, Gould, z. Su, and P. Devanbu. Static checking of

and dynamic query composition. While parameters are only
preloaded if devirtualization succeeds, the dynamic compo
sition always allows a called method to preload data for its

dynamically generated queries in database applicatiams. |
Proc. of the Intl. Conf. on Software Engineering (ICSE)
pages 645-654, 2004.

callee. We present a prototype Java compiler with query ex- [14] J. Ha, M. Gustafsson, S. M. Blackburn, and K. S. McKinley

traction including support for recursion query parameters

persistent parameters and return values. The systemgarget

Microarchitectural characterization of production jvmla
java workloads. Mar 2008.

Hibernate Query Language; and discussed some issues iI'115] W.-S. Han, Y.-S. Moon, and K.-Y. Whang. PrefetchGuide:

automatically generating queries with different query-lan

guages. We evaluated the technique using the TORPEDO
and OO7 benchmarks. This work demonstrates the feasibil-

ity of query extraction in a practical setting.
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