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Abstract

We introduce JUBJava Universal Binding a software tool that stores Java objects in relational and
object-oriented databases. JUB supports the object-oriented DBMSB&relational DBMS Oracle and
Sybase, and all the relational databases which can be accessed via JDBC.

In the context of @, Java objects stored in the database are first-class database objects: they can be
accessed by all the clients of, 0O, supports application programs written in C, C++, Smalltalk, and
0,0C).

We describe JUB from the application programmer’s point of view. We discuss the architecture of
JUB, and the way in which Java classes and objects are translated itypd&3 and objects. We describe
the current status and the performance of the product.

1 Introduction

Many different approaches have been proposed to allow Java programmers and applications to take profit
from database technology. These approaches can be divided into two main groups: those proposing an
extension to the Java language or virtual machine, and those taking the language as it is and defining a
persistence service layer on top of the Java language and of an existing database system.

The first group aims at defining a persistent version of Java that requires a nonstandard compiler and/or
virtual machine. For example, the systems described in [2, 1, 6] belong to this group.

The second group can be further divided, according to the level of integration between the database
system and Java, into database drivers (JDBC) and language bindings (ODMG).

JDBC drivers [7] provide access to existing databases through an API that reflects the underlying
database model. Applications must map the native structures of the database (in the relational model, rows
and columns) into corresponding Java objects and attributes. Many JDBC drivers are currently available or
under development. A ODBC/JDBC bridge is also available.

Language bindings provide transparency to persistence in that the mapping between Java objects and the
underlying database structures is performed automatically by the runtime system. Applications manipulate
persistent objects as if they were ordinary (transient) Java objects. Persistence is requested either explicitly
or indirectly, through the attachment to a persistent root.



The ODMG Java binding is defined in version 2.0 of the standard. Most object database vendors have
announced Java bindings to their systems.

JRB Java Relational Binding[9] is a Java binding to relational databases. It was initially defined on
top of Oracle and Sybase databases, and was later extended to run on top of a JDBC driver. JRB provides
an API that allows applications to manage database entities (bases, transactions, queries) and to store and
retrieve Java objects into/from the underlying database.

The work described in this paper is built on top of JRB. Here, we do not describe the way in which Java
objects are stored in a relational database (this issue has been treated in [9], where a complete description
of JRB is given). Instead, we describe a general architecture featuring a common runtime running on top of
different DBMS. This architecture is called the Java Universal Binding (JUB). A common API running on
top of JUB allows applications to access relational andi@tabases undistinguishably and in a transparent
way.

0O, Java is a specific component of the JUB architecture providing acces®BI@S [3]. Itis analogous
to JRB, but this time the target database system is thBEMS.

JUB uses the same algorithm as JRB to store Java objects in a relational database. No other aspects of
JUB are inherited from JRB. Most notably, the structure of the product is novel: a well-defined interface
has been introduced between the higher-level part of the product, which is independent on the DBMS being
used, and the lower-level part, which is DBMS-specific.

The paper is organized as follows. Section 2 describes JUB as seen from the user’s point of view. Section
3 describes the structure of the product. Section 4 describes the way in which we translate Java classes and
objects into the corresponding, @/pes and objects. Section 5 describes the current status of the project.
Performance is discussed in Section 6.

2 Using JUB

This section introduces the key properties of JUB, as seen from the application programmer’s point of view.
JUB is a Java database binding, a tool that makes it possible to store Java objects in a database. With
JUB, the application programmer is aware of the fact that there is a database involved and that some objects are
persistent and are stored in the database, whereas others are not. He/she invokes database synchronization
primitives like transaction() , commit() or abort() , and knows that these invocations affect
persistent objects. The user may explicitly take database locks (although this is usually unnecessary, because
JUB automatically takes the appropriate locks whenever an object is read or written).
Our approach is different from the one used in Persistent Java [2], where every attempt is made to give
to the system the appearance of an ordinary (non-persistent) Java runtime system.

2.1 Persistence-capable types

When JUB is used, the application programmer has access to two kinds of Java objects: ordiaasjett
objects, which behave as if JUB did not exist, gadsistentobjects, which are managed by JUB, and are
stored in a database. In order to be persistent, an object must belopgrsisience-capabligpe.

A class or an interface is persistence-capable iff it satisfies two conditions. First, it must implement
or extend the interfac@ersistentObject from the package associated with JUB (namely, package
jub.api ). This interface contains all the methods necessary to manage persistence-related properties of
objects. Second, the class must have begrortedby JUB. The import operation creates in the underlying
database the data structures necessary for storing objects of a given class: in a relational database, appropriate
relations are created [9]; if,, a type is created that corresponds to the Java class (see Section 4).



An array type is persistence-capable iff an array of this type can be referenced to by an attribute of
a persistence-capable class and the type of the elements of the array is persistence-capable. The import
operation detects these conditions and creates the necessary structures in the database.

2.2 Making objects persistent

Two models have been proposed for choosing which objects should be made persistent: explicit persistence
and persistence by attachment.

With explicit persistence, the application programmer explicitly requests objects to be added to or deleted
from the database.e. to be made persistent or to be made transient again.

With persistence by attachment, a fixed set of objects is made explicitly persistent. These objects are
stored in the database and are directly accessible to the application programmer. They areatalled
persistence For all other objects, the following rule is applied recursively: if a persistent ohjechtains
a pointer to an objedt, thenb is also persistent. This rule can be equivalently expressed in a non-recursive
form: an object is persistent if it ifachablei.e. if and application program can reach it by starting from a
root of persistence, and by following pointers from one object to another.

With persistence by attachment, objects that are persistent, but are no longer reachable, are deleted from
the database by a garbage collector.

JUB implements both kinds of persistence. In both cases, the static members of persistence-capable
classes can be accessed diredtly. (vithout the need to first obtain a pointer to the object) by application
programs. Static members are made persistent at import time, except if the user requests otherwise.

The user can request JUB to maintalass extents-collections containing all the objects of a given
class. When class extents exist, they are directly accessible to application programs.

With persistence by attachment, the static members and the class extents are roots of persistence.

2.3 Using a persistent object

The usage of persistent objects involves three specific issues. First, the user program must notify JUB
of reads and writes performed on persistent objects. Second, under certain circumstances, persistent Java
objects aredetachedfrom the database: changes made to detached objects will not be written into the
database. And finally, the application program may label certain fieldtamsient Such fields will not be

stored in the database, although they exist in the in-memory version of the object.

2.3.1 Access notifications

Before accessing a persistent object, a Java program must inform JUB of its intention. This is done by
invoking the methodhccess for the object in question. This invocation causes the object to be actually
loaded in the address space of the program. Until then, it may be the case that the real object is only stored
in the database, and what appears to be the object in the address space of the Java program is in reality a
shadow objecta placeholder object that has the appropriate type, but whose contents are meaningless.

The methodaccess() is defined for all persistence-capable typesccess has no effect when
invoked for a non-shadow object, either persistent or transient. Inv@dogss many times in a row for
the same object is equivalent to invoking it once. Therefore, there is no harm in cdlbegs too many
times, or in calling it for a transient object. This simplifies the usaafess : application code can invoke
the method before every access to an object that belongs to a persistence-capable class, without knowing

'For array types, it is impossible to define methods. Therefotejsfan arrayt.access() is not defined; instead, we use
the static methodccess in clasgub.Database |, like this: Database.access(t) . The same remark holds for the method
markModify , mentioned below.



whether the call is redundant or whether the object is actually persistent. Application code can therefore by
instrumented so as to caltcess in a systematic way, before every access to a persistence-capable object.
The instrumentation relieves the programmer from the necessity to add catdisdss by hand. Itis done
automatically, by a postprocessor of Java bytecode.

2.3.2 Write notifications

When a persistent object is modified by a Java program, this fact must be notified to JUB, so that when the
current transaction commits, JUB will propagate the madification to the database. The notification takes the
form of a call to the methodharkModify

markModify is only intended to be used with persistent objeotarkModify is similar toaccess
in that it can harmlessly be invoked outside of its intended scope of use (namely, for transient objects) or be
invoked many times, instead of just once. Itis therefore possible to instrument application code so that every
modification of a persistence-capable object is followed by a calladkModify . The instrumentation is
done automatically, by the same postprocessor which adds calts¢ss .

2.3.3 Invalidating persistent objects

JUB caninvalidate a persistent object,e. put the object in a state in which it can no longer be used. All
objects are invalidated when the current transaction commits. This is necessary, because at commit time all
locks are released, and therefore the state of the persistent objects, as represented in the address space of the
Java program, is no longer guaranteed to correctly represent the real contents of the objects.

Additionally, the application program can request the invalidation of individual objects. This is useful
(and sometimes necessary) in order to release the resources used by objects that have been accessed at some
point, but are unlikely to be accessed again.

The application program must not use invalidated objects. It is recommended that the program destroys
all the references to such objects, so that the Java garbage collector can destroy them.

2.3.4 Transient fields

Fields in persistence-capable classes can be labelgdrasent . Such fields are never stored in the
database. Therefore, when a persistent object is brought from the database to the address space of a
Java program, transient fields need to be properly initialized. This can be accomplished by the method
activate() . if this method is defined for the object, it will be invoked every time the object is brought

to the address space. The role of this method is limited to initialization of transient fields of the object. In
particular, it is not allowed to modify any persistent attribute or otherwise manipulate a persistent object.
The system enforces this rule.

2.4 Storing Java bytecode in the database

It is possible to store Java bytecode in the database. The bytecode of the classes stored in this way can
be loaded into the execution environment by means of the BlatgbaseClassLoader . This class

extends the clas€lassLoader and provides the mechanism to load the bytecode, pass it to the Java
runtime making it possible for the program to manipulate objects belonging to the loaded class. The user
may explicitly use the claddatabaseClassLoader  to load a particular class. But the most interesting

use of stored bytecode is when the database contains objects of a class which is not available to the program
from the CLASSPATHIf the program accesses such an object, the JUB loads the implementation of the
class from the database, allowing the object to be properly used.
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Figure 1: The runtime system of JUB.

Let’s give an example of the utility of this feature. A cl&@@which implements the interfadgunnable
is stored in the database and an object belonging to the class is createRufiigble interface defines
a methodrun() and the implementation of this method@performs some action. An external program
needs to know only thRunnable interface; it accesses the stored object and callsiit§ method and
the proper action is performed.

3 The architecture of the runtime system

The runtime system of JUB is divided int@ammon runtimandsystem-specific compone(fsgure 1). The

common runtime is accessed by application programs through areppli¢ation programmer’s interfage

There are two system-specific components: one for relational databases, and one Tlile@omponent

specific to relational databases contains three sub-components, which access, respectively, Oracle, Sybase,
and JDBC. Access to Oracle and to Sybase is done via their respective native SQL interfaces (incidentally,
one can also access Oracle and Sybase through a JDBC interface, but this is less efficient).

Both system-specific components have the same interface, through which they are used by the common
runtime. They allow the common runtime to connect to a database, to manage transactions (perform
operations likecommit() orabort() ), and to create, read and modify persistent objects in the database.

All these operations are performed without the common runtime knowing whether the database is object-
oriented or relational: the common runtime always views the database as a repository of objects.

The system is designed so that more system-specific components, accessible through the same interface,



can be added, and can be used by the common runtime.
The common runtime is based on two data structuresolifect tableand themetadata classed et us
describe these structures briefly.

3.1 The object table

The object table is a transient data structure, internal to the common runtime. It contains information about
the persistent objects that exist in the local address space. For every such object, it memorizes the object’s
address in the address space, its type, its state, acacie identifier

The cache identifier is used to identify the object when communicating with a system-specific component;
from the common runtime’s point of view, it plays the réle of the object’s address in the database. The cache
identifiers of objects are computed by the system-specific component, in a way that allows for easy mapping
between the cache identifier and the information necessary to find the object in the database.

The state of the object is eithehadow accessedmodified or new Shadowis the state of shadow
objects,.e. of objects that are present in the database and are referenced from within the local address space,
but have not been properly copied into this space (see Section 2/&d¢sseds the state of objects that
are present both in the database and in the local address sitactfied is the state of objects that are
present both in the database and in the local address space, and fomanidodify()  has been called.
Modified objects are written to the database at commit tifdewis the state of the objects which have
been made persistent by the local application program, during the current transaction, and have not yet been
added to the databasEewobjects are added to the database at commit time.

3.2 Metadata classes

The metadata classes contain information about persistence-capable classes. There is one metadata class per
persistence-capable class. Information stored about each persistence-capable class includes its name, the
name of the parent class (if any), the names and types of the attributes of this class and those of the static
attributes of the class.

Metadata classes are generated by the import tool. If the bytecode of a persistence-capable class is stored
in the database, then the bytecode of the metadata class is stored there, too.

To use a metadata class, the common runtime creates an object belonging to this class (the object is
transient), then accesses the object througtClhesMetaData interface. The methods of this interface
return information about the persistence-capable class corresponding to the object in question. All metadata
classes implement the interfaGéassMetaData

The common runtime containsnaetadata managera module capable of finding (or, if necessary, for
creating) metadata objects corresponding to any given class name. When the manager needs to create a
metadata object whose class is not present in the execution environment, the class bytecode is loaded from
the database, as described in Section 2.4.

4 The mapping of Java classes into @types

The mapping from Java classes intg @ata structures benefits from the similitudes between between the
Java type system and the, @ata model. Incompatibilities also exist, and we discuss the ways they are
handled.

Table 1 shows in detail the mapping between Java types argp@s.



Classes, interfaces and objects Java classes and interfaces are translated by the import tooljia$3es
(an O class corresponding with a Java interface contains no attributes). When a class or an interface is
imported, all the interfaces and classes from which it inheirigswhich it extends or implements) are also
imported. The inheritance structure is entirely preserved by the translation process. This is possible due to
the multiple inheritance mechanism of ,@vhose semantics englobes that of Java.

When a subclass defines an attribute with the same name as an attribute in a superaassjders
that the attribute is overloaded, whereas Java considers it completely distinct from the superclass’ attribute.
To overcome this problem, in case of a conflict we create the attribute with a unique name and then rename
it to the original name. This causes @ consider the two attributes as different attributes. The runtime
system keeps track of renamings so as to load the corresponding Java attributes accordingly.

Scalartypes short sandint sare translated inioteger s.float sanddouble sare translated into
real s. If there is an overflow in the process of this conversions, an exception is thrown.

Java 64-bit long values are mapped into pairs of 32-bit integen®ger attributes. The runtime system
performs the appropriate data conversion when long values are loaded from the database into long variables.

String, Integer, Float,... Objects belonging t&tring and to classes of simple types (liketeger
Float , etc) do not retain their identity in the database. In this respect, our system changes the semantics
of Java language, but we considered that having these objects retain their identity would be too expensive
in terms of performance. Furthermore, the values encapsulated in these objects are immutable, which limits
the non-transparency to the only case of reference comparison.

Unicode characters iString s are converted and stored in the database as ASCII. It is possible to
specify in the configuration file that they are to be stored as Unicode. Unicode strings are stored always as
UTF strings; the conversion is performed by Java JNI (Java Native Interface) runtime.

Arrays A Java arrays is mapped into an €lass encapsulating a list. When a new array is created in the
database, the whole corresponding list is filled with nulls. When a list is read in as an array, the size of the
list determines the size of the array to create.

Arrays in Java follow the same hierarchy structure as the types of their elements. This structure is closely
followed by the corresponding [Cxlasses which implement arrays. Such classes are of type list, and the
model of G allows inheritance between lists to follow the inheritance between their elements. From this
point of view, the Q model matches exactly the Java model.

Arrays of Javdong values are implemented using lists of 32-bit integers, considering two consecutive
elements as a single 64-bit integer.

Static variables Static variables are mapped intg @ames, thus becoming persistent roots of the database.

5 Current Status of the Implementation

An early version of JUB exists today and has been tested. This version has some restrictions. Only explicit
persistence is implemented. Persistence by attachment is not available today, although the major difficulties
connected to it have been solved: a garbage collector foexits [8], and persistence by attachment is
available in all language bindings to, @xcept Java.

The application programmer must instrument Java code with cadlsdess and tomarkModify by
hand. The postprocessor of Java bytecode, which will perform this task automatically, is under development.



Java type

O, type

Builtin types and corresponding classes

boolean, Boolean boolean

char, Character (16 bit, UNICODE) char (8bhit ASCII), or integer (16 bit
UNICODE)

byte, Byte (8 bit) char (8 bit)

short, Short (16 bit) integer (32 bit)

int, Integer (32 bit)

integer (32 bit)

long, Long (64 bit)

are suffixed by hi and lo

two attributes of type integer, whose nam

float, Float

real

double, Double

real

String (UNICODE)

string (UTF coding, as defined in Java JNI

Classes, interfaces, arrays

interface | {... }

class | (no data)

interface J extends 1{... }

class J inherit | (no data)

classC{... } class C public type tuple(...)
class C extends S implements I {... } class C inherit S, | public type tuple(...)
JavaTypg class 02ist_O2Typepublic type listO2Type

JavaTypf, where classlavaTypesxtends S|
implements | ...

class 02ist.O2Type inherit 02list_S,

o2 list_I public type listO2Type

JavaTyp{[]

class o02list_.02list. O2Type public
list(02.list_O2Type

type

Special cases

long[], Long]

like int[], with two successive elements co
ing the low and high part of a long

byte[], Byte[]

class ByteArray type public bits

char[], Character[]

class ByteArray type public bits

java.lang.Vector

02 list_Object, of type list(Object)

Static v

ariables

in class staticJavaType att

| name o2var_class: tuple (att: O2Type.. )

Table 1: The mapping

of Java types te 9pes.



Collection classes in the style of those defined in the ODMG Java Binding [5] (sets, bags and lists) are
being currently implemented and should be soon available in JUB. At short term, JUB API should evolve
towards an ODMG compliant interface.

Today, it is possible to launch OQL or SQL queries in the underlying database. We are in the process of
investigating the possibility of the execution of Java methods from an OQL query.

6 Performance measurements

We present preliminary performance measurements of our prototype using gyst®m. We investigate
the impact of the differences between JUB and the C++ bindingti@®well as the scalability of JUB.

6.1 The benchmark

Our measurements are based on the OO1 benchmark [4]. We used OO1l's database schema and two
operations: traversal and creation. We did not include the lookup operation and the reverse traversal
operation of OO1 benchmark because we felt that performing these operations would not add significant
information to our measurements.

We implemented a simple benchmark because our goal is to measure the impact of the language binding
and not the performance of the database system itself.

We use a database composed of objects calets Each part contains an identifier, a date, a part type
and two coordinatesx andy. Each part points to three other parts. It also contains a list of parts from
which it is referenced—the reverse links. For each reference to a part there is a type and a length. The type
fields are strings of ten characters, the date is a 64-bit integer. The identifier, the coordinates and the length
fields are 32-bit integers. A global hash table contains all parts, hashed by the part identifier.

Two database sizes were tested: snwll database containing 20000 objects and lainge database
with 200000 objects. The fields of each object data occupy about 100 bytes and if we include the space
overhead of other structures, this gives databases of about 4 Mb and 40 Mb respectively.

The database is constructed in two phases. First, the parts are created with links set to null. The
identifiers of the parts are set in increasing order, from 1 to the total number of parts, while the other fields
are set to random values. In the second phase, we link each part to three other parts; the reverse links are
updated as appropriate. The parts to link are chosen so as to obtain some locality of reference: 90% of them
are randomly selected among the 1% of the parts that are “closest”, and the remaining 10% are randomly
selected from all parts. The parts are said to be close if their identifiers are numerically close. The global
hash table is used to find a part, given its identifier.

Our first experiment is a traversal in the graph of parts. Starting from a random part, we visit all parts
connected to it in a depth-first order, up to a depth of 7 levels. In total this makes 3280 parts, with possible
duplicates. For each part visited we read the values of all attributes. This experiment is executed in read-only
transactional mode.

The second experiment is similar to the first one, with the difference that for each part visited, the field
x is incremented. The time measured includes the time to commit the changes to the database.

The third experiment inserts new parts into the database. A new part is created and is linked to other
parts following the same rules used to construct the database. We create 100 parts with increasing part
identifiers and report the time needed to create the parts and to commit the transaction.

We measure execution times of our tests in two different runs: a cold run, when there is no data cached
in the database server or in the client, and a warm run, where cached data are present. Practically, we run
the tests 15 times and consider the first run as a cold run and the last 7 times as warm runs.
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Figure 2: Traversal time depending on the number of distinct objects visited

6.2 System configuration

For our benchmark, we used a Sun UltraSparc 1 workstation with 128 Mb of random access memory, 192
Mb of swap space and two 4 Gb disks connected to two different fast-wide SCSI controllers. One disk
contained only the database files and the other contained all the system files and database software. During
the measures, the system was used exclusively by our benchmark.

Both the server and the client processes ran in the same machine. The server was configured with 4 Mb
of cache and the client had 4Mb of cache too. We usgddbsion 5.0.2.A.4 and the Java Virtual Machine
included in Sun’s JDK 1.1F.

6.3 The results

Figures 2 and 3 show the results of the traversal and modification experiments in the small database, the
warm run. Objects accessdd a count of distinct objects visited during the traversal.

We observe significant differences in the number of objects accessed in each run, as well as a difference
in the time measured. The time is almost proportional to the number of distinct objects accessed. This
suggests that the first access to an object is time-consuming while further accesses are much faster. This
is an expected result. In the case of Java, the first visit to an object causes the object fields to be loaded
from the database and shadow objects to be created for the three pointed-to objects. A subsequent visit only
causes the system to query the object table about the state of the object. In C++ things are much the same:
during the first visit the object itself is created and its fields are filled in; subsequent visits just test a bit in
C++'s reference variablal(Ref).

Given this behavior, we decided to present in our results the execution time divided by the number of
distinct objects accessed. For the insert experiment, we divided the time by the number of objects inserted
(100).

Table 2 shows the results we obtained in our experiments on the small database and table 3 shows the
results for the large database.
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Figure 3: Modify time depending on the number of distinct objects visited

Time Percent
Java| C++ | slower
cold traverse | 4.95| 2.22| 123%
warm traverse 2.14| 1.35 59%
cold modify 7.13| 3.78 88%
warm modify | 5.51| 2.86 93%
cold insert 23.39| 18.05 30%
warminsert | 16.81| 12.49 35%

Table 2: Small database results

Time Percent
Java| C++ | slower
cold traverse | 6.57| 3.03| 117%
warm traverse 3.30| 1.41| 133%
cold modify 12.09| 4.56| 165%
warm modify | 15.64| 3.83| 308%
cold insert 46.67| 40.79 14%
warm insert | 50.50| 40.41 25%

Table 3: Large database results
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Figure 5: Large database results

The numbers presented in these tables are shown in a graphic form in figures 4 and 5, respectively for
the small and for the large database.

The first thing to notice in these results is that Java is slower than C++. This is normal, given that
we used a interpreting Java Virtual Machine. We expect that using a Just In Time Java environment will
significantly reduce the differences.

Aninterpreted Java program is generally 5 to 10 times slower than the same program written in C++. Our
measurements show execution times slower by 30% to 150% in most cases. This means that a substantial
part of the time is spent in the database server and in the client libraries, and the work done in Java is
relatively short.

The difference between cold and warm times is due to caching which improves the performances in the
warm case. It is interesting to note the behavior of Java in the modify and insert experiments, in the large
database case: the warm times are greater than the cold times. We do not have a valid interpretation for this
case and we continue to investigate.



When comparing times of the small versus the large database, we notice a general increase of execution
times. In the large database there is less locality than in the small database, which causes more pages to be
read from disk. The modify time in Java has increased more than the modify time for C++ when going from
the small database to the large database. This is a point which merits further investigation.

We are in the process of making performance measurements for comparing the JUB yusiErgu3
JUB using a relational database.

7 Conclusion

We presented the main features of the Java Universal Binding, currently under developmerectialogy.
We briefly discussed some implementation issues and presented performance results.
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