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Abstract

Th,e poper describcs our approach to o.cld.ing "stored procedure" capab'ility to a semantic
database systerrt using Jaua byte-codes and, Jaro's abililU to dgnamicalLy load and esecute

Jaua cotle. Seueral steps were necessaru: f,rst we added a ,laua appl'ication pragranrmer

in.terface to the d,atqbase system; then we createcl. a database scherna to hold, Jaua etecutable
cod.e; then we constructerl a Jqua class laad,er to sLlou co(Le to be Loaded frorn the databose;

then we enabled the creation oJ Jaua oltjects and ere.utted the Jaua code for them. Otr
approach is not spccific to our semantic database sgste,m, ralher it can serue as a re-cipe ,for
adrling "stored procedures" to any clatabase system.

1, Introduction

While dartabase systems are neatrl to store data, increasirigly dernands arise to allow
data uranipulation within the database corii,ext. The database systeur typically enables

such rraniprrlation by storing procedures iUrman, 1996, Ranking, 1997], i.e. fragnents of
code, that can execute with data frorn thb database.

Object-oriented database syslens fl{im ancl Lochovskv, 1989, Atkinson ei al., 1989] by
their very definition - already deal rvith procedurality. While an object stored in a database
represeuts daia, it is also an instance of a class, which nray define applicable methods.
These rnethods if made available to the daiabase systeur can be executed with data,
i.e. the objects, from the database, giving the database manageurert systern procedural
capabilities.

Il this paper rve clescribe our approach to adcl "storecl procedures" capability to a
database systern. Our specific database systen uses the semantic modeling approach

[Rishe, i992] whic]r extends the relaiional database rnodel with user definable types, ex-
plicit relations, aud iuheritance. The seurantic database nodcl is close to an object-oriented
rnodel, however, it lacks ihe capability to capture nethods.

In order io add procedure capabiliiy we considered 2 approaches: (1) to define our
owrr prograrnnring language, or (2) use an existing one. Obviously, for choice (t) we

*'ould have to specify our orvn language, provide gramrnar) parser, compiler, run-time
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environment in order to make it viable. The existence of the Java progranming language
IGosling et al., 1990, Jaworksi, 1996] made our choice (2) easy since severar of iis features
greatly sinrplify our endeavor:

1. Java code is compiled ald stored on a per-class basis. One Java class yielcls oue Java
compiled-code file (byte-code file).

2. Java code can be loaded dy.ar.icaily. It does not have to be linked, neither staticaily
nor dylamically at conrpile tirne.

3. Java supports reflective progranrning, i.e. a ruuning Java program can urodify itsell.
while running. For example, a Java program cal load a class, inquire about its meth_
ods, create i'stances oI tire new crass, and invoke those rnethods for these insta'ces,
all in the same prograni.

4. Java is platforrn independent, so operating systern clependenci€s are not presetrt.
5' Java can easily interact with the c** programning language, which is very irnporta.t

since our database rnanagernent systern is written cntirely in C++ and has a C++
interface.

In the following sectio's we will lirst outline the basic elements of the sernantic clata
model used i' ihis clatabase system: we will irustrate its c++ application progranrrrer
ini,erface (APl). Then we discuss the implernentation ofour Java to C++ b;idg;, whicli
gives us a Java API to the database systeln. Next we illustrate a clatabase scherna to str,."
Java code and give an exautple of how to store and retrieve it. And finally we show how to
execute Java stored proceclures with tlatabase data.

The paper coucludes wii,h sorne performance results ard our visio. of how to further
enhatce the database system,

2. The Sernantic Binary Database System

The target of our research effort, the serllantjc binary database systenr f]rishe, r9g2],
models data in a semartic fashion, but employs a highly efiicieut birary siorage modei
flrishe,1996].

The sernautic nodel allows the defitrition of categories, relaiions and database types.
Database types exist for the uiost cornmonly founcl types such as numbers (arbitrary u"iiing
precision and nragnitude), slrings, large binary objects etc.. A category is a specification
of a class of absiract objects in a database. Each category urav have rerations witir other
categories or database types. A reration from a catcgory to a cratabase type is ca[ecr an
attribute. A relation frorrr a category to a category is called an abstract relali,cD. Categories
cau have sub-categories, which nrodels inheritance.

The storage model consists sorery of binary facts, each of rvhich describe an aspect of
an abstract object iu the database, as well as inverses of these facts constructecl iu a wav
guaranteeingoptimalityoftheso-called"basicqueries',. Exarrplesofsuchbinaryfactsare:

. an abstract object is an instance of a certain category;

. an abstract object has an attribute with a certain value;

. an abstract object has an abstract relation to a certain category;

fuIore details on this storage model can be found iu {Rishe, 1996].



#include <iostrem.h>
#include <sdb3.h>
mainO {

TDataBase* DB = openDataBase("Deno!') ;
DB->Trmsaction-Begin( ) ;

// create class rith attributes
Category +cat = Newoategory(DB, I'Person");
NewRelation(DB, "nme", "Person", "String") ;

NewRelation(DB, "birthYear", r'Person",'rinteger") 
;

// make instmces
Var p1 = DB->NeeAbstract("Person") ;

pl,Assign("Person: :nilerr, IJobn Doe") ;
p1, Assign( "Person: :birthYear",195B) ;
Var p2 = DB->NewAbstract("Person' ) ;
p2.Assign("Person: :nile","Sue Mi1ler ) ;

p2.Assrgn("Personr :birthYear", 1965) ;

// sinpl-e query
SetQuery list = cat->Getobjects();
Var person;
!hi1e (lj.st.CetVarInc(person)) {

cout << pchar(person,Query("Person: :nme"),GetVarO) << r', rt'
cout << pChar (person. Query ( "Person : : birthYear") .Cetvar( ) ) << endl ;

)
DB->Trmsaction-End ( ) ;

CloseDataBase (DB) ;

]

Figure 1. C++ API Example

The primary application programrning interface (API) to this database systenr is for the
C*+ progranrnring language[SDB, 1995]. Figure 1 shows a sirnple C++ exarnple: after
opeuing a "Demo" daiabase and starting d new trausactiol, we create a category Person,
with atiributes "name" of type String, "birthYear" of type inieger. l'hcn we create 2

instauces of category Person and relate them to attribute values. A sirnple query retrieves
the 2 instances frorn the database and prints their attribute values, Tire prograrn ends with
con)rnitiing the tlansactiotr and closing the database.

The current C++ iDterlace has no capability to define and attach rnethods to a caiegory.
In this exantple, a rnethocl to calculate ihe age of a person based on the birth year would be
useful. Irr the following sectiorrs we will show how Java can be used to make this happen,

3. A Java to Cf{ bridge

The first step necessary was to create a,lava applicaiio[ programn]er interface to the
sernaritic binary database. Our approach provides thai by mimicking the C++ API with
,lava using the Java Native Interface I,INI, 1997] capability. We inplemented a,lava package
that contaius the same classes and functions as can be found in the C++ APi. The Java
classes deffne "native methods" which arc irrrplernented in C++ and call the respective
C++ API firnctions.

For example, the C** API has a firnction to create a new category: NewCategoryO.
The Java API defines a class Proc with static methods, one ofthem is nepCategoryO.

Figure 2 shows a portiou ofthe Java class L. other methods that were also used in the c++
example (Figure 1), such as 0penDataBaseO aDd NewRelationO Dow appear as methods
of class Proc.

package
public
publ ic
public
public
publi c
public

JavaSDBAPIBridge ;
final class Proc extends DataBaseobiect { . ..fnar crass tsroc extend.s DataBase0bject "l . ..
native static TDataBase createDataBase( String databasenme );native static TDataBase openDataBase( String databasenme );native static void closeDataBase( TDataBase db )i
natrve static Category newCategory( TDataBase db, String nMe );native static R€lation neuRelaiion( TDataBase db,

String relation,
String CatetoryFrom,

] 
String CategoryTo );

Figure 2. Java API proc Class

Figure 3 shows a portion of the Java class Category, which nirrors the C++ category
class For example, the nrethod Get0bjectso (see Figure i) norv becomes a native rnelhoci
of Java class Category. In order to complete tite Java package we provicle native C++ code
that is dynaurically loadecl whenever the Java class executes, For each native Java methocl
we have a c++ functiou which si.iply calls the respective c++ ApI functiou. For exarnple,
Java rrative method Category.getobjectsO is linked to the C*+ functior

Java_JavaSDBAPIBrldge_Category_get0bj ects__
which in turn calls the categoryr:cetObjectso lirnction iu the c++ ApL'lhe starrdard
Java developer's kit (JDI() provides helper'tilities, such as the javah comnand, to faci)-
itate the native urethod interface. The rrarne couveltions and further detail carr be louud
in IJNI, 1997]. since c++ is not platlornr indepentlerrr we provicle compilecr versions for

package JavaSDBAPIBridge ;

publrc cl.ass Category extends DataBaseobiect {public native String getNme( ); -

public natj.ve Category0 getsupercategories( );public natj.ve CategoryU getsubcategoiies( );public native Re1ati,on[] getRelations( );
public native booleu hasRelation( Relation relation );public native booleu hasSupercategory( Category categorypublic native SetQuery get0bjects( );
-__ I

Figure 3. Java API Class Category

both enviro'rnents on which the semantic binary database system is available: su. Solaris
and Winclows NT.

Wiih the Java API, we can now rewrite our earlier C++ exarnple. Figurc 4 shows the
rcsulting Java crode. The .lava code rluite closely resembles ihe C++ cocle of Figure l: we

ffistoserveralcldsesiniIreJavaAPI.ltcontainsoperationsand
atiribuies that are commor to ail of its subclasses seteuery is a clss to capture query resuits.



import JavaSDBAPIBri"dge. + ;
import 1il9. j.o..;.*;
public class Main {

public static void main( String[J args ) {
TDataBase DB = Proc.openDataBase("Demo") ;
DB.transactionBegi"n( ) ;

// cteate class with attributes
Category cat = Proc.newcategory( DB, "Person" );
Proc.neqRelation(DB, "nme", "Person", "String" );
Proc.newRelation(DB, "birthYear'r, "Person", "integer" );
// make instilce€
Var p1 = DB.newAbstract(rrPerson") ;
pl.assign("Person: :nme", "John Doe") ;
p1. assign("Person : : birthYear", 1958) ;
Var p2 = DB.nerAbstract(,,Person,') ;
p2.assign(rrPerson: :nme", "Sue Miller") ;
p2.assign("Person: :birthYear",1965) ;

/,/ sinpJ.e query
SetQuery list = cat.getobjectsO;
Var person;
vhile (lj.st. getVarlnc(person)) {
Systen.out.pri.ntln(Proc.p0har(p€rson.query("Person::nme,').getVarO)

, t ",' + proc.toLong(perso4.query(r'Person: :birthYear,').getvarO)) ;
j
DB.trmsactionEnd( );
Proc . closeDataBase (DB) ;))

Figure 4. Java API Example Program

operr the database, start a transaction, create a class, make instances, issue a siurple query,
and then courmit the transactiol and close the database.

The Java prograrl accesses the senatrtic ditabase as easily as C+*.

4. Tlie Java Class Repository

Java source code resides in files that haye the extensiou ".java". While a source code
file nray coutain more than one .lava class, once it is corupiled it will result in exactly one
file with extension ".class" for each courpiled Java class. .Java ".c1ass" files actrrally
contain Java byte codes, which are executed in the coltext of a Java virtual machine

llindholm and Yellin, 1996], Java virtual rnachine inrpleurentations are available for rrost
modern computing platforrrrs aud also are contained withiu typical Internet browsers. This
is the key to Java's platform independence.

Figure 5 shorvs a simple Java class for orrr Person category example. It declares two
attributes "nane" arrd "birtYear", a constructor, and a simple ncthod for age calcrrlation.
This class is rluite similar to the Person category of Figures 1 and 4. When compiled, its
code resicles in file "Person.class".

To store Java code itr the database all we ueed to handle is Java ",c1ass" files. We
create a simple category "JavaClassRepository" with attributes "name" and "data". The
"data" attribute is of type "binary" which allows to store an arbitrary-long chunk of data.

) 
publj.c int getAge(int when) { return when - birthyear;

Figure 5. Java Person Class

public class Person {
String nme;
int birthYear;
pubLic Person(String n, int b) {
- nme = n; birthYear = b ;)

pubfic static void Store( Strj.ng[J args ) {TDataBase DB = proc . openDatagise ( "DEmo;,) ;
DB. rrusactlonBegin( ) ;

// cteate classes qith attributes
Category cat = proc,newcategory( DB,',JavaclassRepository,, );Proc.newRelation(DB,,,nme,'l',iavaCiassReposit-iyi,-;"1.1"r;,,
Proc.newRelationlDB,'dara',' JavaClassReposiLoij,,,,.Uinar!,, ) ;// cade to load Person.class into bulfer
File_theFile = new File(,,Person.class,') ;Datalnputsrrem f ileStreil =

,, .i:, Datalnputstrem(new FiLelnputstrem(theFile));
// al.,tocate a buffer ed read the data into it
byte ll buffer = neu byte ltheFlle. Iensthl :

f i I e St rem. readFul ly (tuf fer)
/ / make lnstuce
Var c.= DB.newAbstract(,,JavaclassRepository,,) 

;c. assign(', JavaclassRepository :,rm"i,,,,p"r"6.:, i ;c,assrgn('JavaClassRepositoryi :data", bufler) ;uts.trilsactionEnd( );
Proc. closeDataBase (DB) :

Figure 6. Storing Ctass Code

Figure 6 shows the Java program 2 wliich creates the scher'a anci ioads the person class
into the databaser it first opens the ,,Demo,' dat,abase, starts a new transaction, t,heD
utakes a new category JavaClassRepository with two relatious to attributes ,,Darne,, and
"daia" Then it opens anci reacls trre "person.class" fire into a brffer, and finally creates
a- database object and assigns its nar'e antl clata. Figure 7 shows how to retrieve a Java
class from the database: trre cocle is quite si'ilar to ihe cocle in Figure 4 After opening
the database, creatin a trallsactio[, we read all classes in the dalabase, ihen commit auJ
cloase the database.

5. Execution of Java Code

And finally rve want to execute Java cotle. Assuming that the clatabase contains Java
class codc and also instances fru the sarne class, we neeJ to clo the following steps;

1. read Java ".c1ass" code front the database;

ffihousekeepin6alLlexcep!lonlrandlin8icodc.



pubLic static void Show( StringU args ) {
TDataBase DB = Proc.openDataBase("Demo") ;
DB.trilsactionBegin( ) ;

// find category, read instuc€s
Category cat = DB.findcategory(r'JavacLassRepository") ;
Relation rel = DB.findRelation("JavaclassReposi.tory: :nme") ;
,// show the list of al-l java classes in the database
SetQuery list = cat.getobjecrsO;
Var aClass;
Fhile (1ist . getVarlnc (aCIass) {

System. out. println(Proc . pchar (aclass. query (re1) . getVar ( ) ) ) ;

)
DB.trusactionEnd( ):
Proc . closeDataBase (DB) ;

]

Figure 7. Reading Class Code

2. dynarlically create a Java class frorn " . c1ass" code;

3. find instances of a corresponding category in the database;

4. create instance ol Java class with data frorl the database;

5. execute a method.

In order to clynamically create a class irr Java we need to creaie a special class loader.
The Java code for a DBClassloader is shown in Figure 8. It is defined m a subclass of Java
class Classloader which is part of the Java stanclard distribution, The critical ruethod is
Ioadclass which first tries to fird the class in a local cache to prevetrt multiple delinitions
-, checks whether the requested class is a sysbem class, and then finally calls defineClass
which creates a new Java class based on the btye-codes passed in a buffer parameter. The
next step is to resolve the class, i.e. to make sure that all other Java names used within
tlie new class are also loaded an<l present.

With ihis DBClassloader class we can now show an example ihat illustrates these steps.
The Java code in Figures 9 and 10 first opens that database and starts a new transaction;
it then finds the JavaClassRepository category with its attribute relations; it theu reads
the Java byte-codes frorn the clatabase, creates an instance of the DBClas sloader class, and
Ioads the byte-codes using the loadclass method; it then finds the constructor and the
getAge method using Java's reflectiv€ programming capabilities. Figure 10 then continues
with the code find and read Person data from the database, and finally creates Jaya Person
objects and executes tlie getAgeO met,hod,

In the example we loaded ouly a single isolated class from the database. The Person class
only references builtin data types "Siring" and "int". More coraplicated classes, of course,
will be related to other classesi those classes can either be also fetched from the database or
resolved from the Iocal execution environment subject to the normal Java "CLASSPAIH"
search rules.

The performance of executing "stored procedures" was quite acceptable, posirlg little
overhead in addition to t,he tegular databme access times. However, even that can easily
be improved. For example, to exec\rte the method "getAge$" we had to construct a Java
Person object. As easily rve can define a static method "calculateAge0" as shown irr Figure
1 1 and call it instead of "getAge$" . Since we do not have the overhead of creating a Java

lmport Java. ro. +;
import java.util.*;
public class DBClassloader extends Classloader {

privaLe byre buf [] = ru11'
private Hashtable sdbclasscache = new HashtableO;
public DBclassloader(byte inBuf [] ) t

buf = i.nBuf;
)
public synchronized CIass loadclass(String nme, boolem resolve)

throws Class NotFoudException {
try {

// try to find the class in cache
Class aclass = (Class)sdbclasscache.get(nme) 

;

if (aCfass == nu11) {
try {

// clLeck if itis a systen cl,ass
aClass = findsystenclass(nile) ;

) catch (Exception e) {
Systen.out.printltr(" System class: " + nme + " not foud");

)
]
if (aQlass == nu11) {

aolass = defineclass(nme, buf, 0, buf.length)t
sdbofasscache.put(nme, aclass) ;

)
if (resolve) resolveClass(aClass);
return aclass;

] catch (Exception e) {
System, out.println("DBClassloader, loadclass i " + e. getMessageO ) ;
throo new ClassNotFoudException (e. getl'lsssage ( ) ) ;

)

Figure 8. Database Class Loader

Person Object, the performance is significantly irnproved.
We measured the perforrlauce by loading 20000 objects fronr the database: with method

invocation per Person object the program rau for 11,4 seconds; with static method invo-
cation without creating Java Person objects it ran for 10.5 seconds. Withorrt ary urethocl
invocation, just reading 20000 objects rrsing the Java API, the program ran for 10.1 seconds.

6. Conclusion

Our approach to aclding "stored proceclure" capability to the senantic binary database
system uses the advanced features of the Java prograrnming language. We make it possible
to store and retrieve Java code from the database and then irnmediately execute it with
acceptable perfornance. Our next research step is to use this faciliiy io allow the clefinition
of virtual categories. Virtual categories have attributes that are conpuied as neecled by a
query.

The approach describetl in this paper is actually a recipe that can easily be adopted and
appiied to other datatlase systern that need ihe capability to execute stored procedures.
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import JavaSDBAPlBridge. + ;
import java.io.*i
j.nport java. Img.ref lect, * ;

import PersonclassLoader;
public class Execute {
public static void main( String[] args ) {

TDataBase DB = Proc . openDacaBase ( "Demo" ) ;

DB.trmsactionBegin( ) ;

// find Repository category ild it's relations
Category cat = DB.findcategory("JavaClassRepository") ;

Relation classNme = DB. f indR€lat ion ( " JavaclassRepository i ; nme " ) ;

Relation clas sData = DB. f itdRelation ( " JavaclassRepository : : data" ) ;

// retrreve Java class )Person' fron category Javaclass-Repository,
Setquery query = Proc.rdgeQuery(classNme, new var(i'Person")) ;

query.goFirstO;
Var dataclass = neu Var(query); // assuing it)s not nul1
var aData = dataclass. operatorDot (classData) ;

// get tl'e length of java cfass data
int expectedBytes = (int)Proc.dbf il,elength(aData) ;

byte bufferU = nsq by;s[(int)expectedBytesl;
int readBytes = Proc.dbread(buffer, (short)expectedBytes, aData) ;

Proc. dbclose(aData) ;

// init class loader
DBClassloader classloader = new DBClassloader(buffer) ;

// load the 'P€rson' class fron the nenory buffer
Class personclass = classloader. toadclass ("Person", ttue) ;

// init )Person) constructor
CIass[] paranl-ist - { Ctass.forNM€("java.1ug.Strj.ng"),

Cl-ass, f orNme (" j ava. lilg. Integer") ) ;

Constructor personconstructor = personclass.getConstructor(parafiIist) ;

// inj.t 'getAge' method
Class[] uhenlist = {Cl-ass.forNme("java.lag.Integer")};
Method agellethod = personclass.getHethod("getAge", vhenlist) ;

Figure 9. Executing Java Class Code
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