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omplex long-lived data. Sin
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emodel built into it, the tremendous growth in the popularity of Java has generateda lot of interest in systems that add persisten
e to Java. This thesis presents thedesign, implementation and performan
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ient distributed persistent Java system built on top of the Thorobje
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Chapter 1Introdu
tionDistributed persistent obje
t systems provide a 
onvenient environment for appli-
ations that need to manage 
omplex long-lived data. These systems are drawingin
reasing interest from appli
ation designers whose data requirements are not metby traditional data management systems. Commonly 
ited appli
ation areas that usepersistent obje
t stores in
lude 
omputer aided software engineering (CASE) tools[LLOW91℄, 
omputer aided design and 
omputer aided manufa
turing (CAD/CAM)[CDN93℄, geographi
al information systems (GIS) [DKL+94℄, oÆ
e automation anddo
ument preparation systems [BM92℄.Sin
e Java [GJS96℄ has no persisten
e model built into it, the tremendous growthin the popularity of Java has generated a lot of interest in systems that add persisten
eto Java. This thesis des
ribes the design and implementation of a Java PersistentStore 
alled JPS. JPS is an eÆ
ient distributed persistent Java system built on topof the Thor [LAC+96, CALM97℄ obje
t-oriented database.There are many other resear
h and 
ommer
ial e�orts underway to add persis-ten
e to Java. These in
lude PJama [AJDS96℄, whi
h is being built by Sun and theUniversity of Glasgow, the Persistent Storage Engine for Java [PSE℄ developed byObje
tStore, and GemStone/J [Gem℄ developed by GemStone. Also, Ora
le is plan-ning to put Java into their next version of the Ora
le8 database server, release 8.1.However, our approa
h o�ers two important advantages over these other systems.Firstly, JPS is a more 
omplete system. Unlike most of the systems mentionedabove, it allows multiple 
lients to simultaneously a

ess the obje
t store withoutinterfering with one another. Furthermore, JPS is built to be used over a wide areanetwork and s
ales well with large databases. JPS also provides a very reliable andhighly available storage for obje
ts. 8



Se
ondly, JPS o�ers better performan
e for many important types of workloads.All the other above-mentioned systems use either an ordinary JVM [LY97℄, or aslightly modi�ed JVM to run Java programs. Unfortunately, ordinary JVMs arenot optimized for the kind of workloads that are 
ommon in distributed persistentobje
t systems. For example, ordinary JVMs are not built to eÆ
iently handle a large
olle
tion of obje
ts that do not all �t in main memory, or a large number of 
lientssimultaneously a

essing the obje
t store.Good performan
e for a distributed obje
t storage system requires good solutionsfor 
lient 
a
he management, storage management at servers, and 
on
urren
y 
on-trol for transa
tions. Sin
e JPS is built on top of Thor, it o�ers eÆ
ient solutionsto the above problems. Various performan
e studies have shown that these solu-tions 
onsistently outperform other te
hniques|sometimes by more than an order ofmagnitude { on a wide variety of 
ommon workloads [LAC+96, CALM97, AGLM95,Gru97, Ghe95℄.1.1 Resear
h Approa
hThe goal of this thesis is to design and implement persisten
e for Java using Thor asa basis. To a
hieve this goal, we need to solve two key problems.The �rst problem is to de�ne the programming model provided by JPS. A key issuehere is understanding what it means to make Java obje
ts persistent. For example,it is un
lear what it means to store obje
ts that represent, say, a thread or an open�le des
riptor persistently, or what it means to restore these obje
ts when they area

essed later, potentially by a di�erent appli
ation, and potentially on a di�erent
lient ma
hine. Therefore, we need to either provide an answer to this question, or weneed to have a way of preventing su
h obje
ts from being made persistent. And if wefollow the latter approa
h, our solution must not impose any unne
essary restri
tionson the natural way of programming in Java.The se
ond problem is to provide an implementation for JPS that has good per-forman
e just like the original Thor system. Sin
e Thor's runtime system is optimizedfor good performan
e, we did not want to repla
e it with the runtime system of astandard Java interpreter. Consequently, we do not use a standard Java interpreterto run Java programs in JPS.Our basi
 approa
h for running Java programs is as follows. We �rst translate9



Java byte
odes into C 
ode that interfa
es appropriately with the Thor runtime envi-ronment. We then run an optimizing C 
ompiler on the generated C 
ode to produ
enative ma
hine 
ode.Instead of writing a byte
odes-to-C translator from s
rat
h, we made use of Toba[PTB+97℄, an existing Java byte
odes-to-C translator developed at the University ofArizona. We modi�ed the Toba translator appropriately to make it work with oursystem.The original Thor/Theta system has been extensively 
ompared to other OODBsand is shown to 
onsistently outperform other systems under a wide variety of 
om-monly used workloads [LAC+96, CALM97, AGLM95, Gru97, Ghe95℄. Our experi-mental results indi
ate that JPS performs almost as well as the Theta-based system.1.2 Thesis OutlineThe remainder of this thesis is organized as follows. Chapter 2 provides some ba
k-ground on Thor. Chapter 3 des
ribes the JPS programming model. Chapter 4 givesan overview of the JPS implementation. Chapter 5 presents the programming in-terfa
e that JPS provides to users. Chapter 6 des
ribes the performan
e evaluationof JPS. Chapter 7 des
ribes related work on other persistent Java systems. Finally,
hapter 8 summarizes this thesis and des
ribes ways this work 
ould be extended.
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Chapter 2A Sket
h of ThorThis 
hapter presents an overview of the Thor obje
t-oriented database (OODB).Se
tion 2.1 des
ribes the semanti
s of the Thor system and the interfa
e presentedby Thor to the outside world. Se
tion 2.2 brie
y des
ribes the implementation ofthe Thor OODB, emphasizing the important te
hniques that Thor in
orporates toenhan
e performan
e.2.1 Thor Interfa
e2.1.1 Obje
t Universe and Transa
tionsThor provides a universe of persistent obje
ts. It is intended to be used in a dis-tributed system 
onsisting of many 
lients and many servers. Obje
ts are stored onserver ma
hines. They 
ontain referen
es to other obje
ts, whi
h may reside at anyserver. Thor maintains a set of persistent roots, one per server. All obje
ts rea
h-able from any persistent root are de�ned to be persistent|the rest of the obje
ts aregarbage.Appli
ations run on 
lient ma
hines and intera
t with Thor by 
alling methods onobje
ts. These 
alls are made within atomi
 transa
tions. If a transa
tion 
ommits,Thor guarantees that the transa
tion is serialized with respe
t to all other transa
-tions, and that its modi�
ations to the persistent universe are re
orded reliably. If atransa
tion aborts (say, be
ause of using stale data), any modi�
ations it performedare undone at the 
lient and it has no e�e
t on the persistent state of Thor.
11



2.1.2 Theta: The Database Programming LanguageTo preserve the integrity of the database, Thor guarantees type-safe sharing of ob-je
ts. Type-safe sharing requires that the database programming language have twoproperties: (1) type 
orre
t 
alls|every method 
all goes to an obje
t with the 
alledmethod and signature, and (2) en
apsulation|only 
ode that implements an obje
t
an manipulate its representation. To ensure type-safety, the original implementa-tions of Thor required that the method 
ode for implementing persistent obje
ts bewritten in Theta [LCD+94℄, a stati
ally typed programming language that enfor
esstri
t en
apsulation.But Java is also a type-safe obje
t-oriented programming language and 
an beused equally well as the database programming language in Thor. To this end, wehave modi�ed Thor to repla
e Theta with Java.2.1.3 Writing Appli
ations in Unsafe LanguagesThor allows appli
ation 
ode to be written non-type-safe languages like C++ without
ompromising the integrity of the database. Thor runs the unsafe 
ode in a separateprote
tion domain on the 
lient ma
hines. Every 
all to Thor from the appli
ation
ode is type-
he
ked dynami
ally to ensure that the obje
t being 
alled does existand has the 
alled method, and that method invoked has a 
ompatible signature.The appli
ation 
ode refers to the database obje
ts only via opaque handles, and
ommuni
ates with the rest of the Thor 
ode through a thin interfa
e 
alled theveneer. This ar
hite
ture is shown in �gure 2-1.As illustrated, the interfa
e is very simple. In addition to method 
alls and trans-a
tion 
ommits and aborts, there is a way to obtain the root dire
tory asso
iatedwith a parti
ular server. (Servers are named by their IP addresses, whi
h 
an beobtained by looking them up in the DNS [TPRZ84℄.) The ability to a

ess the rootallows an appli
ation to shut down a session with Thor and then start a session laterand retrieve its obje
ts. A

ess to roots is the only way an appli
ation 
an retrieveobje
ts later; handles are valid only for the duration of a session. This restri
tion iswhat allows us to do garbage 
olle
tion, sin
e it provides a set of well-de�ned roots(the persistent roots and the handles of a
tive sessions).
12
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Figure 2-1: Appli
ation interfa
e in Thor2.2 Thor Implementation2.2.1 Client-Server Ar
hite
tureThor has a 
lient-server ar
hite
ture where appli
ations run at the 
lients and per-form all a

esses on 
a
hed 
opies of database obje
ts. All 
omputation within atransa
tion takes pla
e lo
ally at the 
lient. A portion of Thor 
alled the front end(FE) runs at ea
h 
lient to maintain the 
lient 
a
he and to do 
on
urren
y 
ontrol.Figure 2-2 provides an illustration. It shows a 
lient with an FE that 
ontains 
a
hed
opies of two persistent obje
ts.Moving both data and 
omputation to the 
lients has two main advantages. First,work is o�oaded from the servers to the 
lients, improving the s
alability of thesystem and allowing it to take advantage of the CPU and memory resour
es availableat the 
lients. Se
ond, many obje
t a

esses 
an be performed without 
onta
tingthe servers, allowing eÆ
ient �ne-grained intera
tion between an appli
ation and theOODB.Persistent obje
ts are stored at servers 
alled obje
t repositories (ORs). Ea
hOR stores a subset of the persistent obje
ts. Thor provides a highly reliable andhighly available storage for persistent obje
ts. To a
hieve high availability, ea
h ORis repli
ated at a number of server ma
hines. Thor 
urrently uses a primary/ba
kuprepli
ation s
heme [LGG+91, Par98℄. 13
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Figure 2-2: The Thor ar
hite
ture2.2.2 Storage Management at ServersServers store obje
ts on disks in pages and maintain a page 
a
he in main memory tospeed up 
lient fet
h requests. When a transa
tion 
ommits, its FE sends informationabout its modi�
ations to the servers in the 
ommit request. If the 
ommit su

eeds,the 
hanges be
ome visible to later transa
tions. Thor uses obje
t-shipping and doesnot ship the 
ontaining pages to the servers; moreover, at 
ommit time, it ships onlynew versions of the modi�ed obje
ts. This approa
h redu
es 
ommuni
ation 
osts ifthe size of an obje
t is mu
h smaller than the size of a page, whi
h is what we expe
tin the 
ommon 
ase.Obje
t shipping 
ould lead to poor performan
e if the obje
ts' pages were readimmediately from the disk to install the obje
ts in the database. Thor avoids this
ost by using the modi�ed obje
t bu�er (MOB) ar
hite
ture [Ghe95℄. The servermaintains an in-memory MOB that holds the latest versions of obje
ts modi�ed byre
ent transa
tions. New versions are written to the MOB when transa
tions 
ommit;when the MOB �lls up, versions are written to their disk pages in the ba
kground.The use of a MOB does not 
ompromise the reliability of the system. This is be-14




ause Thor maintains a stable transa
tion log in whi
h it re
ords information about
ommitted transa
tions before sending the 
ommit reply. This log is repli
ated onba
kup ma
hines. Every OR sends the modi�
ations it re
eives to ba
kup ORs run-ning on other ma
hines at 
ommit time.Experimental results show that for typi
al obje
t-oriented database a

ess pat-terns, the MOB ar
hite
ture out-performs the traditional page-based organization ofserver memory that is used in most databases.2.2.3 Obje
t Referen
esKeeping obje
ts small both at servers and 
lients is important be
ause it has a largeimpa
t on performan
e [WD94, MBMS95℄. Obje
ts in Thor are small primarily be-
ause obje
t referen
es (or orefs) are only 32 bits. Orefs refer to obje
ts at the sameOR; obje
ts point to obje
ts at other ORs indire
tly via surrogates. A surrogate is asmall obje
t that 
ontains the identi�er of the target obje
t's OR and its oref withinthat OR [DLMM94℄. Surrogates do not impose mu
h penalty in either spa
e or timebe
ause the database 
an usually be partitioned among servers so that inter-serverreferen
es are rare and followed rarely.It is not pra
ti
al to represent obje
t pointers as orefs in the 
lient 
a
he be
auseea
h pointer dereferen
e would require a table lookup to translate the name intothe obje
t's memory lo
ation. Therefore, many systems perform pointer swizzling[WD92, KK90℄; they repla
e the orefs in obje
ts' instan
e variables by virtual memorypointers to speed up pointer traversals. Thor uses indire
t pointer swizzling [KK90℄;the oref is translated to a pointer to an entry in an indire
tion table and the entrypoints to the target obje
t. Indire
tion allows the Thor FE to move and evi
t obje
tsfrom the 
lient 
a
he with low overhead.In-
a
he pointers in Thor are 32 bits, whi
h is the pointer size on most ma
hines.Thor uses 32-bit pointers even on 64-bit ma
hines|it simply ensures that the 
a
heand the indire
tion table are lo
ated in the lower 232 bytes of the address spa
e.Consequently, every time an obje
t referen
e is fet
hed from or stored into an obje
tinstan
e �eld, it has to be 
ast appropriately. Our initial implementation was doneon ma
hines with 64-bit pointers.
15



2.2.4 Client Ca
he ManagementThor uses hybrid adaptive 
a
hing (HAC) [CALM97℄ for managing its 
lient 
a
he.HAC is a 
ombination of page 
a
hing and obje
t 
a
hing that 
ombines the virtuesof both while avoiding their disadvantages. HAC partitions the 
lient 
a
he into pageframes and fet
hes entire pages from the server. To make room for an in
oming page,HAC does the following:� sele
ts some page frames for 
ompa
tion,� dis
ards the 
old obje
ts in these frames,� 
ompa
ts the hot obje
ts to free one of the frames.HAC a
hieves the low miss penalties of a page-
a
hing system, but is able to performwell even when lo
ality is poor, sin
e it 
an dis
ard pages while retaining their hotobje
ts. It realizes the potentially lower miss rates of obje
t-
a
hing systems, yetavoids their problems of fragmentation and high overheads. Furthermore, HAC isadaptive: when lo
ality is good it behaves like a page-
a
hing system, while if lo
alityis poor it behaves like an obje
t-
a
hing system.Experimental results indi
ate that HAC outperforms other obje
t storage systemsa
ross a wide range of 
a
he sizes and workloads; it performs substantially better|bymore than an order of magnitude|on 
ommon workloads that have low to moderatelo
ality.2.2.5 Con
urren
y ControlThor uses adaptive optimisti
 
on
urren
y 
ontrol (AOCC) [AGLM95, Gru97℄ to sup-port transa
tions. This allows appli
ations to run at 
lients without the need to 
om-muni
ate with servers for 
on
urren
y 
ontrol purposes (eg, to obtain lo
ks). AOCCprovides both serializability and external 
onsisten
y for 
ommitted transa
tions.AOCC uses loosely syn
hronized 
lo
ks to a
hieve global serialization.Like all other optimisti
 s
hemes, AOCC syn
hronizes transa
tions at the 
ommitpoint, aborting transa
tions when syn
hronization fails. When a transa
tion T 
om-mits, the servers also send invalidation messages to all 
lients that have old 
opiesof obje
ts installed by T in their lo
al 
a
hes. These messages are not required for
orre
tness, but they improve the eÆ
ien
y of the system.16



Results of simulation experiments [Gru97℄ show that AOCC outperforms adaptive
allba
k lo
king (ACBL) [CFZ94℄, whi
h was the best known 
on
urren
y 
ontrols
heme in earlier studies, a
ross a wide range of system and workload settings. Inaddition to having better performan
e, AOCC is simpler than ACBL, and s
alesbetter with respe
t to the number of 
lients using shared data.A re
ent study des
ribes a new te
hnique 
alled Asyn
hronous Avoidan
e-basedCa
he Consisten
y (AACC) [OVU98℄ that outperforms AOCC on some workloads.However, this study 
on
entrates on a system 
on�guration where part of the method
ode is run on the servers, whi
h is di�erent from the ar
hite
ture of Thor.

17



Chapter 3Programming ModelThis 
hapter des
ribes the system interfa
e of JPS as seen by an appli
ation pro-grammer, along with the motivation for our design 
hoi
es. JPS is built on top of theThor OODB des
ribed in 
hapter 2. Hen
e, it has similar semanti
s for transa
tionsand persisten
e as in Thor. However, there are a number of new issues that arise asa result of using Java. This 
hapter identi�es and dis
usses these issues.The rest of this 
hapter is organized as follows. Se
tion 3.1 explains why we thinkpersisten
e by rea
hability is the right persisten
e model for a persistent obje
t store.Se
tion 3.2 des
ribes the issues that arise be
ause of some Java 
lasses like Threadswhose obje
ts 
annot automati
ally be made persistent. We refer to su
h 
lasses astransient 
lasses. Se
tion 3.3 dis
usses ways to deal with transient 
lasses in Java.Se
tion 3.4 talks about issues relating to persisten
e of stati
 variables in Java.3.1 Persisten
e by Rea
habilityThere are two fundamentally di�erent ways for doing storage management in a per-sistent system:1. Expli
it storage management, where appli
ation programmers, based on theirknowledge of obje
t semanti
s and usage, expli
itly store or delete obje
ts froma persistent store.2. Persisten
e by rea
hability, where the underlying runtime environment de
idesto store or delete obje
ts based on their rea
hability from a
tive appli
ationsand from a set of persistent roots. Su
h systems typi
ally use garbage 
olle
tionto re
laim spa
e from obje
ts that are no longer rea
hable.18



Expli
it storage management is used in many systems and programming lan-guages. For example, in �le systems users manage their own storage. This approa
hhas less runtime overhead sin
e these systems do not have to implement garbage
olle
tion. Programmers 
an exploit program semanti
s to de
ide exa
tly when anobje
t is useful and when it is not.However, expli
it storage management is a burden on programmers and is proneto errors. For example, if a programmer forgets to store a live obje
t or deletes a liveobje
t from the storage by mistake, an appli
ation may attempt to use the obje
tand fail. On the other hand, if a programmer forgets to delete a garbage obje
t, itsstorage will be lost.Expli
it storage management be
omes even more problemati
 in persistent storesfor the following reasons. Obje
ts may be shared by many appli
ations and there maybe many di�erent ways of a

essing them. Hen
e, it is very diÆ
ult for a programmerto de
ide when to store or delete an obje
t. Furthermore, obje
ts are persistent,so the e�e
ts of deleting live obje
ts or retaining garbage obje
ts will last for ever.Therefore, persisten
e by rea
hability is the appropriate model for persistent obje
tsystems.3.2 Transient Classes in JavaIn the original design of Thor, the database programming language Theta was meantto be used to implement only those 
lasses whose obje
ts would be stored persistentlyin the database. Consequently, Theta did not provide language support for 
ertainfeatures like I/O and threads.But in a persistent obje
t system that uses Java as the programming language,new issues arise be
ause of 
ertain Java 
lasses that support features like I/O andthreads. This is be
ause the obje
ts of those 
lasses store state that is part of theexe
ution environment of the system. We will refer to su
h 
lasses as transient 
lasses.It is un
lear what persisten
e servi
es should be provided to obje
ts of transient
lasses. For example, it is un
lear what it means to store obje
ts that represent, say, athread or an open �le des
riptor persistently, or what it means to restore these obje
tswhen they are a

essed later, potentially by a di�erent appli
ation, and potentiallyon a di�erent 
lient ma
hine.This se
tion presents more details about the uses of transient 
lasses in Java. Se
-19



tion 3.2.1 explains how the use of native methods in Java makes some Java 
lassestransient and why it does not make sense to provide automati
 persisten
e to ob-je
ts of transient 
lasses. Se
tion 3.2.2 dis
usses ways of identifying transient 
lasses.Though our system does not allow obje
ts of transient 
lasses to be made persistent,it is possible to design a system that would allow these obje
ts to be stored persis-tently. Se
tion 3.2.3 des
ribes this alternate design and explains why we de
ided notto use it in our system.3.2.1 Transient Classes and Native Methods in JavaAppli
ations o

asionally require a

ess to underlying system features or devi
es forwhi
h using Java 
ode is 
umbersome at best, or impossible at worst. Be
ause of this,Java allows programmers to write parts of their 
ode in another language and 
all this
ode from Java. Su
h 
ode is 
alled native 
ode. Programmers also use native 
odeto improve the speed of 
ertain performan
e-
riti
al portions of their appli
ations.There are numerous examples of uses of native methods in Java 
lass libraries thatform part of the Java 
ore API spe
i�
ation.Native methods sometimes need to store referen
es to native data stru
tures inobje
ts. For example, in the java.lang.Thread 
lass, native methods needs to store areferen
e to the 
urrent exe
ution environment in the Thread obje
t. But Java hasno provision for this, sin
e every instan
e variable in a Java obje
t must either be of aprimitive type (like int, boolean, et
.) or must be a referen
e to another Java obje
t.Hen
e, native methods often use Java ints as pla
e holders to store su
h referen
esto native data stru
tures. For example, the java.lang.Thread 
lass has an instan
evariable named eetop of type int. Native methods in java.lang.Thread use eetop notas a Java int but as a pointer to stru
t exe
env, a C stru
t that 
aptures the 
urrentstate of the exe
ution environment of this thread. Figure 3-1 provides an illustration.Obviously, it does not make sense to store eetop persistently as a Java int andrestore it later when the obje
t is a

essed again. This is be
ause there is a hiddenstate (in the form of a native data stru
ture) asso
iated with ea
h Thread obje
t thatis not visible to a JVM that treats eetop as a Java int. (Other examples of 
lassesin the Java API with hidden states in
lude java.io.FileDes
riptor, java.awt.Color,java.awt.Font, et
.) It is not possible for a JVM by looking at Java byte
odes totra
k all this hidden data. Hen
e, obje
ts of su
h 
lasses should not be allowed to bemade persistent. 20



Primitive Value

Object Pointer
Instance Variables

Java Objects
Native

Data StructuresFigure 3-1: Hidden state maintained by native methods3.2.2 Identifying Transient ClassesAny Java variable that is a

essed by native 
ode 
ould potentially 
ontain a referen
eto hidden data. There is no way for a JVM to automati
ally identify all the Javavariables that are used in violation of their de
lared types by native methods. Hen
e,there has to be some way for programmers to 
onvey this information expli
itly tothe underlying system.One possible way would be to introdu
e a new data type in Java, say native. Allvariables that are used to store referen
es to native data would be of type native.Another way would be by using a keyword like transient as a 
lass modi�er. Alltransient 
lasses would be expli
itly de
lared to be transient by this keyword.In fa
t, Java already has a keyword transient reserved for future use. A

ordingto the Java language spe
i�
ations [GJS96℄, variables may be marked transient toindi
ate that they are not part of the persistent state of an obje
t. In our 
ase, allvariables that are used to store referen
es to native data 
ould be marked transient.This solution is similar to the solution of introdu
ing a new data type 
alled nativedes
ribed above.In
orporating any of the above solutions would involve 
hanging a lot of existing21



Java 
ode, in
luding 
ode in Java 
lass libraries that form part of the Java 
ore APIspe
i�
ations. So our solution is to identify the transient 
lasses using some extra-language me
hanism. In JPS, we do this by listing all these 
lasses in a �le andpassing this �le to the underlying system.3.2.3 A Design for Storing Transient Obje
ts PersistentlyIt is possible to design a system that would enable obje
ts of otherwise transient
lasses to be made persistent. For example, ea
h of these 
lasses 
ould have twoadditional programmer-de�ned stati
 methods 
alled persist and unpersist. The sig-natures of these methods for a hypotheti
al 
lass T are shown below. Class pT is a
lass T f...stati
 pT persist(T obj);//Requires: pT is a 
lass with no hidden state, ie, it has no// referen
es to native data stru
tures.// E�e
ts: Constru
ts and returns an obje
t p obj of 
lass pT su
h that// unpersist(p obj) and obj are identi
al.stati
 T unpersist(pT p obj);//Requires: p obj has no hidden state.// E�e
ts: Constru
ts and returns an obje
t obj of 
lass T su
h that// if persist(obj 1) and p obj are identi
al, then obj and obj 1// are also identi
al.g Figure 3-2: Spe
i�
ations of possible persist and unpersist methodsnon-transient version of 
lass T , that 
aptures both the visible state and hidden staterepresented by T .The system automati
ally 
alls the persist method and stores the returned obje
tin the persistent store instead of the original obje
t. When a 
lient tries to a

essthis obje
t later, the system fet
hes the pT obje
t and 
alls the unpersist methodwith it. The unpersist method re
onstru
ts the T obje
t in
luding its hidden stateby exploiting the knowledge of the appli
ation semanti
s.While su
h a me
hanism 
an be made to work, it adds additional 
omplexity tothe system, and it is not 
lear that it will be very useful in pra
ti
e. For one thing,22



it might not be possible to implement the persist and unpersist methods for 
ertain
lasses. Besides, it is not 
lear why one would want to store obje
ts like Threads orFileDes
riptors persistently. Be
ause of these reasons, we de
ided not to in
lude thisfeature in our system.3.3 Handling Obje
ts of Transient ClassesJPS has a persisten
e model based on rea
hability. Consequently, any Java obje
t
an be made persistent in JPS by making it rea
hable from a persistent root. But asdis
ussed in se
tion 3.2, it does not make sense to store transient obje
ts persistently.Therefore, we need a 
ompile-time or runtime me
hanism to prevent su
h obje
tsfrom being stored persistently. This se
tion dis
usses ways of addressing this issue.One possible way to prevent transient obje
ts from being stored persistently isto de�ne a set of rules that would prevent these obje
ts from ever being rea
hablefrom a persistent root. These rules would be enfor
ed at 
ompile time. In fa
t, thisis exa
tly the programming model that was used in the original Thor/Theta system.We will refer to this model as the stati
 model. Se
tion 3.3.1 dis
usses how this model
an be extended to a Java-based system like JPS. The stati
 model however turnsout to be overly restri
tive in 
ase of appli
ations written wholly in Java. Se
tion3.3.2 then des
ribes the persistent programming model, whi
h provides a mu
h more
exible programming environment. This is the model we adopted for JPS.3.3.1 Stati
 ModelThe stati
 model was used in the original version of Thor [LAC+96℄. This model wasdesigned to allow 
ode written in a non-type-safe languages like C++ to use Thorwithout 
ompromising the integrity of the database. The basi
 idea is as follows.The method 
ode for all obje
ts that are to be stored in the database is written ina type-safe language 
alled Theta. Appli
ation 
ode that uses these database obje
tsby 
alling methods on them is allowed to be written in any unsafe language. Theappli
ation 
ode refers to the database obje
ts only via opaque handles. Thor runsthe unsafe 
ode in a separate prote
tion domain on the 
lient ma
hines.All the types de�ned and implemented in Theta form a 
losed type system. ATheta type 
an only be a subtype of other Theta types. Any variable used in a Theta
lass has to be of a Theta type. Furthermore, no type implemented in the appli
ation23



language 
an be a subtype of a Theta type.An immediate 
onsequen
e of using this model is that there is no way for adatabase obje
t implemented in Theta to 
ontain a pointer to an obje
t implementedin the appli
ation language. As a result, sin
e the persistent root itself is a Thetaobje
t, and sin
e none of the Theta 
lasses is transient, this model guarantees thatnone of the obje
ts rea
hable from a persistent root belong to transient 
lasses.Problems with the Stati
 ModelThe stati
 model is based on a set of stati
 rules that prevent obje
ts of transient
lasses from ever being made rea
hable from any persistent root. Though the stati
model works �ne when the database types and the appli
ation are written in di�erentlanguages, it leads to awkward situations when both the database types and theappli
ation 
ode are written in Java. This is be
ause there is no natural way toseparate the Java type system into two independent sets.The type system in the stati
 model of Thor/Theta has the following 
hara
teris-ti
s.1. The 
lasses implemented in Theta form a 
losed type system. All obje
t be-longing to these 
lasses 
an be made persistent. We will refer to these 
lassesas persistent 
lasses.2. The 
lasses implemented in the appli
ation language 
an use the persistent
lasses, but 
annot be subtypes of persistent 
lasses. All these 
lasses are tran-sient 
lasses.These rules were the result of a design whose goal was to keep obje
ts of persistentand transient 
lasses in separate address spa
es and to not let obje
ts of persistent
lasses have referen
es to obje
ts of transient 
lasses. But extending these rules to aJava-based system dire
tly leads to many problems.Firstly, a stri
t interpretation of rule 1 above means that even lo
al variables ofmethods in persistent 
lasses 
annot be of transient types. This rule was enfor
edin the original Thor system to ensure that transient 
lasses are kept in a separateaddress spa
e. Clearly, this restri
tion is unne
essary in our system.Se
ondly, a programmer might want to instantiate a transient obje
t of a persistent
lass, and store referen
es to other transient obje
ts in it. For example, Ve
tor wouldbe a persistent 
lass, but one might want to instantiate a Ve
tor of Threads. There is24



no good reason to disallow this as long as one does not attempt to store this Ve
torof Threads persistently. Some systems like O2 [D+90℄ tried to solve this problem byallowing every 
lass to have two versions|a transient version and a persistent version.For example, the transient version of Ve
tor would be used to store transient obje
ts,while the persistent version of Ve
tor would store persistent obje
ts. But by adoptingthis approa
h, one would soon end up with two versions of most 
lasses. It is easy toimage how awkward it would be to program in su
h an environment.In addition, a

ording to the Java language spe
i�
ations, all Java 
lasses, in
lud-ing transient 
lasses, must be subtypes of java.lang.Obje
t. But it is not possible forboth persistent and transient 
lasses to have a 
ommon root in the type hierar
hyif neither persistent 
lasses nor transient 
lasses are allowed to be subtypes of ea
hother.Allowing persistent 
lasses to be subtypes of transient 
lasses seems to be bad ideasin
e transient 
lasses usually 
ontain a hidden state and a persistent sub
lass of su
ha 
lass would also inherit the hidden state. On the other hand, if we allow transient
lasses to be subtypes of persistent Java 
lasses, then an obje
t whose de
lared typeis a persistent type, but whose real type is a transient type, 
ould be made rea
hablefrom a persistent root. Compile-time 
he
king alone 
annot dete
t su
h an attemptand only runtime 
he
king 
an prevent this from happening.One 
an imagine designing other solutions to address this parti
ular subtypingproblem. For example, Obje
t 
an be treated as a transient 
lass even though ithas no hidden state. Furthermore, as a spe
ial 
ase, persistent 
lasses would beallowed to be subtypes of Obje
t. But then, given that Java does not have parametri
polymorphism [MBL97℄, one would never be able to store a Ve
tor persistently sin
ethe de
lared type of the elements of a Ve
tor is Obje
t.These reasons lead us to the 
on
lusion that runtime 
he
ks, to ensure that allobje
ts being made persistent are indeed of persistent 
lasses, are inevitable. Andany additional restri
tions 
ould disallow otherwise perfe
tly legal and well-writtenprograms.The persistent programming language model des
ribed below was designed toaddress the above problems.
25



3.3.2 Persistent Programming Language ModelIn 
ontrast to the stati
 model whi
h for
es a rigid separation of the type system,the persistent programming language model imposes no su
h restri
tions on a Javaprogrammer. Any Java 
lass 
an be implemented using any other Java 
lass, as innormal Java programs. The system only requires that the programmer should notattempt to make obje
ts of transient 
lasses persistent. The system ensures this byperforming runtime 
he
ks.Sin
e JPS is a system based on transa
tion semanti
s, the 
ommit point servesas a 
onvenient time to do these runtime 
he
ks. Just before sending the 
ommitrequest to the server, the JPS 
ode running on a 
lient ma
hine (in the FE) 
he
kswhether all the obje
ts that were newly made rea
hable from a persistent root bythis transa
tion are instantiations of persistent 
lasses. If not, the transa
tion isaborted and the system throws a Java runtime ex
eption. For example, if a Ve
torobje
t rea
hable from a root 
ontained referen
es to transient obje
ts, this would bedete
ted at 
ommit time and the transa
tion would be aborted.Intera
tion of Persisten
e Issues with Transa
tion Semanti
sAn important question that needs to be answered is how the persisten
e issues intera
twith the transa
tion semanti
s of JPS. In parti
ular, if a transa
tion aborts, whi
hare the obje
ts whose states are restored and whi
h are the ones whose states are notrestored?For obje
ts of persistent 
lasses, restoring the obje
t state on an abort seems to bethe only reasonable 
hoi
e. Transient 
lasses are a little 
ompli
ated. This is be
ausethese 
lasses 
ontain hidden data that the JVM does not keep tra
k of. Consequently,the system 
annot restore the state of this hidden data. JPS does however restorethe JVM-visible part of the data in these obje
ts.3.4 Persisten
e of Java Stati
 VariablesStati
 variables in Java are per-
lass variables, unlike normal instan
e variables forwhi
h there is a 
opy of the variable for every obje
t. Sin
e stati
 variables are notpart of any obje
t, they would not be stored persistently in the normal pro
ess ofmaking all obje
ts rea
hable from the root persistent.Some systems in
luding JPS 
reate a spe
ial 
lass obje
t for every Java 
lass and26



treat stati
 variables as part of these 
lass obje
ts. But sin
e these 
lass obje
ts arenot exposed as �rst-
lass obje
ts in the Java language, these obje
ts will still neverbe rea
hable from any persistent root.One way to handle stati
 variables in a distributed Java system would be to storeall the spe
ial 
lass obje
ts (and hen
e all the stati
 variables) persistently, eventhough they are not rea
hable from any persistent root. In this 
ase, there would beone 
opy of ea
h stati
 variable for the entire system.Another way to handle stati
 variables is to not store them persistently at all andinitialize them separately on every 
lient ma
hine every time an appli
ation is run.Whi
hever of the above options we pi
k, one 
an easily imagine usages of stati
variables where our 
hoi
e would be the wrong one. We �nally de
ided not to storestati
 variables persistently be
ause a programmer 
an always 
hange his programslightly to store the information in the stati
 variables persistently, if really he wantedto. This 
an be a

omplished by storing the information meant to be persistent ininstan
e variables of obje
ts.We do provide transa
tion semanti
s to stati
 variables though.
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Chapter 4ImplementationThis 
hapter gives an overview of the implementation of JPS. The full JPS imple-mentation in
ludes all of Thor, whi
h is the result of many years of on-going resear
h.This 
hapter mainly fo
uses on the issues relating to the implementation of a Javainterfa
e to Thor.Our basi
 approa
h for running Java programs in JPS is as follows. We �rsttranslate Java byte
odes into C 
ode that interfa
es appropriately with the Thorruntime environment. We then 
ompile the C 
ode into native 
ode. Se
tion 4.1explains why we 
hoose this approa
h.Se
tion 4.2 des
ribes the runtime system of JPS. One of the ni
e features ofthe JPS implementation is that for all obje
t operations, there is a 
lean fun
tionalinterfa
e between the JPS runtime system and the 
ode produ
ed by the byte
odes-to-C translator. This se
tion also gives a 
avor of this interfa
e.Instead of writing a byte
odes-to-C translator from s
rat
h, we made use of theToba translator [PTB+97℄ and modi�ed it for our purpose. Se
tion 4.3 presents anoverview of Toba and des
ribes how Toba was modi�ed to work with JPS. It alsodes
ribes other Java-to-C translators.Se
tion 4.4 des
ribes some extensions made to the runtime system of the originalThor/Theta system be
ause of the di�eren
es between the obje
t models of Java andTheta.Se
tion 4.5 des
ribes the limitations of our JPS implementation.
28



4.1 Basi
 Approa
hBuilding a persistent Java system on top of Thor primarily involves building a runtimesystem for Java that interfa
es appropriately with Thor.One of the main advantages of using Thor as the base for building a persistentJava system is that Thor a
hieves good performan
e in a distributed environment byusing a 
ombination of optimizing te
hniques. Consequently, we wanted to integrateJava into Thor in a way that is 
ompatible with these te
hniques.This ruled out the option of using a standard Java interpreter inside Thor be
ausedoing that would have meant repla
ing Thor's runtime system with the runtimesystem of a standard Java interpreter. One of the things that makes Thor veryeÆ
ient is that it manages its 
lient 
a
he very e�e
tively when the database doesnot entirely �t in main memory. Previous experimental studies have shown that thete
hniques used 
an improve performan
e over page-based system by more than anorder of magnitude on memory-bound workloads [CALM97℄. By repla
ing Thor'sruntime system with the runtime system of a standard Java interpreter, we wouldinstead have to depend on the paging me
hanism of underlying operating system tomanage the 
a
he.One possible approa
h to integrate Java into Thor was to appropriately modifya standard Java interpreter and in
orporate it into the 
lient side of Thor. Thisis similar to the approa
h taken by the PJama [AJDS96℄ proje
t. However, sin
einterpreted 
ode runs one to two orders of magnitude slower than 
ompiled 
ode[PTB+97, MMBC97℄, we abandoned this path.Another option was to build a Just-In-Time (JIT) 
ompiler [JIT℄ into Thor's
lient side. Though this might have been the ideal solution in the long run keepingin mind the portability goals of Java, implementing an eÆ
ient JIT 
ompiler insideThor requires a tremendous amount of work.The third option was to 
ompile Java into native ma
hine 
ode o�-line, perhapsby �rst 
onverting it into some intermediate language like C. Doing an o�-line 
ompi-lation into native 
ode has the advantage that aggressive 
ompiler optimizations 
anbe performed, unlike in JITs. This is the option we 
hose for our system.
29



Why we read in Byte
odesAn interesting 
hara
teristi
 of Java is that the byte
odes 
ontain nearly the sameamount of information as the Java sour
e itself. This has even been demonstrated by
onstru
ting de
ompilers that de
ompile byte
odes and produ
e a Java sour
e thatis similar to the original program [Vli96, For96℄.We 
hose to read in byte
odes rather than the Java sour
e itself mainly be
auseJava programs are usually distributed in the form of byte
odes. Writing a translatorfor byte
odes is also simpler than writing a translator for the Java sour
e itself.Moreover, byte
odes form a 
onvenient intermediate language and programs writtenin any sour
e language 
an be 
ompiled into byte
odes.Why we produ
e C CodeThe 
hoi
e of C as the intermediate language has at least two advantages. It makesour system portable. Also, it permits reuse of the extensive 
ompiler te
hnology thatis already deployed everywhere.Instead of writing a byte
odes-to-C translator from s
rat
h, we made use of Toba[PTB+97℄, an existing Java byte
odes-to-C translator developed at the University ofArizona.4.2 JPS Runtime SystemThis se
tion gives a brief overview of the runtime system of JPS. It mainly fo
useson the part of the runtime system that is exposed to the Java-to-C translator.Se
tion 4.2.1 des
ribes the obje
t layout in JPS.Sin
e JPS is a persistent obje
t system, the runtime system of JPS is di�erent fromthe runtime system of standard Java implementations in many ways. For example, ina standard JVM, all the obje
ts reside in the program's virtual address spa
e. But inJPS, the persistent obje
t store resides on servers. Obje
ts are automati
ally fet
hedfrom the servers by the underlying runtime system when they are a

essed for the�rst time. Se
tion 4.2.2 des
ribes some of these basi
 di�eren
es.One of the ni
e features of the JPS implementation is that for all obje
t opera-tions, there is a 
lean fun
tional interfa
e between the JPS runtime system and the
ode produ
ed by the byte
odes-to-C translator. Se
tion 4.2.3 gives a 
avor of thisinterfa
e. 30



4.2.1 Obje
t LayoutThis se
tion gives an overview of the obje
t layout in JPS. Obje
ts in JPS refer toea
h other via an indire
tion. This is be
ause JPS manages its own 
lient 
a
he andthis indire
tion is ne
essary to allow obje
ts to be moved and evi
ted from the 
lient
a
he with low overhead.Every obje
t that is installed in the 
lient 
a
he has an entry in the indire
tiontable. An obje
t's entry 
onsists of a pointer to the dispat
h ve
tor of the obje
t's
lass, a pointer to the �elds of the obje
t, and some header information 
onsistingof the obje
t's oref and some garbage 
olle
tion information. Figure 4-1 provides anillustration.4.2.2 Di�eren
es with a Standard Java Runtime SystemSin
e JPS is a 
lient-server persistent Java system, it has to do some additional book-keeping in the normal pro
ess of invoking methods and a

essing instan
e variables.Below, we des
ribe some of these book-keeping overheads.Swizzling and Che
king if an Obje
t Exists in the Client Ca
heSin
e JPS is a persistent obje
t system, all its obje
ts may not reside in the program'svirtual address spa
e. Obje
ts are automati
ally fet
hed from the servers when theyare a

essed for the �rst time.Whenever an obje
t is a

essed in JPS, the system has to �rst ensure that thereferen
e to the obje
t has been swizzled (that is, it points to a valid entry in theindire
tion table). Then, the system has to 
he
k if the obje
t is present in the 
lient
a
he. If not, the system has to fet
h the obje
t from the server and install it in the
a
he before pro
eeding with the obje
t a

ess.Maintaining Obje
t Usage Statisti
sSin
e JPS maintains its own 
lient 
a
he, it has to be able to identify 
old obje
ts that
an be evi
ted from the 
a
he. JPS maintains usage statisti
s on a per-obje
t basis.Whenever an obje
t is a

essed in JPS, these usage statisti
s have to be updated.
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Marking Obje
ts as Read or Written for Con
urren
y ControlWhenever an instan
e variable of an obje
t is read or written in JPS, the obje
t hasto be expli
itly marked as read or written. JPS has to maintain the ROS (read obje
tset) and MOS (modi�ed obje
t set) during a transa
tion. This information is usedat the end of every transa
tion to determine whether the transa
tion is serializablewith respe
t to all other 
ommitted transa
tions, and for sending 
hanges made tothe obje
ts in the MOS to the server so that they 
an be re
orded in the stable store.4.2.3 The Translator-Runtime System Interfa
eJPS provides a 
lean fun
tional interfa
e between its runtime system and the 
odeprodu
ed by the byte
odes-to-C translator. The translator-generated 
ode uses thisinterfa
e, while the JPS runtime system implements this interfa
e with a set of Cma
ros. Be
ause of this interfa
e, many details of the underlying runtime system arehidden from the generated 
ode. For example, the generated 
ode does not have toknow how to 
he
k whether an obje
t is resident in the 
a
he or how to fet
h theobje
t from the server if it is not resident. All this is handled by the appropriatema
ros.Java 
ode Operation Generated C 
odeVe
tor v;v = new Ve
tor();Allo
ate new obje
t ALLOC OBJ(v, Ve
tor);Call the default 
onstru
torx = v.elementCount;Mark obje
t as read MARK READ(v);Read obje
t �eld (Assuming GET VAL S(x, v, elementCount, Ve
tor);v is swizzled, but notne
essarily resident in 
a
he)v.elementAt(i)Invoke virtual method DISPATCH(v, elementAt, Ve
tor)(v, i)x = v.elementCount;Mark obje
t as read MARK READ(v);Read obje
t �eld (Assuming GET VAL R(x, v, elementCount, Ve
tor);v is resident in the 
a
he)Figure 4-2: Examples illustrating the translator-runtime system interfa
eFigure 4-2 gives a 
avor of this interfa
e. For ea
h obje
t operation, it shows aJava 
ode fragment that requires the operation and the part of the generated 
ode33



that a
tually performs the operation. The symbol names in the generated 
ode havebeen modi�ed for ease of understanding.The implementation of the GET VAL S ma
ro above involves many things. First,the system has to 
he
k if the obje
t is resident in the 
lient 
a
he. If not, it has tofet
h the obje
t from the server. Then the �elds of the obje
t have to be obtainedfrom the obje
t's entry in the indire
tion table. Finally, the required �eld of theobje
t is read.On the other hand, the implementation of the GET VAL R ma
ro assumes thatthe obje
t is resident in the 
a
he. The translator 
an use this ma
ro in the generated
ode if it knows that the 
orresponding obje
t has already been fet
hed from the serverand has been made resident in the 
lient 
a
he.4.3 Byte
odes-to-C TranslationThis se
tion des
ribes the byte
odes-to-C translation pro
ess in JPS.As we mentioned before, we made use of the Toba translator [PTB+97℄ and mod-i�ed it for our purpose. Se
tion 4.3.1 presents an overview of Toba and des
ribes howthe Toba translator was modi�ed to work with JPS.There are many other freely available Java-to-C translators today. One of the mainreasons we 
hose to use Toba over the other translators is that the Toba translator iswritten entirely in Java and its 
ode is easy to understand and modify. Se
tion 4.3.2gives an overview of some of the other translators.4.3.1 TobaToba [PTB+97℄ is a system for running Java programs. Like JPS, Toba �rst translatesJava 
lass �les into C 
ode, and then 
ompiles C into ma
hine 
ode. The resultingobje
t �les are linked with the Toba runtime system to 
reate traditional exe
utable�les.The Toba system 
onsists of two main 
omponents|a byte
odes-to-C translator,and a runtime system.Sin
e Toba is not a persistent obje
t system, Toba's runtime system is not designedto be used in a system like JPS. Se
tion 4.2.2 gives some reasons why this is so. As aresult, we do not use Toba's runtime system in JPS. We only use a modi�ed versionof Toba's translator in JPS. 34



Toba TranslatorThe Java Virtual Ma
hine (JVM) [LY97℄ de�nes a sta
k-based virtual ma
hine thatexe
utes Java 
lass �les. Ea
h Java 
lass 
ompiles into a separate 
lass �le 
ontaininginformation des
ribing the 
lass's inheritan
e, �elds, methods, et
., as well as nearlyall of the 
ompile-time type information. The Java byte
odes form the ma
hine'sinstru
tion set, and in
lude simple arithmeti
 and 
ontrol-
ow operators along withinstru
tions for manipulating obje
ts like those for a

essing stati
 and instan
e vari-ables, and those for invoking stati
, virtual, non-virtual and interfa
e methods. TheJVM also in
ludes an ex
eption me
hanism for handling abnormal 
onditions thatarise during exe
ution.Toba translates one 
lass �le at a time into a C �le and a header �le. To translatea 
lass �le, Toba requires the 
lass �les for all of the 
lass's supertypes. To 
ompilea 
lass's resulting C �le, header �les are ne
essary from itself, its supertypes, and allimported 
lasses.To suppress one of the main sour
es of ineÆ
ien
ies in Java byte
odes, Tobastati
ally evaluates the sta
k by abstra
tly interpreting the byte
odes and repla
essta
k management with variables. Figure 4-3 shows an example. i1 and i2 refer tothe �rst and se
ond elements of the sta
k, while iv1, iv2, and iv3 refer to the �rstthree JVM lo
al variables.Java 
ode Byte
odes Generated C 
odea = b + 
; iload 2 i1 = iv2;iload 3 i2 = iv3;iadd i1 = i1 + i2;istore 1 iv1 = i1;Figure 4-3: Repla
ing sta
k management with lo
al variablesThe C 
ode produ
ed by Toba is not very optimized. For example, as one 
ansee in �gure 4-3, Toba does not do 
opy propagation. The generated C 
ode in the�gure 
an be repla
ed by an optimized version that just does iv1 = iv2 + iv3. Tobaassumes the existen
e of optimizing C 
ompilers to do these optimizations.Adopting the Toba Translator to work with JPSThe Toba translator 
an be thought of as 
onsisting of two main 
omponents|abyte
odes parser, and a 
ode generator. The 
ode generator in turn is made up of35



two 
omponents|one that generates 
ode for the simple arithmeti
 and 
ontrol-
owoperations, and the other that generates 
ode for operations that manipulate obje
tslike those invoking methods or a

essing instan
e variables.We used Toba's byte
odes parser and the 
ode generator for simple operationsalmost un
hanged in JPS.The 
ode generated for obje
t operations has to be 
ompatible with the underlyingruntime system. Sin
e the runtime system of JPS is di�erent from the runtime systemof Toba, we had to rewrite the portions of the Toba translator that generated 
odefor obje
t operations.4.3.2 Other Java-to-C TranslatorsThere are several systems available today that translate Java 
ode to C 
ode likeToba. Below, we dis
uss a few of the more prominent ones.J2CLike Toba, J2C [And℄ also translates Java byte
odes into C, whi
h 
an then be 
om-piled to native 
ode. J2C is written in C and has absolutely no do
umentation; hen
ewe de
ided not to use it for our purpose. J2C also has some limitations|for example,it does not support ex
eptions fully.JoltJolt [Sri℄ is another system that 
onverts Java byte
odes to C 
ode. But unlike Tobaand J2C, it uses a very di�erent approa
h.The basi
 idea is as follows. The translator reads a Java 
lass �le and generatesequivalent C 
ode for methods in the Java 
lass �le. It also generates a new Java 
lass�le that marks all the 
onverted 
ode as native. Thus, Jolt still uses the standardJava interpreter, but runs native 
ode through it. But sin
e we wanted to use our ownruntime system inside JPS instead of a standard JVM's runtime system, we de
idednot to use Jolt in JPS.The Jolt approa
h also has many drawba
ks. For example, overloaded methods
annot be translated. The native 
ode interfa
e, in its 
urrent implementation, doesnot handle methods that have the same name sin
e the dynami
 linker maps methodnames in 
lass �les to symbol names in shared libraries without using the argument36



information.In addition, instan
e and 
lass initializers apparently 
annot be native methods(at least in the Sun implementation), so that is another set of methods that are nottranslated.HarissaHarissa [MMBC97℄ is another 
ompiler that translates Java byte
odes to C. Harissain
orporates many the optimizations te
hniques to enhan
e performan
e. But it isdistributed only in binary format. Hen
e we 
ould not use it in our system.JCCJCC [Sha℄ is another Java-to-C 
onverter. But unlike other systems des
ribed so far,JCC pro
esses Java sour
e 
ode dire
tly to generate C 
ode. Also, JCC is availableonly for WIN32 platforms.4.4 Extensions made to the Thor/Theta RuntimeSystem4.4.1 Interfa
e MethodsIn the original Thor/Theta system, any obje
t with multiple supertypes had multipleentries in the indire
tion table for multiple dispat
h ve
tors. Figure 4-4 shows anillustration. Every obje
t referen
e pointed to one of the obje
t's dispat
h ve
tors,whi
h was determined by the de
lared type of the obje
t. If the obje
t was 
ast to adi�erent type, the obje
t referen
e had to be 
hanged to point to a di�erent dispat
hve
tor; the new obje
t referen
e was 
omputed by adding a 
ompiler-generated o�setto the old obje
t referen
e.The main advantage of this s
heme was that the address of every method wasalways at a pre-determined o�set in the obje
t's 
urrent dispat
h ve
tor. Hen
e,invoking an interfa
e method was identi
al to invoking a virtual method|there wasvery little overhead [Mye95℄.One of the requirements for this s
heme to work is that whenever an obje
t is
ast to a di�erent type, the obje
t referen
e had to be 
hanged to point to a di�erentdispat
h ve
tor; this is true even if the obje
t is being 
ast into a type that is known37
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to be a super-type of the obje
t's 
urrent de
lared type. However, the problem withJava byte
odes is that when an obje
t is 
ast up in the Java 
ode, this is not expli
itlyre
e
ted in the byte
odes. Figure 4-5 illustrates this. In the �gure Foo is a supertypeof Bar. When a variable of type Bar is assigned to a variable of type Foo, there is noexpli
it type 
ast in the byte
odes.Java 
ode Byte
odes Generated C 
odeinterfa
e Foo f...g
lass Bar implements Foo f...gFoo f; Bar b;...f = b; aload 2 a1 = av2;astore 1 av1 = a1;Figure 4-5: Casting up is impli
it in Java byte
odesBe
ause of this, we 
ould not use the multiple dispat
h ve
tors s
heme in JPS.Instead, we had to employ the te
hnique used by the Toba translator, whi
h involvesdoing a runtime lookup to �nd the address of an interfa
e method. Consequently,interfa
e 
alls (method 
alls made when the de
lared type of an obje
t is an interfa
e)are slower in JPS 
ompared to virtual method 
alls.4.4.2 Ex
eption HandlingToba translates Java ex
eptions into C as follows. For every Java method that might
at
h an ex
eption, Toba 
reates a small prologue in the C 
ode that 
alls setjmpto initialize a per-thread jmpbuf. The prologue saves the previous jmpbuf in a lo
alstru
ture; the epilogue 
ode restores the old value of the jmpbuf before the fun
tionreturns.Toba translates ex
eption throwing into longjmp 
alls that use the jmpbuf. Su
h
alls transfer 
ontrol to the prologue of the nearest fun
tion that might handle theex
eption. This prologue 
ode simply 
he
ks a table to determine if, given the typeof the ex
eption and the 
urrently a
tive program 
ounter, whether this method 
anhandle the ex
eption. If so, the exe
ution transfers to the ex
eption handling 
ode.If not, the prologue restores the previous jmpbuf, and exe
utes a longjmp with thisjmpbuf.The main problem with this approa
h is that setjmp is an expensive operation.For example, on a DEC 3000/400 workstation running Digital Unix 4.0, a setjmp39



operation saves 84 long values into the jmpbuf. As a result, this might tend todis
ourage programmers from using ex
eptions.The ex
eption model in Theta is di�erent from that in Java. All the ex
eptionsin Theta are de
lared ex
eptions|a method is required to de
lare the ex
eptionsit throws in its throws 
lause. This is unlike the 
ase in Java, where sub
lasses ofjava.lang.RuntimeEx
eption and java.lang.Error need not be de
lared.The way a Theta 
ompiler translates ex
eptions into C 
ode is as follows. Onen
ountering an ex
eption, a method sets a per-thread ex
eption 
ag, stores theex
eption in a per-thread stru
ture, and returns. On the 
aller side of the 
ode, theex
eption 
ag is 
he
ked after returning from every method 
all. If it is not set, itimplies that the method returned normally. If it is set, it implies that the methodreturned by throwing an ex
eption. (Theta also has a spe
ial failure ex
eption. It isan unde
lared ex
eption and it translated into C using setjmp and longjmp, similarto the way Toba translates all ex
eptions.)The advantage with Theta is that the ex
eption 
ag had to be 
he
ked only in
ase of methods that de
lared that they 
ould throw ex
eptions. But sin
e Java hasunde
lared ex
eptions, any Java method 
ould potentially throw an ex
eption; hen
e,adapting this te
hnique to Java means that the ex
eption 
ag has to be 
he
ked uponreturning from every method 
all.Though the se
ond approa
h adds a small overhead for everymethod 
all, we 
hoseto use it in our system. This is primarily be
ause we did not want to dis
ourage theuse of ex
eptions; we strongly believe that the use of ex
eptions leads to 
leanerprograms.4.4.3 Stati
 Variables and MethodsThe Theta language did not have a notion of stati
 variables and stati
 methods. JPShandles them in the following way.JPS 
reates a spe
ial 
lass obje
t for every Java 
lass and treats the stati
 variablesof that Java 
lass as instan
e variables of the 
lass obje
t. Also, all the stati
 methodsof the Java 
lass are treated as methods of the 
lass obje
t.Sin
e these obje
ts are not exposed as �rst-
lass obje
ts in the Java language, noother obje
t 
an 
ontain a referen
e to them. Hen
e, to prevent these obje
ts frombeing garbage-
olle
ted, JPS pins these obje
ts in the 
lient 
a
he.JPS does not store these 
lass obje
ts persistently.40



4.5 LimitationsThis se
tion dis
usses the limitations of our 
urrent JPS implementation.4.5.1 ThreadsJPS does not support multi-threaded Java programs yet. This is be
ause Thor wasnot designed to allow multiple threads running simultaneously in the FE. However,with some 
areful re-writing of 
ode, it would be possible to make the FE thread-safe.4.5.2 Native Code in Class LibrariesThere are a number of 
lass libraries that are part of the Java 
ore API spe
i�
ations.Though most of the methods in these 
lass libraries are implemented in Java itself,there are quite a few native methods in them too. For example, �gure 4-6 shows thenative methods in java.lang.Obje
t.publi
 �nal native Class getClass();publi
 native int hashCode();prote
ted native Obje
t 
lone() throws CloneNotSupportedEx
eption;publi
 �nal native void notify();publi
 �nal native void notifyAll();publi
 �nal native void wait(long timeout) throws InterruptedEx
eption;Figure 4-6: Native methods in java.lang.Obje
tUsually, these native methods are implemented by the JVM. But sin
e JPS es-sentially repla
es a JVM, these methods have to be provided by JPS. Unfortunately,there is an ever-growing set of 
lass libraries and Java 1.1.6 already has more than 500native methods|implementing all of them requires a tremendous amount of mostlyroutine work. Our 
urrent implementation supports only a small subset of the Java
lass libraries. Chapter 5 des
ribes how this limitation 
an be over
ome.
41



Chapter 5Programming Interfa
eThis 
hapter des
ribes the programming interfa
e that JPS provides to users.5.1 JPS APIAdding rea
hability-based persisten
e to a programming language only requires thefollowing additions to the language API: a fun
tion to a

ess the persistent roots,and a fun
tion to 
ommit 
hanges to the persistent store. There should also be adire
tory 
lass to represent the roots. We provide all this fun
tionality in a separatejps pa
kage.A

essing Persistent RootsThe persistent store in JPS is partitioned into a number of servers 
alled ORs (obje
trepositories). Ea
h OR has a persistent root. An OR 
an be identi�ed by its uniqueid. Hen
e, a

essing any persistent root just involves 
alling the stati
 method getRootwith the appropriate OR id. Figure 5-1 shows the spe
i�
ations of this method.Committing Transa
tionsCommitting the 
hanges made in the 
urrent transa
tion simply involves 
alling thestati
 method 
ommit. The system keeps tra
k of whi
h obje
ts are read and whi
hobje
ts are modi�ed during the transa
tion. When the transa
tion �nishes, thisinformation is used to 
he
k whether all the rea
hable obje
ts are of persistent 
lasses,and whether the transa
tion 
an be serialized with respe
t to all other 
ommittedtransa
tions. If so, the transa
tion 
ommits su

essfully and the modi�
ations to the42



persistent store are re
orded reliably. If not, the transa
tion aborts, and the JVM-visible state of all obje
ts in the lo
al heap is restored to whatever it was before thebeginning of this transa
tion. JPS also provides an abort method to abort the 
urrenttransa
tion, whi
h also rolls ba
k the JVM-visible states of all obje
ts.Figure 5-1 shows the spe
i�
ations of the 
ommit and abort methods. JPS auto-mati
ally starts a new transa
tion at the end of every transa
tion.Adding, Looking-Up and Deleting Obje
ts from a Persistent RootA persistent root is essentially a dire
tory of obje
ts. Obje
ts stored in su
h a di-re
tory are given String names to 
onveniently identify them. We provide a simpledire
tory abstra
tion to represent a root dire
tory. Its spe
i�
ations are shown in�gure 5-2.5.2 Use of RMI in JPSAs dis
ussed in se
tion 4.5.2, we do not support all the 
lass libraries to run inside JPSyet. JPS provides a way to over
ome this limitation by the use of Java RMI (RemoteMethod Invo
ation). Part of the Java 
ode that uses 
lass libraries not supported byJPS 
an run outside JPS and 
ommuni
ate with the rest of the Java 
ode runninginside JPS via RMI. This approa
h is similar to the original Thor design where partof the 
lient appli
ation runs outside Thor and 
ommuni
ates with the Thor 
odethrough a veneer.
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pa
kage jps;publi
 
lass JPS f//Overview: This 
lass provides pro
edural abstra
tions to a

ess// persistent roots and to 
ommit transa
tions.publi
 native stati
 Dire
tory getRoot(int OR id) throws NoSu
hOREx
eption;// E�e
ts: Returns the persistent root of the OR with id OR id.// Throws NoSu
hOREx
eption if no su
h OR exists.publi
 native stati
 boolean 
ommit() throws TransientObje
tEx
eption;//Modi�es: The lo
al obje
t heap and the persistent store.// E�e
ts: If any obje
t rea
hable from a persistent root is// of a transient 
lass, aborts the transa
tion and throws// TransientObje
tEx
eption.// Else, if the transa
tion 
annot be serialized with respe
t to all// other 
ommitted transa
tions, aborts the transa
tion and// returns false.// Else, 
ommits the transa
tion and returns true.// In either 
ase, starts a new transa
tion when the 
urrent transa
tion endspubli
 native stati
 boolean abort();//Modi�es: The lo
al obje
t heap// E�e
ts: Aborts the 
urrent transa
tion and starts a new transa
tiongpubli
 
lass NoSu
hOREx
eption extends RuntimeEx
eption f...gpubli
 
lass TransientObje
tEx
eption extends RuntimeEx
eption f...gFigure 5-1: Spe
i�
ations of the jps.JPS 
lass
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pa
kage jps;publi
 
lass Dire
tory f//Overview: A Dire
tory is a mutable data abstra
tion that maps// String names to Obje
ts.publi
 Dire
tory();// Create an empty Dire
torypubli
 void insert(String name,Obje
t obj) throws Dupli
ateEx
eption;//Modi�es: this// E�e
ts: Inserts the obje
t obj and its spe
i�ed name into this.// If another obje
t with the same name already exists in this,// throws Dupli
ateEx
eption.publi
 Obje
t lookup(String name) throws NoSu
hElementEx
eption;// E�e
ts: Returns the obje
t with the spe
i�ed name in this. If no// su
h obje
t is found, throws NoSu
hElementEx
eption.publi
 Obje
t remove(String name) throws NoSu
hElementEx
eption;//Modi�es: this// E�e
ts: Removes the spe
i�ed name and its asso
iated obje
t from this.// If no obje
t in this has the spe
i�ed name, throws NoSu
hElementEx
eption.publi
 Enumeration names();// E�e
ts: Returns an Enumeration obje
t that will produ
e all the// names in this.//Requires: this is not modi�ed while the enumerator is in usepubli
 Enumeration obje
ts();// E�e
ts: Returns an Enumeration obje
t that will produ
e all the// obje
ts in this.//Requires: this is not modi�ed while the enumerator is in usegpubli
 
lass Dupli
ateEx
eption extends RuntimeEx
eption f...gFigure 5-2: Spe
i�
ations of the jps.Dire
tory 
lass45



Chapter 6Performan
e EvaluationThis 
hapter des
ribes the performan
e evaluation of JPS.The original Thor/Theta system has been extensively 
ompared to other OODBsand is shown to 
onsistently outperform other systems|sometimes by more than anorder of magnitude|under a wide variety of 
ommonly used workloads [LAC+96,CALM97, AGLM95, Gru97, Ghe95℄. In this 
hapter, we will 
ompare JPS with theThor/Theta system. We will show that JPS performs almost as well as the Theta-based system.The rest of this 
hapter is organized as follows. Se
tion 6.1 des
ribes our ex-perimental setup. Se
tion 6.2 des
ribes the OO7 ben
hmark [CDN93℄, whi
h is theworkload we use in our experiments. This ben
hmark is intended to mat
h the 
hara
-teristi
s of many di�erent CAD/CAM/CASE appli
ations, but it does not model anyspe
i�
 appli
ation. Se
tion 6.3 presents the results of our experiments that measurethe performan
e of JPS relative to the performan
e of the Thor/Theta system.6.1 Experimental SetupThe experiments ran both the servers and the 
lients on a DEC 3000/400 Alphaworkstation, ea
h with a 133 MHz Alpha 21064 pro
essor, 160 MB of memory andOSF/1 version 4.0B. The ma
hines were 
onne
ted by a 10Mbit/s swit
hed Ethernetand had DEC LANCE Ethernet interfa
es. The swit
h was a DEC EtherWORKSSwit
h 8T/TX. The database was stored by a server on a Seagate ST-32171N diskwith a peak transfer rate of 15.2 MB/s, an average seek time of 9.4 ms, and an averagerotational laten
y of 4.17 ms [Sea97℄. 46



Both the generated C 
ode and the system C 
ode were 
ompiled using GNU'sg

 with the -O3 option. To redu
e noise 
aused by 
on
i
t misses, we used 
ord andfto
, two OSF/1 utilities that reorder pro
edures in an exe
utable to redu
e 
on
i
tmisses.In all our experiments, the database was a

essed by a single 
lient. The 
lientand the server were both run with 64 MB 
a
he, whi
h is suÆ
ient to hold the entiredatabase.6.2 OO7 Ben
hmarkIn this se
tion, we des
ribe the OO7 ben
hmark [CDN93℄ on whi
h our workloads arebased. OO7 is intended to mat
h the 
hara
teristi
s of many di�erent CAD/CAM/-CASE appli
ations, but does not model any spe
i�
 appli
ation.The OO7 database 
ontains a tree of assembly obje
ts, with leaves pointing tothree 
omposite parts 
hosen randomly from among 500 su
h obje
ts. Ea
h 
ompositepart 
ontains a graph of atomi
 parts linked by 
onne
tion obje
ts. Ea
h atomi
 parthas 3 outgoing 
onne
tions. The small database has 20 atomi
 parts per 
ompositepart, while the medium has 200. In our implementation, the small database takes up4.2 MB and the medium database takes up 37.8 MB.TraversalsOur experiments ran several database traversals that the OO7 ben
hmark de�nes.These traversals perform a depth-�rst traversal of the assembly tree and exe
ute anoperation on the 
omposite parts referen
ed by the leaves of this tree.Traversals T1 and T6 are read-only. T1 performs a depth-�rst traversal of theentire 
omposite part graph, while T6 reads only its root atomi
 part. Traversals T2aand T2b are identi
al to T1 ex
ept that T2a modi�es the root atomi
 part of thegraph, while T2b modi�es all the atomi
 parts. Note that T6 a

esses many fewerobje
ts than the other traversals.
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6.3 Comparisions with the Thor/Theta System6.3.1 Overheads in JPSSe
tion 4.4 dis
ussed some of the overheads introdu
ed in JPS over the originalThor/Theta system. In this se
tion, we dis
uss additional overheads introdu
ed be-
ause of using Java byte
odes.Stru
tured LoopsAs mentioned in se
tion 4.3.1, the C 
ode produ
ed by JPS is not very optimized.JPS assumes the existen
e of optimizing C 
ompilers to do the optimizations. Thisassumption mostly holds true, though some simple tests performed by us revealedsome problems. When 
onverting from Java sour
e 
ode to byte
odes, there is a lossof information 
on
erning stru
tured loops, whi
h are repla
ed by goto statements.This is re
e
ted in the C 
ode generated by JPS. As a result, 
ertain optimizationslike loop-unrolling do not work very well with the generated C 
ode.Consider the example shown in �gure 6-1. We will 
ompare the performan
e of astru
tured loop written in C dire
tly, with that of one written in Java that is 
ompiledinto byte
odes and then translated into C. Again, the symbol names in the generated
ode in the example have been edited for ease of understanding.Original Java/C 
ode Generated C 
odej = 1; k = 2; L1: i1=j; i2=k; i1=i1+i2; l=i1;for (i=0; i< 1000; i++) f i1=l; i2=j; i1=i1+i2; k=i1;l = j+k; i += 1;k = l+j; L2: i1=i; i2=1000;g if (i1 < i2) goto L1;Figure 6-1: Translating stru
tured loopsIn �gure 6-2, we give the instru
tion 
ounts when both the original C 
ode above,and the generated 
ode are 
ompiled and run. We give the data for the 
ases withand without loop unrolling enabled. The 
ompiler used was DEC's CC on a DEC3000/400 workstation. Loop unrolling was enabled by using the -O2 option. Onlythe instru
tions that are part of the loop are shown.As one 
an see, the loop is exe
uted only 250 times in the 
ase of original C 
odebe
ause of loop unrolling, thus redu
ing the dynami
 instru
tion 
ount by almost fourtimes. But in the 
ase of generated C 
ode, loop unrolling does not have mu
h e�e
t.48



Without loop unrolling With loop unrollingBoth Original C 
ode Generated C 
odeInstru
tion Counts Instru
tion Counts Instru
tion Countsaddl v0, 0x1, v0 1000 addl v0, 0x4, v0 250 addl t0, 0x1, t0 1000ldq ... 1000 ldq ... 250 ldq ... 1000addl s0, 0x1, s1 1000 addl s0, 0x7, s1 250 
mplt t0, t1, t2 1000
mplt v0, t0, t1 1000 
mplt v0, t0, t1 250 addl s0, 0x2, s0 1000addl s1, 0x1, s0 1000 addl s1, 0x1, s0 250 bne t2, ... 1000bne t1, ... 1000 bne t1, ... 250Figure 6-2: Instru
tion 
ounts from running stru
tured loops6.3.2 ResultsAs dis
ussed in se
tion 6.3.1, there are overheads introdu
ed in JPS over the Thor-/Theta system. In this se
tion, we will try to quantify the overheads by presentingthe results of running our experiments.The only interesting experiments are those that involve hot traversals. This isbe
ause, in the 
ase of 
old traversals, the exe
ution time is dominated by the 
ost offet
hing the obje
ts from the server. This 
ost is same for both JPS and the originalThor system, sin
e the 
ode for doing this is the same in both the systems.Figures 6-3 and 6-4 present the results for a small database, while �gures 6-5 and6-6 present the results for a medium database. The graphs show the elapsed time inrunning the traversals. As the results indi
ate, JPS performs between 1.1 and 1.25times slower than Thor for hot traversals.
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Figure 6-3: Hot traversals, small database
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Figure 6-4: Hot traversals, small database
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Figure 6-5: Hot traversals, medium database
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Chapter 7Other Persistent Java SystemsSin
e Java has no persisten
e model built into it yet, numerous e�orts are under-way to in
orporate persisten
e into Java. This 
hapter provides an overview of someof the more prominent proje
ts. For ea
h of the systems, we will dis
uss their im-plementation approa
h, their persisten
e model, and their support for 
on
urren
y
ontrol.7.1 PJamaPJama [AJDS96, ADJ+96℄ is a persistent Java system being built by people at Sunand the University of Glasgow.Implementation Approa
hPJama uses a modi�ed Java interpreter to run Java programs. Sin
e interpreted
ode runs mu
h slower than 
ompiled 
ode, PJama's performan
e will be mu
h worse
ompared to JPS.Moreover, PJama is an obje
t-
a
hing system [Ont92, LAC+96℄. But as des
ribedin se
tion 2.2.4, JPS uses the hybrid adaptive 
a
hing te
hnique whi
h has been shownto improve the performan
e of an OODB signi�
antly.Persisten
e ModelPJama supports persisten
e by rea
hability. It also supports garbage 
olle
tion ofpersistent obje
ts.The PJama papers do mention the problem of providing automati
 persisten
e to51



transient 
lasses, whi
h is dis
ussed in 
hapter 3 of this thesis. However, they talkabout it only in the 
ontext of Thread obje
ts. They ignore the fa
t that there 
ouldbe other transient 
lasses and do not dis
uss any general solutions for dealing withsu
h 
lasses.Con
urren
y ControlPJama has transa
tions to support atomi
 updates to the stable store. But it doesnot support multiple 
lients a

essing the obje
t store simultaneously.7.2 Persisten
e Storage Engine for JavaThe Persistent Storage Engine for Java (PSEJ) [PSE℄ is being developed by Obje
t-Store.Implementation Approa
hPSEJ has a novel implementation. PSEJ runs a post-pro
essor on Java byte
odes.This results in byte
odes that provide persisten
e and that 
an be run on any JVM.Persisten
e ModelPSEJ also supports persisten
e by rea
hability. However, PSEJ does not supportgarbage 
olle
tion of persistent obje
ts. Persistent obje
ts are supposed to be expli
-itly deleted, whi
h 
an lead to serious problems as dis
ussed in se
tion 3.1.PSEJ 
lassi�es Java 
lasses into three types depending on how they are post-pro
essed: persisten
e 
apable 
lasses, persisten
e aware 
lasses, and default 
lasses.Persisten
e 
apable 
lasses are the ones whose obje
ts 
an be stored persistently.Persisten
e aware 
lasses use persisten
e 
apable 
lasses, but are themselves not per-sisten
e 
apable. The rest of the 
lasses, whi
h do not need any post-pro
essing, aredefault 
lasses.During a transa
tion 
ommit, all obje
ts of persisten
e 
apable 
lasses that arerea
hable from the root are made persistent. If any obje
t of a 
lass that is notpersisten
e 
apable is found to be rea
hable from the root, the system throws anex
eption. This design is similar to that of JPS.
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Con
urren
y ControlCon
urren
y 
ontrol in PSEJ is weak enough to render it essentially useless. One 
aneither lo
k the entire database, or run with no 
on
urren
y 
ontrol at all.PSEJ does support atomi
 transa
tions for single users. But if a transa
tionaborts, only the obje
ts that were persistent at the time of the last 
ommit are rolledba
k. The rest of the obje
ts retain their 
urrent state.7.3 GemStone/JGemStone/J [Gem℄ is developed by GemStone.Implementation Approa
hLike PJama, GemStone/J uses a spe
ially modi�ed version of Sun's JVM. It is not
lear if their modi�ed JVM supports JIT 
ompilation.Persisten
e ModelLike the other persistent Java systems, GemStone/J provides persisten
e by rea
ha-bility. It also supports garbage 
olle
tion of persistent obje
ts.But it is not 
lear how GemStone/J deals with obje
ts of Java 
lasses like Threadsthat 
annot be made persistent automati
ally.Con
urren
y ControlGemStone/J supports full-
edged 
on
urren
y 
ontrol and transa
tions. However,unlike JPS whi
h ships obje
ts to 
lient ma
hines, all obje
ts in GemStone/J resideonly on their server ma
hines. All the method 
ode is exe
uted only on the serverma
hines. But as dis
ussed in se
tion 2.2.1, the performan
e of su
h a system will nots
ale well if a large number of 
lients simultaneously try to run methods on databaseobje
ts.
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Chapter 8Con
lusionsIn this thesis, we have presented the design, implementation and performan
e eval-uation of a distributed persistent Java system 
alled JPS. This 
hapter provides asummary of the thesis. It also suggests dire
tions for future work.8.1 SummaryJPS is a persistent Java system built on top of the Thor obje
t-oriented database(OODB). JPS provides several advantages over other persistent Java systems. Un-like most of other systems, JPS is a distributed system that allows multiple 
lientsto simultaneously a

ess the obje
t store. JPS is built to be used over a wide areanetwork and s
ales well with large databases. JPS also provides a very reliable andhighly available storage. In addition, JPS o�ers better performan
e for many impor-tant types of workloads.JPS Interfa
eChapter 3 des
ribes the programming model provided by JPS. One of the key issuesthat arises in designing a persistent Java system is to de
ide what persisten
e servi
esshould be provided to obje
ts of 
ertain Java 
lasses like threads. It is un
lear what itmeans to store su
h obje
ts persistently, or what it means to restore them when theyare a

essed later, potentially by a di�erent appli
ation, and potentially on a di�erent
lient ma
hine. Therefore, we need to either provide an answer to this question, or weneed to have a way of preventing su
h obje
ts from being made persistent. We 
hosethe later approa
h. However, we provide a programming model that does not impose54



any unne
essary restri
tions on the natural way of writing Java programs. Instead,we do dynami
 
he
king to prevent su
h obje
ts from being made persistent.Another interesting issue here is the persisten
e of stati
 variables. Sin
e thesevariables are not part of any obje
t, they would not be stored persistently in thenormal pro
ess of making obje
ts rea
hable from the root persistent. JPS does notstore stati
 variables persistently. It initialize them separately on every 
lient ma
hineevery time an appli
ation is run.The 
omplete spe
i�
ations for the JPS API are presented in 
hapter 5.JPS ImplementationChapter 4 dis
usses the implementation of JPS. Our basi
 approa
h for running Javaprograms in JPS is as follows. We �rst translate Java byte
odes into C 
ode that in-terfa
es appropriately with the JPS runtime environment. We then run an optimizingC 
ompiler on the generated C 
ode to produ
e native ma
hine 
ode.Instead of writing a byte
odes-to-C translator from s
rat
h, we made use of Toba[PTB+97℄, an existing Java byte
odes-to-C translator developed at the University ofArizona. We modi�ed the Toba translator appropriately to make it work with oursystem.There are a number of di�eren
es between the Java obje
t model and the Thetaobje
t model. For example, Theta does not have stati
 variables. The ex
eptionmodel in the two languages is di�erent. Be
ause of the di�eren
es, the implementationof JPS also required making some 
hanges to the runtime system of the originalThor/Theta system.Performan
e Evaluation of JPSChapter 6 des
ribes the performan
e evaluation of JPS. We 
ompare JPS with theoriginal Thor system whi
h has been extensively 
ompared with other systems inliterature. We use the OO7 ben
hmark as our workload. Our results indi
ate thatfor hot traversals, JPS performs between 1.1 to 1.25 times slower than the originalThor system. This is due to a number of overheads introdu
ed in JPS be
ause ofusing Java byte
odes. For 
old traversals, the results are almost identi
al.
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8.2 Future Work8.2.1 Supporting all the Java Class LibrariesThere are a number of 
lass libraries that are part of the Java 
ore API spe
i�
ations.Though most of the methods in these 
lass libraries are implemented in Java itself,there are quite a few native methods in them too. Usually, these native methods areimplemented by the JVM. But sin
e JPS essentially repla
es a JVM, these methodshave to be provided by JPS.Unfortunately, there is an ever-growing set of 
lass libraries and Java 1.1.6 alreadyhas more than 500 native methods. Our 
urrent implementation supports only a smallsubset of the Java 
lass libraries. Supporting all the Java 
lass libraries inside JPS isleft for future work.8.2.2 Dynami
 Class LoadingCurrently JPS does not store 
ode along with obje
ts in the repository. Also, JPSassumes a 
omplete knowledge of the 
ode for all the types of obje
ts stored in therepository. The JPS exe
utable is 
reated by linking the 
ode for all su
h types ofobje
ts into a single exe
utable.But in realisti
 situations, new types would be de�ned and added to the repositoryover time. When the JPS 
ode running on a 
lient ma
hine en
ounters su
h an obje
t,it should be able to fet
h the 
ode for that obje
t and dynami
ally load it and exe
uteit. It will be useful to extend JPS to support this feature.8.2.3 Translator OptimizationsThe 
urrent byte
odes-to-C translator in JPS does a straight-forward translation ofbyte
odes. However, it is possible to improve the translator to generate more op-timized 
ode. Vortex [DGC96℄ and Harissa [MMBC97℄ papers des
ribe many su
hoptimizations. These optimizations 
an be in
orporated into JPS. It would be es-pe
ially interesting to study how these optimizations apply in 
ontext of persistentprogramming systems.
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