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ABSTRACT

Transaction processing environments form the backbone of e-business solutions on which much of
today's commerceis conducted. The most critical of these environments couple extremey high
reliability with performance. Unfortunately, they have done so while retaining a dependency on an
aging programming modd. Early efforts to introduce Java have been technicaly successful, but
either at the cost of lower performance, or potentialy lower reliability. We describe extensonsto
the Java virtua machine that support the stringent requirements of robust transaction processing
environments. The design of a persstent reusable Java virtud machineis presented. Rdiability is
achieved because each transaction executes in isolation in an gpparently unique VM. Performance
is smultaneoudy achieved through the introduction of new concepts such as the ability to reset the
JVM to aclean state, trusted middleware, untrusted gpplication code, and very rapid garbage
collection.
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I ntroduction and Motivation for the Persistent Reusable
JVM

Severd years ago there were key challenges barring the introduction of Java as a serious
programming environment for distributed transaction processng. In the early days of commercidly
available Java, the greatest of these was perhaps performance. It was inconceivable that an
interpretive Java virtua machine implementation would be able to ddiver sufficiently high throughput
to sudtain redidtic transaction rates.  Through the efforts of many, this problem has been largdy
overcome [1] [2] and published performance results suggest that using Java for transactional work
might indeed be feasble [3].

Another barrier was maturity of the environment, and the support for arobust programming modd.
The Servliet modd [4] provided a reasonable model for connectors from Web applications to
transaction processing environments. The advent of the Enterprise Java Bean (EJB) specification
[5], and more importantly, the deployment of now many EJB-compliant platforms[6] [7] has seen a
sgnificant increase in the adoption of the Java platform for enterprise transactions. EJBs were the
key breakthrough specificaly amed at TP requirements and at providing an abstraction model
above“legacy” TP monitors.

However, each of these environments has deficiencies for transaction processing. Servlets are well

known for ther flexibility - yet they provide little in the way of protection of one transaction, or unit

of work, from another. Multiple servlets running within asngle VM can interfere with one another
through JVM-wide globd statics. Thread-safe programming techniques [8] are now awell known

requirement for the servlet application developer.

The EIB programming rules provide subgtantia isolation, by disallowing much of the antisocia
behaviour, but they are not sufficient. Some Situations demand isolation to the extent that should the
JVM fall, only onetransaction a atimeislos. Thisimpliesasngle VM for each transaction.
Further, we find that not al environments requiring robust Java support for transactions wish to
employ the EJB modd - we have found that some users require high reliability without the cost of
the EJB framework.

Running each transaction in asingle VM reintroduces an old Java concern - performance. Creating
aclean VM for each transaction is very expensive. An dternative is needed.

Herein are the key challengesfor the design of the Persstent Reusable JVM: support for stringent
isolation of one transaction from subsequent transactions - without undue burden on the gpplication
programmer, and delivery of the same with sustained high performance.



The Perdstent Reusable VM design is optimized for short repetitive atomic transactions, where
there is no interaction between the transactions, except through persstent sorage. However, the
transaction processing environments in which it will be deployed aso support occasiond
long-running applications. Asthe Persstent Reusable VM isafully compliant Javaimplementation,
it is cgpable of running these and any other pure Java application:

Overview of Key Concepts and the Operation of the

Persistent Reusable JVM

Our design for smultaneoudy ddivering high performance and high rdiability introduces saverd new
concepts into the Java virtual machine. In this section we provide an overview of these concepts,
and the motivation behind them. In the next section we discuss related work. Thisisfollowed in
section 4 with a presentation of lower level detals of the design that materidises these concepts.
Section 5 describes performance results, and we conclude in section 6 with experience and future
directions.

Serially-reusable Java virtual machine

We noted above that akey difficulty with multithreading large numbers of transactions through a
ange WM isthelack of isolation that such an environment affords. Isolation can be viewed from
severd perspectives. Thefirg isinterference: Transaction 1 could manipulate some globd Sate
(e.g., agloba datic variable in a system class); transaction 2 will then be exposed to that change.
Thisis undesirable because it can lead to unpredictable behaviour, induding falure of the
transaction. In the same way, thislack of isolation aso introduces potentia security problems. A
second consequence of such alack of isolation islower rdiability: if arogue transaction causes a
angle WM to fall, say because of an error in native code library, or runaway transaction consuming
large quantities of memory, then dl transactions active within that VM would fall.

We introduce the notion of running transactions consecutively through a VM, with only asngle
transaction running a any onetime. This gpproach diminates some of these problems and limits the
impact of others.  One transaction cannot interfere with the execution of another transaction running
amultaneoudy inthe same WM. Further, any VM failure resultsin the loss of only asingle
transaction. However, even in aserid reuse modd, it remains possible for one transaction to
materidly affect the behaviour of a subsequent transaction. Therefore, we extend the VM with the
concept of resettability, and introduce anew JNI function, ResetlavaVM. ResetJavaVM resets
the VM gate following the transaction so that the next transaction can not be directly affected by
the actions of any previous transaction. At ahigh level, the operation of the ResetJavavVM function
can be viewed in the context of the smple launcher in Figure 1.

jlaunch.c:
{

optiong.] ="-Xresettable';



rc = JNI_CreateJavaV M (jvm,env,options)

while (IresetFailed) {

getWork(ClassName, MethodName, args)

jc = FindClass(env, ClassName)

jm= GetStaticMethod(env, jc, MethodName...)
CdlStaticVoidMethod(env, jc, jm, args)

ExceptionCheck(env)

resetFailed = ResetJavaVM(jvm)
}

rc = DegtroyJavaV M (jvm)

}
Figure 1. Sample Persstent Reusable VM Launcher

A launcher isaC, or other native language, program that creates a Java virtud machine and submits
aunit of work (aclass, method and arguments) for execution in that VM. Note that the java
command present in most Java execution environments is such alauncher. The pseudo codein
Figure 1 isillugrative of alauncher intended to operate in the context of a transaction processng
environment. TheJVM is cregted in this launcher in the norma manner (see[9]) , except the
argumentsto the INI_CreateJavaVM call have been extended with a new option, -Xresettable
which designates the VM as capable of being reset.  In this environment a transaction is obtained
through a cdl to a middleware-specific function, getWork, that, for example, removes transaction
requests from awork queue. The class and method for this transaction are found, again in the usua
manner, and then the transaction is executed. At transaction end, the VM isreset with acal to
ResetJavaVM. Idedly, the VM resets without problem, and then the next transaction runsin a
clean jvm. Note however, that the VM might be dirty, in which case resetting the VM will fall,
the VM is destroyed, and must be recreated for the next transaction.

The VM can become dirty, or unresettable, for avariety of reasons. Intuitively, these include any
activities by transactions that would invaidate our abilities to ensure that one transaction cannot
interfere with another. We do not prevent the gpplication from making the VM dirty; the dirty
actions are perfectly legitimate, though antisocid in ashared VM environment. The effect of them
will to be to reduce the transaction performance of the overdl system, asthe dirty VM is destroyed
and recreated. We discuss reasonsfor adirty VM in the subsequent detailed sections.



Primordial classes, Trusted middleware, untrusted application classes,

shar eable application classes
In the Persistent Reusable VM, dl classesfdl into one of three categories - Primordid,
Middleware or Application.

Primordia classes, dso referred to as System classes, consst of the primitive classes (int, long, char,
etc), the classes loaded by the primordia (bootstrap) clasd oader (Thread, String, Integer, etc.), and
any loaded by the Standard Extensions clasdoader. Any such dasswill persst for the lifetime of the
JVM, asthese clasdoaders are never unreferenced during the lifetime of aJVM.

Middleware classes are typicdly part of the infrastructure of the gpplication servers which run Java
transactions and gpplications, for example the container for EJBs, or the Java interfacesto IBM’s
MQSeries. Theinfrastructure may need to maintain sate across transactions, so middleware
objects may persst across resets of the WM. Middleware classes may aso legitimately want to set
some of the characterigtics of the VM for dl the transactions which run in that VM, or load native
libraries to implement some of itsfunction. Middlewareis alowed to perform these types of actions
without making the VM ‘dirty’. It isassumed that it also resets any transaction-specific sate
between transactions. For these reasonsiit is referred to astrusted middieware.

Application Classes are effectively 'normd’ java which executes a particular business functior either
smple classes or Enterprise Java Beans. They may use underlying Middleware to update data
resources in enterprise systems such as transaction monitors or databases, or they may be
sef-contained. Such Application code may be written in house or may be bought in from a vendor.
Application code is expected to hold data pertaining only to the transaction being run. It is not
expected to have any knowledge of reusability and is not expected to perform any tidying-up of
itself. Any classes not determined to be primordid or middleware are deemed to be Application.

Application codeis untrusted, and must follow dricter rules than trusted middieware. Not too
surprisngly, these rules are Smilar to those imposed by EJB redtrictions[5].  EJB-based redtrictions
include single-threaded execution, no loading of native libraries, no use of globa statics. Theserules
are discussed later in section 4.3.4.

System class objects and Middleware class objects persist across resets of the VM. However,
gpplication class objects are trangent in nature, perssting only for the duration of the transaction.
We introduce the concept of ‘ Shareable’ application classes; an ingalation can identify some or al
of the gpplication classes which are likely to be used repestedly as* shareable’. The VM will
maintain the bytecodes and compiled code associated with these classes, and re-use them if the
same gpplication is rerun within that JAM.

Our design employs digtinct class loaders and class paths for each of these types of software. For
example, trusted middie ware is loaded by a speciad loader cdled a Trusted Middle ware class
loader which ensures that corresponding objects are allocated appropriately. The loader
designation is aso employed a method execution time to dlow middle ware methods more freedom
than application methods. Application software is loaded from ditinct paths by an Application class
loader, or a Shareable Application class loader. Application methods have more restrictive checks
on their manipulation of the environment.



Split heaps and a heap-specific GCS models

Solit heaps separates objects into separate hegps on the basis of expected lifetimes. We exploit
this separation by providing adistinct GCS policy tailored to that hegp's expected use. The key
advantage of this schemeisthe apriori separation of transactiond data from longer-lived data.

The benefits of this separation are;
* support for avery rapid garbage collection (GCS) of transactiond data, without the full cost
of atraditional GCS mechanism
* reduced impact of GCS on very long-lived objects by immediately removing them from the
scope of GCS

The split hegps, their respective GCS palicies and their contents are summarized in Figure 2.

Transient Heap: Lifetime: short, transactional

Allocation rate: high

GC: quick clear of transactional data

Objects:

Non-shareable Application classes

Application objects

Primordial objects created by Application methods

Arrays created by Application methods

Middleware Heap: Lifetime: medium-long, persistent
Allocation rate: medium

GC: standard (e.g. mark/sweep)

Objects:

Objects reachable from the statics of Primordial classes
Non-shareable Middleware classes

Middleware objects

Primordial objects created by Middleware methods
Arrays created by Middleware methods

Interned strings and the arrays for those strings

System Heap: Lifetime: long, JVM lifetime
Allocation rate: low - mostly startup

GC: none

Objects:




| Class objects for shareable classes.

Figure 2. Split heaps and object alocations

The System Heap contains only objects which have a life-expectancy of the life of the JAM. The
objectsin this hegp are the class objects for system and shareable middle ware and application
classes. The System Heap is never Garbage Collected as dl objectsin it will elther be reachable for
the lifetime of the JAM, or in the case of sharegble application classes, have been selected to be
reused during the lifetime of the JAM. The System Hegp will expand as necessary to satisfy
alocation requests.

The Middle war e Heap contains objects which have alife expectancy longer than asingle
transaction, which will perdst acrossresets. Such objects include those non-sharegble Middle ware
classes, other Middle ware objects, primordia class objects and arrays created by Middle ware
code and interned Strings. Allocations into this hegp are not expected to be a ahigh rate. This
expected behavior dlows for the use of atraditiond GC policy. We attempt to collect it only during
a ResatJavavVM (but not automatically at every ResetJavaV M) rather than during atransaction. In
order to facilitate this an dlocation failure will cause an expansion of the hegp (within bounds) rather
than performing a GC. GC during atransaction may ill occur if necessary, for exampleif the
transaction is long-running.

The Transient Heap contains objects with no expected currency beyond the end of an
application/transaction. Such objects therefore include only application objects, non-sharegble
Application class objects and any non-Middleware objects created by Application code. At the
end of each transaction, if the dlocation policy has been successful, dl the objectsin this hegp
should be unreachable. The GC policy most appropriate for this heap isavery rapid reset to the
empty state; intheided case, atraditiond GC involving live root marking is not required.
However, for long running transactions, and certain other cases, atraditiona GC of the hegp may
take place.

The objective of very rapid reset of the Transent hegp cannot be achieved if there are any
references to objects in that heap from more persistent parts of memory. Our design provides
mechanisms for tracking cross-heap references, and for facilitating clearing them.

Related Work and Alter native Approaches

The mogt straightforward approach to providing a highly reliable transaction environment is to cregte
and destroy the VM with each transaction. The path length of this operation is easily measured
with astandard Java runtime, and is on the order of between 20 and 100 million ingtructions,
dependent on the underlying platform. This option istoo expensive, Since transaction path lengths
aretypicaly 1 to 2 orders of magnitude smaller.

Another gpproach is to checkpoint the VM gate and keep severd lying around in apool of
ready-to-go JVMs. To some extent, this technique was employed with the HPCJ technology from
IBM [10], and was found to be an effective approach for mitigating the cost of VM dartup in a
transactiona environment.



An dternative to a high performance reset function isfound in VM Persistence, such as described
in[11], and categorised in generd in [12]. We chose not to proceed down this path in part because
of concerns of platform dependency, and the complexity of making persstence work on one
particular platform owing to platform-specific memory management. The present gpproach can be,
and indeed has been, implemented on awide variety of quite distinct hardware and software
platforms. Another concern was performance. We had aggressive performance targets for

resetting the VM and were not convinced they could have been addressed through a persistence
mechanism. However, perdstence remains of someinterest, asit might yet serve as a useful
gpproach to deal with the overhead of bringing aJVM up from scratch.

Perhaps the most significant concern in deploying Javafor production transaction processing isthe
issue of garbage collection. Garbage collection can occur a any time and itsimpact on the
execution of asingle transaction can be devadtating.  One gpproach usesthe VM for N
transactions, where N has been determined a priori to be small enough to (probably) avoid GC
atogether, and then discards the VM entirdy. A new JVM, possibly taken from a poal, isthen
used to serve the next N transactions. This gpproach works well for a homogeneous mix of
transactions, provided N can be made large enough to offset the cost of obtaining and discarding a
JVM. Thereisarisk, however, that this rdatively conservative gpproach may discard the VM
prematurely.

The split hegp gpproach detailed in thisdesignis smilar to that presented in generationa garbage
collection13]. In generationa schemes, Java hegp memory is divided into severa generations, the
firg, typicdly caled the nursery, is used to hold very young objects. After some period, these
objects are promoted to the older generations. Ultimately, long lived objects are migrated to avery
stable portion of the hegp and are no longer subject to, and no longer contribute to, regular garbage
collection cycles. In one sense, generationa schemes are an adaptive version of what we describe
here. The Persstent Reusable VM dlows the devel oper to specify a priori the type of objects and
their expected lifetimes. Further, the Persstent Reusable VM provides aleve of isolation that
generationa schemes do not.

The Reusable VM design here is based on an early prototype introduced by Dillenberger in [14].

Details of the Design

We divide the discussion of design detailsinto three parts. The first part discusses the role of
trusted middle ware. The second part addresses what happens at ResetJavaV M, which isinvoked
between transactions to return the VM to a known, middleware-defined state.  Findly we
describe changes to the infrastructure supporting VM reset.

TheRole of Trusted Middleware

Middleware is Java code which can be seridly reused in amanner smilar to the VM. Unlike
application code, it is designed specificaly to run in the resettable environment. It may have Sate
which pergsts between gpplications, and is responsible for resetting its state between gpplications,
S0 that an application will not be able to tdl whether it isthe first or nth gpplication to runina JVM.



By dlowing the middleware to be reused in this way, rather than regarding dl Java code as
untrusted application code, the overhead associated with processing each transaction is again
reduced.

Middleware is dso trusted to perform certain activities excluded from gpplications such as loading
native libraries and modifying system properties, without making the VM non-resettable. Itis
‘trusted' to change the VM’ s Sate in ways which do not alow one transaction to influence
subsequent transactions. Thisdlowsit to define a ussful and consistent environment for dl the
transactions processed through this VM.

Some Middleware objects will be aware of gpplication objects while the gpplication isrunning. This
results in cross-heap references between the middleware hegp and the trangent hegp, which should
be cleared when the gpplication terminates. It is the responsbility of the middieware to clear dl
such references, or the rapid GC of the transent hegp will be impacted; keeping cross-hegp
references to aminimum will improve performance, as wdl as giving cleaner design.

Two optiona static Java methods, TidyUp and Renitidize, can be provided by middieware classes.
If present, they are called by the Perastent Reusable VM to aid with state management.

The "TidyUp()" method is caled during ResetJavaV M() processing for every middieware class that
was used in the execution of the preceding transaction. The middieware can perform tasks
necessary to ensure a successful reset, such as clearing references to the application hegp, aswell as
cleaning up its own resources. If the middleware cannot clean up its resources adequatdly, the
TidyUp method mugt return “fasg"; this will mark the VM unresettable, and the launcher code
will destroy and recregteit.

The Renitidize) method is provided to dlow middieware to prepare itsdf for anew transaction.
Static initidizers for middleware classes are run only once when they are loaded. There may
however be certain initidization that needs to take place before the sart of each gpplication. If
supplied a"Renitidize)" method is caled on the firg use of a middieware class after each successful
reset.

An example of asmple piece of middleware is shown in Figure 3. It can be used for example to
load and run an unmodified application program such as "Heloworld".

i mport java.lang.reflect.*;

public class M ddl eware

{

private static ClassLoader | oader;

static {
i bmJVMRei nitialize();
}

public static void main (String[] args) throws Exception

{
String appNane = args[O0];



bj ect[] appArgs = { new String[0] };

Cl ass appClazz = d ass. for Nane(appNane, true, | oader) ;

Met hod mai nMet hod = appCl azz. get Decl ar edMet hod( " mai n",
new Class[] { String[].class } );

mai nMet hod. i nvoke(nul |, appArgs);

}

private static void ibmIVMReinitialize ()
{

}

private static boolean i bmJVMIi dyUp ()
{

| oader = Thread. current Thread() . get Cont ext Cl assLoader () ;

| oader = null
return true;

Fgure 3. A smple middleware class

ResetJavavVM

At the end of atransaction the launcher cdls ResetJavaVM. ResetJavaVM consds of the following
major steps:

* Allow middieware to reset itsdlf, and confirm that the VM isresettable

* Remova of application class loaders

* Perform ResstGC - therapid GC of the Transent hesp

* Reinstate gpplication class loaders

Resettable checks

Firg, the VM must confirm that there are no outstanding exceptions. Exceptionsthrown by a
Middleware or Application class during transaction execution must be dedlt with, possbly by the
launcher, dsethe VM cannot be reset.

Next, the VM cdlsthe TidyUp methods of any Middleware classes which have been used since
the previous cal to ResetJavaV M. For example, the Middleware should release any referencesto
Application objects. If any TidyUp methods return fallure, indicating Middleware cannot reset itself
to aclean state, the VM will not be Rest.

At this point the VM checks that no unresattable events took place during the previous transaction.
It also checksthat there are no 'user threads il in existence.

Theinitia steps, detailed above, pertain to dlowing Middleware to clean up and checking whether
the VM is potentidly resettable. If that is il the case the actud reset eps begin. If itisnot the
case, ResetJavav M returnsfalse.



Removal of Application classloaders

The default application class |oaders provided by the VM are now removed from the class |oader
hierarchy. Any references held by middleware should have been cleared by the TidyUp methods, if
not earlier. Thisalows any gpplication classesin the trangent heap to be collected during the
folowing ResatGC.

Perform ResetGC

During areset of the VM, ResaetGC is called to quickly reset the Transent Hegp o thet at the start
of each transaction it isadwaysin the sameinitid sate. Logicaly, the trangent hegp can be
immediately set to its empty State, asit contains objects associated with the transaction which has
just completed, and which no longer has any need for the objects. However, correct operation of
the VM requires that

* any references from persistent objects into the transent hegp are identified, and

* any findizers associated with objects in the transent heap are executed

There may be references into the transent hesp from loca variables. We scan the execution stacks
and regigers of al system threads and if we find a pointer to the Transgent Heap we mark the VM

dirty.

There may be referencesinto the trandent hegp from the statics associated with the primordia
classes. We scan dl Primordid Statics in the System Heap and any reachable objectsin the
Transent Heap are promoted to the Middleware Hesp - unless they are a Class object or an
Application object, in which case we mark the VM dirty.

There may be referencesinto the trandent heap from the Middleware Hegp. To avoid having to do

afull scan of dl live objects in the middieware heap, we use a Card Table, which has been updated

with adirty flag whenever areference has been changed. We scan each object in the area mapped

by the card and check each reference in these objects. If references to the Transent Heap are

found, the VM may till be clean as the object containing the reference may not be live, so we have

to perform a complete check for live references to the Trandent Hegp (we cal this TraceForDirty).
If any are found, the VM isdirty.

Findizersfor application objects are discouraged, but if they exist, Transent Hegp findizer objects
will have their findization method run. Asfindizers can create objects in any heap, including objects
that themselves have findizers, we must then loop back to check for invalid pointersto the Transent
Heap. Thisloop will continue until there are no more Transient Heap findizers. Trangent hegp
findizers are run on the VM’ s main thread of execution, which dlows the [auncher to ensure that
the application findizers run within the correct operating system environment.

At this point, if the VM isnot dirty, it is safe to reset the Transient Heagp state to empty, and to
restore it toitsinitid sze.

Reinstate Class L caders
New application class loaders are now added to the hierarchy and the context class loader is
reestablished. The byte-codes and J' T compiled code for sharegble gpplication classes are




recovered, and those classes are established as dready loaded, but not initidized. On the first use of
each sharedble class any datic initidizers are run and Static variables reset.

After reinitidizing the clasd oader, any Middleware class which has a Renitidize method and was
used during the previous transaction, is flagged as needing to be reinitidized beforeiit is next used.

Provided dl the steps were completed successfully, ResetJavaVM returns success to the launcher.

Infrastructure supporting ResetJavavVM

Several aspects of the Persstent Reusable VM infrastructure enable a high performance reset
operation (and thus, high transaction throughput). We explain the class |oading scheme implemented
to achieve the separation of software into Application, Middleware and Primordia Classes. An
efficient write barrier mechanism isdso put in place to facilitate rapid determination at reset time of
the presence of references from long-lived hegp space into transent heap.  Next we describe the
context tracking mechanism used to guide the dlocation of objects into the right hegps. Findly we
describe the technique employed to police the activity of application code to ensure that no
inappropriate actions are taken - we term these * unresettable events . The context tracking
mechaniam is dso employed in this determination.

Class L oading

The datus of a class within the Pergstent Reusable VM is dictated by its classloader. It is
therefore amatter of configuration rather than implementation that determines the satus of a class.
Classes are either designated primordia, middieware or application. The Persistent Reusable VM
augments the existing Java 2 class loader hierarchy to achieve this

Bootstrap
\Stendard Extensons
\Trusted Middleware (*)
\Shareable Applications (*)
\Non-ShareabIe Applications

(*) New

Boostrap or system classes, standard extensons and trusted middleware classes are loaded only
once and never unreferenced as their class loader remains active. These classes are loaded into the
System Heap and persist across a VM reset. Bytecodes for Shareable application classes are dso
loaded only once, but the classes become unreachable at the end of each transaction, and so are
reset at each ResetJavaV M, asif they were unloaded and reloaded. Non-shared application
classes are loaded for each use of the VM using the CLASSPATH property and discarded at
reset because they are no longer in use.



Middleware and Sharegble class |oaders are identified by one of apair of "tagging” interfaces. These
can aso be used by middleware providersto create their own custom class loaders. A class |oader
implementing the "Middleware' interface will load classes that are designated trusted middieware. A
classloader that implements the "Shareable’ interface will load classes that will not be physicaly
reloaded across multiple VM resets. Byte-code and J T compiled code are both retained.

As shown above, the implementation provides two shareable class |oaders, for middleware and
aoplications.

Write Barriers

As noted above, a ResstGC the VM needs to determine whether there are any live references into
the Trangent Hegp. This could be established by tracing dl live objects from the norma roots,
however that would perform no better than a slandard GC. In order to speed up the checking
process, the Middleware heap is mapped to a ‘card table and any potentid reference from the
Middleware Heap to the Transient Heap causes the appropriate card in the table to be marked.
ResatGC then scans the card table and checks only those objects which map to the marked cards.
If those objects do not currently hold any references into the Transent Heap, there can be no
references from the Middleware Heap to the Transient Heap.

The cards are marked by 'write barriers inserted at object dot and array element updates, at
element-type setting on array crestion and in various clasdoading and reflection functions aswell as
in some internd functions such as exception stack trace cregtion.

Context Tracking

There are two Stuations within the Persstent Reusable VM when it is necessary to determine

whether athread is performing Middleware or Application code:

* whendlocating an array or an ingtance of a Primordia class

»  when peforming any action which would mark the VM unresettable if carried out by gpplication
code

The designation of athread as Application or Middleware is known as its method-type context.

However, it is often the case that the method being run actudly belongsto a Primordid classin
which caseit is not immediately obvious whether the method-type context is Application or
Middleware. In fact, Primordia methods are deemed to be ‘workers and do not have a specific
method _type of their own so during amethod belonging to a primordid class the method _type used
must be that of the invoking method.

In order to know the current method-type quickly, the method-typeis held in the current Frame of
the Java Stack and is set/reset asfollows:

* if aPrimordid class method isinvoked, method_type is unchanged

* if an Applicaion class method isinvoked, method_type becomes Application

* if aMiddleware class method isinvoked, method type becomes Middleware

* At method return, the method _type revertsto its value at the time the method was invoked..



Note that a'method belonging to a class means the method is actualy defined by that class - hence
if dass A sub-classes class B but does not override method C, C belongs to class B hence the
method-typeisthat of class B even if method C isbeing run for an ingance of A.

Unr esettable Events
Applications running within the Pers stent Reusable VM must adhere to a certain set of rules. If
they do not, then the VM is no longer resettable, and the system performance will deteriorate.

The rules are broadly in line with those imposed on Enterprise JavaBeans. At each point in the VM
where an application could break these rules a check has been placed which can mark the VM
unresettable. Many of these activities however such as modifying security settings are vaid for
middleware code. The context tracking mechanism described above is used to determine the type of
cdler, middieware or gpplication, and set the VM state accordingly. Here are some examples of
what an gpplication cannot do:

* Modify system properties

* Load native libraries

* Create anew process

* Create athread

* Redirect standard input/output

In contrast, Middleware code is mostly unredtricted in its activity, but must terminate any threads
and tidy up its references to gpplication objects, ether inits normd logic flow, or at transaction end,
in the TidyUp() method.

If & any time the VM has been marked unresettable a subsequent call to ResetJavaVvM() will fall.
To determine the cause of the failure alogging mechanism can be used which crestes atext file
describing the unresettable events that have occurred. In the case where the check has been made in
a Javamethod a stack trace may be included.

Performance

To determine the extent to which the previousy described abstract design features succeeded, a
concrete implementation was required. We took an existing VM implementation with good and
well-understood performance characteristics and modified it to include the class categorisation, class
loaders, split hegps, middleware and transent hegp garbage collection, unresettable events, reset
processing, write barriers and context tracking functions. Since the main motivation of this project
was to prove that good performance could be achieved in conjunction with transaction isolation,
whilst retaining the function and robustness of a complete VM and J T compiler, the obvious
measures of success were the leves of performance reached. In common with other
performance-oriented projects, we alowed oursaves some additiona cycles of modification and
tuning of the origind prototype to demondrate the effectiveness of lessons learned in coding and
observing a concrete implementation.

Two main measures of performance were identified. Firgtly the cost of returning the VM to an initid
date; for thisto be considered proof of the reset concept as viable, aminima launcher would need
to be capable of completing asmall piece of Java application code and VM reset itsdlf at arate of
severa hundred or more per second. For the case of more complex, productive work such as



EJBs, the overhead added by running reset would have to be sgnificantly smadler than the duration
of the gpplication code.

The second main proof of success was to demondtrate that the overall execution rate of Java code
(between VM resets) was not decreased unacceptably by the extra path length introduced in the
VM and JT compiler - for example, method context tracking. To determine this, a sraightforward
comparison between throughput rates in resettable and non-resettable modes using internd and
public Java benchmarks was used. The determination of ‘unacceptabl€e decreasesin throughput is
not so straightforward - it ranges perhaps between 'none, through 'noise’ to some specific upper
limit. To ddiver no net lossin performance would certainly require some compensatory invention
that was specificaly only gpplicable to the resettable mode (otherwise it would aso boost
non-resettable performance). For our purposes, we set the success criterion at 90-95% of the
performance of the non-resettable mode when running in resettable mode.

Results/analysis - reset pathlength

The tests shown here were conducted using a system with 3 active processors, though in practice
the test runs single threaded. The test case measured the time to perform asmple gpplication
followed by areset, and was used to track progress during successive builds with added
optimisations againgt objectives. The rates were measured by recording the time taken to complete
either 1000, 5000 or 10,000 iterations. The increased rates at higher number of iterations are due to
greater amortisation of start-up costs ( mainly classloading and J T compilation).

Reset rates

0805
0824
0905
1008
1018
1104

Work + resets per second

1000.00 5000.00 10000.00
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This chart shows that in common with many performance-driven projects, the Perastent Reusable
JVM's reset rates have increased very sgnificantly (by afactor of up to 7) and in a series of steps
over ashort period.

Some factors have proved to strongly influence reset time -

e Ja filemanifets. A complex middleware environment can introduce jar files from avariety
of sources not entirely under the control of aJVM provider or user, and in our experience
policies on the generation and content of jar file manifests vary widdly. It was found that
amply adding jar files with large manifests to the Persstent Reusable JVM's middleware
CLASSPATH dgnificantly increased start-up time and heap footprint as well asreset time.
In most cases jar file manifests are not expected to be used in the deployment environments
for which the Perdstent Reusable VM is designed.

* Scanning of references from the execution stacks and registers of the system threads and
user thread into the Trangent Heap.

*  Runmning TraceForDirty - see section 4.2.3 for adescription.

These results show a path length comparable to atrivia transaction in this environment. The overdl
path length for more functional applications will be affected by middleware and gpplication logic,
and measurements and performance improvements are ongoing.

Resultg/analysis -throughput

The tests shown here were conducted usng a syslem with 3 active processors running a server
benchmark in resettable and non-resettable modes.

Comparison of the chart data shows -

* Inresettable mode, the Persstent Reusable VM prototype gave 94% of the performance
of the non-resettable mode. Thiswas consgtent at al measurement points. The expected
use of the reusable VM would be with asmal number of application threads - typicaly
one.

* The Peragtent Reusable VM prototype builds show smilar scaability characteristicsin
both resettable and non-resettable modes.
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Experience and Future Work

One chdlenge in this design has been to contain occurrences of non-gpplication objects holding
references to trandent object(s) at reset time. While some respongbility for this lieswith
Middleware (e.g., through TidyUp() methods), we have found situaions in which Primordia
(System) classes, when run by Middleware, have aside effect of creating such links. For example, a
common usage is for Middleware to create ajavalang.reflect. Method object to refer to the method
of an Application class that isto beinvoked. Following execution of the Application method, the
javalang.reflect. Method object is nulled, making it available for collection a the next Middleware
GC. However, resat processing finds the reference from the Middleware hegp into the Trangent
heap and forces a complete Mark phase to ensure there are no live references to the Transent
Heap (Trace For Dirty). The JVM isfound to be clean, but the damage has been done in that we
have effectively performed a complete (and expensive) GC. We address this by ensuring that any
javalang.reflect.* objects created to refer to Application classes are always alocated in the
Transent heap, preventing such cross-boundary references from occurring.

Another chalenge liesin the rdatively rigid alocation model that compels objects created by trusted
Middleware to be alocated in the Middleware hegp. A concern with the current model is that we
may sometimes violate the assumption that frequent GCsfor the Middleware heap can be avoided.
Therefore, we are exploring an adaptation that explicitly congders Middleware from two
perspectives Thefirgt views Middleware as being memoryless and utility oriented (e.g., toinvoke a
method over RMI/ITOP). Inthis case, objects dlocated by Middleware should be dlocated in the
Transent heap, so they can be quickly removed at transaction end. The second supports a more
persstent role (e.g., Middleware creates and persists buffers or pools of objects for use by
Applications). In this case, objects dlocated by Middleware persist over ResetJavaVM, remaining
in the Middleware heap.



Our experience with this design has been very vaduable. We have demondtrated that it is possible to
create areusable VM that is capable of ddivering high performance transaction processing
support.  Morework is needed, however, before this capability can be deployed in ahighly
scdable manner. In particular, it is essentid that a VM sharing scheme be employed in order to
reduce overal footprint. Since each JVM ingtance runs one transaction at atime, it is necessary to
have multiple VMs running in pardld to ddiver high levels of throughput. We have extended our
design to include sharing of classes, class metadata and J T-compiled code. We defer discussion of
this extension to a subsequent paper.
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