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Abstract. Memory is one of the scarcest resource of embedded and
constrained devices. This paper studies the memory footprin t bene�t
of pre-deploying embedded Java systems up to their activation using
romization. We �nd out that the more the system is deployed o�-b oard,
the more it can be e�cien tly and automatically customized in order to
reduce its �nal size. This claim is validated experimentally through the
production of memory images that are between 10% and 45% the size
of their J2ME CLDC counterparts, while using the J2SE API and be-
ing ready-to-run without any further on-board initialization. Embedded
solutions lik e J2ME degrade the Java environment and API right from
their speci�cation, limiting their usage perspectives. By contrast, our
romization scheme generatesand specializesa custom-tailored Java API
for embedded applications deployed in a full-
edged J2SE environment.

1 In tro duction

Embedded and constrained devicesprogramming is evolving towards more so-
phisticated and secureprogramming languages.In particular, strong e�orts have
been made during the last years to allow embedded applications to be written
in Java. However, the low amount of memory and safety constraints of these
devicesmake heavy runtime environments such as J2SE inapplicable to them.
For these reasons,stripp ed-down versions of the Java environment have been
de�ned, like Java 2 Micro Edition or Java Card.

Unfortunately , thesespecial editions of the Java environment are incompati-
ble with J2SE. For instance,Java Card doesnot support 
oating point numbers
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and featuresa �rew all that restricts accessto methods and data. Also, the APIs
of theseeditions de�ne new packagesand are thus not compatible with J2SE.

These incompatibilities and restrictions over the original Java environment
break the Java gold rule \ compile once, run everywhere". J2ME and Java Card
havebeentailored in order to support a pre-de�ned rangeof applications. There-
fore, they are unable to run standard Java applications which requirements go
beyond their restrictions. For instance, J2ME CLDC doesn't provide the JDBC
API, that o�ers a standard way to accessdatabases.However, embedding a local
databaseor databaseclient on a small device makessensefor somebusinesses;
but in order to provide Java derivatives that �t on a given range of embedded
devices,a choice has to be made as to which parts of the API are kept.

Obviously, embedding Java into small devicessuch as mobile phonesor sen-
sorsimplies a degradation of the environment at somepoint. Anyway, even if the
whole J2SEenvironment would �t into an embeddeddevice,it would still be de-
sirable to avoid embedding unusedpackagesand featuresin order to save silicon
and production costs.Providing a pared-down version of Java for thesedevices
is therefore inevitable. But conversely to the J2ME and Java Card approaches,
we support the idea that the specialization of the Java environment should not
be imposed by a speci�cation. Instead, it should be done on a per-casebasis,
according to the applicative domain of the Java programs that will run on it.

This paper is about a new deployment scheme that allows J2SE-compliant
applications to be embedded into closed, constrained devices. To allow this,
the Java API of the system is tuned and reducedaccording to the applications
needsduring an o�-b oard deployment phasecalled romization. This phaseo�ers
a complete view of the deployed system to the customization tools, which can
thus perform much more e�cien tly than classicallibrary extraction tools.

The remainder of this paper is organizedas follows: in section 2, we discuss
the deployment processand the speci�cs of Java applications deployment for em-
beddeddevices.Section3 describesromization, an o�-b oard form of deployment
suitable for embedded devices,and section 4 presents our romization architec-
ture that allows the Java API to be tailored according to the applications that
are deployed. We discussexperimental results and comparewith related work in
section 5, before concluding on our approach.

2 Deplo ymen t Schemes for Em bedded Devices

Software deployment can take various forms and interpretations. This section
presents a simple yet comprehensive model of deployment that maps the Java
classloading process.We then observe the limitations of the Java classloading
scheme for small and constrained embedded devices,and consider the existing
solutions addressingthis issue.

2.1 Application Deplo ymen t Mo del

The deployment processcovers all the steps that bring a software component
from a state where it is ready to be loaded (usually a software package) to a



state where it is ready to run on a particular environment. This includes the
installation and con�guration tasks, but also any kind of adaptation applied to
the software being installed.

An exhaustive de�nition of the deployment processcan be found in [1]. For
the purposeof this paper, we only cover the deployment tasks that are needed
to bring a software component up to a runnable state.

As shows �gure 1, a software component needsto successfullygo through
several steps before being usable. After being Released (made available for in-
stallation by a software packager), a software component is Transferred into a
target system and Con�gur ed in order to operate within its new environment.
Put together, these two steps correspond to the Instal lation task. Finally, the
component becomesoperational by being Activated (Activation task). We name
this state when a component is activated the Useful Initial State of the compo-
nent, becauseit is from this state that its installation is complete and it can be
usedby the system without any other preparation.

Released Transferred Con�gured Activ atedDep. steps

Dep. tasks Installation Activ ation

Fig. 1. The software deployment time-line. Before being used, a software component
must go through installation and activation tasks. Note that the component starts
being useful at step Activated

The above-mentioned tasks have corresponding opposite operations: an acti-
vated component can be de-activated, then re-activated, and a component can
be removed from the system by being uninstalled. The software packager can
also chooseto de-releasethe software by stopping its distribution and support.

This deployment model is mappable to the Java deployment scheme,which
consistsin loading classesinto a Java virtual machine.

2.2 Java Applications Deplo ymen t Scheme

Several full-
edged software components deployment schemesare available for
Java, like OSGi[2] or J2EE[3]. Becausethey all rely on the lower-level class
loading mechanism, we center our deployment study on it.

Java Class Loading. The classloading processis one of the core mechanisms
of Java. It can be seenas a classicalsoftware deployment solution that allows a
software package (a Java class) to be deployed into an operational system (the
Java virtual machine). We describe how the above-mentioned deployment tasks
map with the classloading stages.



The Java Virtual Machine Speci�cation[4] states that between the released
.class �le and the loaded and operational class, several distinct stages are
passedover:

At �rst, a classloader is told to create a new classfrom a binary representa-
tion (the .class format). The classis read from a binary container (usually a
�le) and its internal representation in the JVM is created. This stage gives the
state LOADED to the class,and corresponds to the transfer of the classwithin
the virtual machine (Transferred step).

Then, the external referencesof the classareresolvedduring the linking stage.
Linking can trigger the loading of several other classesthat are referenced.This
stage also veri�es the bytecodes of every method for type-safety. The class is
given state LINKED oncethis operation is �nished, a state that is equivalent to
the Con�gur ed step in our deployment model: the classis set up so that it can
be usedby the virtual machine. It should be noted, that the external references
resolution can either be done once and for all during linking (early linking ), or
be delayed to be performed just-in-time when the bytecode is executed (late
linking ). Late linking can trigger the loading of classesduring runtime, when
an unlinked referenceis met by the bytecode interpreter. Early linking prevents
this, but at the cost of loading all the classesthat are referencedin the code at
once, regardlessof whether the interpreter will actually meet them or not. On
the contrary , late linking only loads the classesreferencedif they are used at
runtime. Desktop Java implementations run on comfortable machines and have
all the necessary.class �les at hand (either on disk, or from the network), so
they usually adopt late linking. EmbeddedJava environments disposeof limited
processingpower, few storage spaceand intermitten t (if any) network connec-
tions, and therefore tend to use early linking for their class loading model in
order to avoid having to load classesduring runtime.

Finally, the classis initialized by interpreting its static statements (or class
initializer ), which are mainly used to set the initial values of static variables.
The classis READY (Activated step in our deployment model) oncethis stage
is complete, and can be used thereafter. Contrary to loading and linking, the
speci�cation imposesa precisetime for initialization to occur: right before the
�rst active use of the class. The �rst active use is basically the �rst time the
bytecode interpreter meets a referenceto the class, for instance via a static
method invocation or instance creation.

The �gure 2 shows the mapping between the deployment and Java class
loading steps.

Released Transferred Con�gured Activ atedDep. steps

.class LOADED LINKED READ YJava steps

Fig. 2. Java classloading stepsmapped to their counterparts in our deployment model



It is only when the class loading is entirely done (i.e., when the class has
reached the state READY ) that a classcan actually be usedby the virtual ma-
chine. Just asthe Activated step for a component, the READY state corresponds
to the useful initial state of a Java class.

Java System Initialization Phase. Similar to a class,the whole Java virtual
machine follows a time-line, which begins at its invocation. The Java virtual
machine �rst performs bootstrap activities to initialize itself. Then, in order to
execute a program, it createsa Java thread and loads the class that contains
the entry point of the program; typically, a static method named main. It is
only oncethe entry point classreachesstate READY that the systemcan start
executing the main method and has reached its own useful initial state (�gure
3).

Started Bootstrapp ed Useful initial stateBo ot. steps

Bo ot. tasks Class loading

Fig. 3. The Java system time-line

We label the task performed before the virtual machine reaches its useful
initial state the system initialization task. This de�nition embracesall the ac-
tivities that are performed identically every time the virtual machine is invoked
with the sameprogram, before the program is actually run.

The systeminitialization task (especially classloading) is a quite heavy pro-
cess,and can hardly (if at all) be performed by small and constraineddevices[5].
Such deviceshave to turn to alternate classloading schemes.

Alternativ e Java Class Loading Schemes. The Java classloading process
is so inadequate for embedded devices that research has been undertaken to
provide smaller, easierto load classformats or loading schemes.EJVM[6] usesa
client/serv er model to distribute the classloading burden and allow only useful
methods of a classto be loaded.Several pre-loadedclassformats have also been
developed[7], and somehave been made available on the market, like the .cap
format of Java Card[8] or JEFF[9]. They de�ne an almost ready-to-run format
for sets of Java classes,where all the symbolic referencesare resolved and the
constant pools are merged.In Java 2, Micro Edition, classesneededduring run-
time can also be pre-loaded into the virtual machine when the latter is being
compiled. Such a processis called romization.

All these class loading schemesdistribute the class loading processso that
the hardest work has not to be performed in the target device. Romization in
particular brings someinteresting opportunities to e�cien tly tailor the system,
that pre-loadedclassformats cannot bring, as we will seein next section.



3 The Romization Pro cess

Although widely usedby the embeddeddevicesindustry, romization hasevoked
few interest from the scienti�c communit y so far. To our knowledge,no publica-
tion ever studied in depth or formalized romization. In this section,we de�ne the
generalprinciples of romization and analyze the limitations of existing romiza-
tion techniques.

3.1 Principles of Romization

Romization is the processby which a software system is pre-deployed by a spe-
ci�c tool (the romizer), running on a deploymenthost, for a target device. The
inputs of romization are the bare systemand a set of components to pre-deploy
on it. From them, the romizer creates a memory image suitable for the tar-
get device that contains the system with the components already deployed on
it. Romization can therefore be quali�ed an \in-vitro" form of deployment: the
software is not deployed on its actual target, but rather inside a \test tube",
before being transferred already-deployed to its runtime device.

Romizer

Java Virtual
Machine

Java Classes

Extended
JVM

Device

Fig. 4. The romization processapplied to a Java virtual machine

Figure 4 illustrates the romization processapplied to Java: the systemis the
embeddedJava virtual machine, the components to deploy are the Java classes,
and the resulting output is a virtual machine for which all the given classesare
already loaded. This extended virtual machine can thereafter be transferred to
the target device for being run.

The memory image produced by the romizer is completely ready-to-run and
mappable to the physical memory of the device. It is intended to be placed
in Read-Only Memory, hencethe name ROMization, although other memories
can be used. In the embedded devicesindustry, romization is used in order to
instantiate the initial program of a device, that is invoked by the boot loader.
The initial state of the system on the target device is the state of the system
when it is dumped by the romizer (�gure 5).

Ideally, the initial state on the device is as close as possible to the useful
initial state. That way, the system is immediately active and useful when the
device is powered on.



Started Bootstrapp ed Useful initial stateBo ot. steps

Distribution Done by the romizer Done on the device

Initial state of the system on the device

Fig. 5. Example distribution of the Java system initialization betweenthe romizer and
the target device. The romization processlet the system be started on a deployment
host before being transferred to the target device

For Java systems,romization is mainly usedto relieve the target devicefrom
loading the applications and system classes:as we said, this phase requires a
lot of resourcesto be performed on a constrained device. Moreover, the class
loading would unnecessarilybe identically repeated every time the device is
powered on, increasingstartup times. Today's existing romization solutions for
Java are designedto addressthis issue.

3.2 Av ailable Romization Solutions

All the romization solutions studied hereafterare industry responsesto the need
of deploying Java applications on small and limited devices.They aim at pre-
venting the embedded device to load the classes,by providing them already
loaded within the embeddedvirtual machine.

Java 2 Micro Edition (J2ME). J2ME[10] is a con�gurable derivative of Java
targeted at embedded deviceswith at least 128KB of memory. It features the
Kilob yte Virtual Machine (KVM), a low-footprin t Java virtual machine.

J2ME is divided into several con�gur ations that re
ect the di�erences be-
tweenrangesof constraineddevices.The ConnectedDeviceCon�guration (CDC)
is designedtowardsstrong PDAs and set-box boxes,while the ConnectedLimited
Device Con�guration (CLDC) is more adapted for deviceslike mobile phones.
The CLDC API is a strict subsetof CDC API, which is itself a (non-strict) subset
of the J2SE API. In addition to API restrictions, CLDC also limits the virtual
machine capabilities by removing support for re
ection, objects �nalization and
by limiting error handling.

J2ME also provides a romization tool called JavaCodeCompact (JCC), that
is capableof pre-loading classesagainst the KVM so that they are immediately
available upon invocation. JCC performs the loading and linking operations of
the classes(�gure 6). The classesinitializers still have to be executed on the
target system in order to �nalize classloading, and there is no way to request
the execution of code during romization.

As output, JCC producesa C �le representing the loaded and linked form
of the classesfor the KVM. This �le is thereafter compiled and linked with the
KVM binary.



.class LOADED LINKED READ YJava steps

JCC covering

Fig. 6. The class loading activities covered by JCC

Java Card. As the tiniest 
a vor of the Java technology, Java Card[11] is tar-
geted towards devices so limited that they cannot even support the lightest
con�guration of J2ME. As its name suggests,it is primarily designedtowards
smart cards. Although basedon Java by concept, Java Card only givesa slight
taste of it. The restrictions on the virtual machine are very drastic (optional 32-
bits integers,no automatic memory collection, multithreading, 64-bits or 
oating
point operands),and the high safety needsof smart cardsapplications led to the
addition of new security mechanismssuch asthe �rew all. The systemAPI, which
needto exploit the resourcesof thesetiny deviceswith poor communication ca-
pabilities, has also very few in common with J2SE. Nonetheless,Java Card met
successin the smart card industry thanks to its high safety, portabilit y and ease
of programming when comparedto past smart card development toolkits.

The deployment of classesinto a Java Card requires an additional step to
be performed outside the device: the classesare pre-loaded into a .cap �le in a
nearly ready-to-run, yet portable acrossJava Cards, representation of the classes.
This chewed-up form is then given to the devicewhich has little more to do than
verbatim-copying the classdata to memory. For this reason,it is quite easyto
produce a Java Card virtual machine with classesalready romized in it.

The .cap �le format contains classesthat are in state READY : The class
initializers are evaluated by the .cap production tool, and static variables are
initialized on the card after a data array. However, and becauseof this, the
static initializers in Java Card are limited to (arrays of) primitiv e compile-time
constant values. One cannot, for instance, create new objects using the class
initializers, which strongly limits the pre-deployment possibilities.

3.3 Evaluation of Existing Romization Solutions

Both J2ME and Java Card are good answers to the romization problem for
their respective range of devices,as their commercial successwitness. However,
they are not going far in the deployment processregarding our de�nition of
romization.

In section 2, we de�ned the state where the system actually start to run
applications as the useful initial state. Our de�nition of romization in section
3.1 then states that the purposeof romization is to approach this state as much
as possibleoutside the target device, so that the latter doesn't su�er from the
cost of deployment. J2ME and Java Card approach the useful initial state by
pre-loading classesagainst the virtual machine. The motivations behind this
are to avoid embedding the heavy classloading mechanism if not necessary, to



reducethe virtual machine startup time, and to avert the needof having a copy
of the classesavailable (either locally or from a network).

However, by limiting their romization capabilities to thesesolepoints, J2ME
and Java Card are unable to do complete software pre-deployment. The de-
ployment cost is indeed reduced by the class pre-loading, but nothing is done
regarding higher-level components initialization or activation. For instance, it is
possible to pre-load the classesof an OSGi component during romization, but
not install or activate it in the OSGi sense.Moreover, classloading is not even
completely covered by JCC, which leaves the classesinitialization to the tar-
get device, and by Java Card, which considerably limits the classinitialization
capabilities. In the end, and although the most costly part of the deployment
is done by the romizer, a non-neglectablepart of the system and applications
deployment must still be performed on the target device (�gure 7).

Started Bootstrapp ed Useful initial stateBo ot. steps

Bo ot. tasks Class loading

Distribution JCC covering

Initial state of the system on the device
Initialization tasks done on the device

Fig. 7. The part of the Java system initialization covered by JCC. JCC only covers
class loading partially , and leaves a consequent part of the initialization task to the
target device

This incomplete system initialization during romization has more conse-
quenceson the �nal system than the minor annoyanceof a longer startup time.
Indeed, it is commonto apply customizations to the systembeing deployed dur-
ing romization: JCC for instance can be given a list of the classes,methods and
�elds to romize. Elements not mentioned in this list are omitted in the system
memory image. This selection allows the romized system to keep a reasonable
memory footprin t by not including uselesselements of the system.

Let's considerthat wewant to romize the classicalHelloWorld program, that
usesthe standard output stream (System.out ) to display a constant string. The
Systemclasscontains the standard output stream,but alsorefersto several other
kinds of streamsthrough System.in and System.err , to the systemProperties
and SecurityManager , and so on. Since the romizer works with early linking,
all these referencesare recursively loaded when the romizer loads the System
class.This meansthat for a single \Hello, World" displayed on the screen,one
would need to load dozensof classesthat are not used at runtime and occupy
many kilobytes of preciousmemory. With JCC, the systemproducer can decide
by hand to limit the romization of the class System to the static �eld out ,
disregarding uselessreferencesto other classes,�elds and methods.



Determining which parts of the system and applications classesare needed
canbedoneusinga call-graph resolution algorithm[12], run from the entry points
of the system.Many library-extraction tools[13,14] usethis technique to extract
a minimal subset of a library , that will behave identically with respect to the
original library for a given set of applications. Call graph analyzesare used to
explore all the possiblepaths of a program and mark the classes,methods and
�elds that are likely to be accessedby it. A call graph analysis requires the
knowledgeof the program entry points, and give better results if it is provided
static information about the system. For instance, knowing the initial valuesof
somevariables can help removing paths in the call graph, and thus keepingless
elements. The romizer looks like a good place to perform call graph analyzes,
becauseit hasa completeview of the systembeing deployed: if the romizer were
capable of going as far in the system initialization as creating the applications
threads, it would know the entry points necessaryto compute the call graphs. If
it could initialize the classesand deployed software components, it would dispose
of static information useful for further paths elimination and code simpli�cation.
Moreover, in addition to providing a great context for call graph analyzes,the
romizer would also be the direct bene�ciary of their results.

We can see that there is a great promise of system customizability for a
romization schemecapableof handling deployment in a more complete manner.
The next sectionsdescribesand evaluate a romization framework proposal that
targets this purpose.

4 A New Romization Scheme

As we have seen,the romization solutions presented in the previous section limit
their activities to part of class loading. By contrast, in order to increasethe
customization potential of the system, we need a solution that can not only
handle the classloading completely, but also any software component layer that
could be usedon top of it. This way, the deployment could be covered in a more
completemanner by the romizer, and the useful initial state of the systemcould
e�ectiv ely be approached o�-b oard. Doing sowould not only reducethe startup
time, but more importantly would open the way to e�cien t call graph analyzes
that allow to remove unused parts of the system and greatly reduce the �nal
memory footprin t.

4.1 System Initialization Task Distribution

The romization solutions studied earlier weresimple classpre-loaders,that only
perform a small part of the systeminitialization. In order to cover a larger range
of initialization activities, a romizer has to include more features according to
the additional operations it needsto support.

The following is a list of all the initialization tasksperformedin order to reach
the useful initial state of the system, and an evaluation of their applicabilit y
within a romizer:



Initializing the hardw are: Since the romizer has no accessto the hardware
of the target device, it cannot perform this very �rst step. Anyway, the
hardware losesits state when the device is switched o�, so this operation
needsto be done every time the device is powered on.

Bo otstrapping the system: This operation consistsin initializing the virtual
machine internals in order to make it usable: for instance, setting up the
heap or the bytecode interpreter. If the romizer can determine the suitable
post-bootstrap system state, it can dump a binary image with thesevalues
already set up. Somesysteminitializations may rely on the executionof Java
code, especially if deepparts of the systemare programmed in Java. In this
case,the romizer must include a bytecode interpreter to executethem.

Loading, linking and initializing classes: This part is the only onecovered
by existing romization tools like JCC. However, without a bytecode inter-
preter, the classescannot be initialized (which would involve executing the
class initializers). Also, the class loading mechanism is often just a layer
above which a real software component framework like OSGi relies. In this
case,the components deployment is only partially covered by the romizer
unless an execution environment is provided to cover the registration and
activation of the software components.

Creating the threads: Once the classesof the applications are loaded, their
threads canbe created.The only requirements areproperly initialized classes
and objects creation capabilities from the romizer, so that a thread object
can be created. This step is crucial for further systemcustomizations: With
the applications threads at its disposal, the romizer can infer information
about the system that are useful for a customizer, like the call graph.

Running the threads: The Java threads might needto run until a givenpoint
before the useful initial state is reached. A commonsituation is a systemfor
which the entry point is an OSGi implementation, which needsto be run
in order to deploy the applications bundles. Executing the threads requires
a full-
edged system to be performed safely: the romizer must have imple-
mentations for the native methods, and must be capableof running the Java
code as if it was the target device itself.

In order to completely deploy the Java applications, the romizer thus needs
to be able to perform runtime operations like executing bytecode or creating
objects. A romization architecture covering the deployment activities we listed
must therefore be basedon a complete virtual execution environment.

4.2 General Arc hitecture

We divide our romization architecture into three main parts that interact with
each other (Figure 8). The Environment is a virtual execution environment
(VEE), in which the system to romize is prepared. The Dumper takesthe Java
objects pool of the Environment as input and, as its name states, dumps them
into a representation that is suitable to be usedwith the runtime environment.
Finally, the Builder receives the output of the Dumper and creates the �nal
system by assembling it with the runtime environment.



The Environmen t: A virtual execution environment that appears like a real
Java runtime environment to the applications. It includes a class loader, a
memory manager and a bytecode interpreter. The Environment allows the
user to deploy and executethe system up to the point consideredto be the
\useful initial state". It also provides meansto introspect the objects graph
and to modify the objects of the system.

The Dump er: Its purposeis to create a memory representation of the objects
contained in the Environment, correctly mapped with the physical mem-
ory of the target device.The Dumper must know about the devicememory
mapping (quantit y, location, accessmeans and properties of the di�eren t
memories). It parsesevery object of the Environment and decidesa desti-
nation memory for each of them according to placement policies. Then, it
dumps a representation of the di�eren t memory sectionsand their objects
that is passedto the builder for being linked with the runtime support layer
of the target device.

The Builder: The Builder coordinates the actions of the two other romization
parts with the building tools like the compiler to producethe memory image
of the deployed system. It controls how the system is built according to the
target device: which compiler to invoke, with which options, which set of
native methods to use, and so on. It also decidesthe parts of the runtime
support layer to include and how to tune them accordingto systemproperties
provided by the environment. For instance, if the environment assertsthat
the code it contains never allocates a single object during runtime, it is
uselessto include a memory managerin the generatedsystem.The embedded
bytecode interpreter canalsobe tuned in order not to support bytecodesthat
are absent in the code.

In a typical scenario, a user who wants to create a memory image of an
embedded Java system that runs the HelloWorld OSGi bundle will proceed
as follows: First of all, the building pro�le and memory mapping of the target
device are given to the Builder and the Dumper. Then, the user asksthe Envi-
ronment to run the OSGi framework, by invoking the former with the latter as
parameter, as with a regular Java runtime environment. The OSGi framework
starts running into the Environment: the bundle can be loaded and initialized
using the interaction means provided by the OSGi framework. The user then
sets a \breakp oint" (similar to a debuggerbreakpoint) on the main method of
the bundle (which marks the useful initial state of the bundle) and asksOSGi
to activate the bundle. This action requeststhe execution of the main method,
and causesthe environment to freezewhen meeting the breakpoint: the system
has reached the state desiredto be the initial state on the device.At this point,
the bundle is totally deployed and the OSGi deployment facilities are no more
used.

When the Environment has reached the initial state that the user wants for
the target device,it canbe dumped. But prior to doing so,it is opportune to take
advantage of all the static informations that are provided by the fully-deployed
system to customize it. The customization opportunities and their e�ects are
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Fig. 8. The proposedromization architecture

described in detail in section 4.3. They a�ect the Environment by suppressing
its uselessparts, and by transforming some objects (for instance, objects for
which an unused�eld can be removed, or methods that have beenspecializedto
their calling context). The customized system also provides information to the
Builder, like which classesare to be eventually included in the memory image,
or which bytecodesare used(for tuning the embeddedbytecode interpreter).

This �nal Environment state is given to the Dumper which, using the mem-
ory layout provided earlier and its memory placement policies,createsthe mem-
ory image of the Environment objects, correctly spread between the di�eren t
memories of the target device. It is then up to the Builder to tune the hard-
ware support layer according to the Environment properties, and to compile
the necessarypart of the support layer along with the memory image given by
the Dumper. The result of the compilation processis the ready-to-run mem-
ory image of the embedded system, at the state it had when the Environment
was given to the Dumper. This memory image is �nally burnt on the physical
memory of the target device. When powered on, the target device immediately
executesthe main method of the HelloWorld bundle that hasbeendeployed, as
it simply continues the execution of the system from its �nal state within the
Environment.



It shouldbenoted that not all systemstatesaresafelydumpable.Typically, it
has no purposeto dump states that contain non-serializableobjects like opened
network sockets or �le descriptors.

The next subsectionlooks at the customization opportunities before the ob-
jects are passedto the dumper.

4.3 Customization Opp ortunities

As stated in the previous subsection and on �gure 8, there are two kinds of
customizations that can be performed on the romized system:

1. The customization of the Environment, done by tailoring or suppressing
someof its objects,

2. The runtime virtual machine customization, done by the Builder, that se-
lects and tailors the parts of the support layer to keep according to the
Environment properties.

They are to be performed in the given order, sincetailoring the Environment
might in
uence on how the runtime virtual machine is to be customized. The
customization of the virtual machine is planned for future work, we are concen-
trating in the present article on the customizationsapplied to the Environment.

Customization of the Environment occurs right before its objects are given
to the Dumper: when the frozen system has reached its initial state on the de-
vice. The customizer �gures out a transformation of the Environment that will
perform the further execution of the systemidentically with respect to the orig-
inal Environment, but is optimized for sizeand performance.The customization
processstarts by a call graph analysis from the current threads states to mark
all the possiblepaths the embeddedbytecode interpreter could go through. The
advanced deployment state of the system helps removing unreachable paths:
�rst, the call graph runs on live stacks, which contain objects of known type and
known value. This allows, for instance,to resolvevirtual methods invocations[15,
16]. Moreover, at the time the system is running, we have many instantiated
static objects that won't change during the program execution, which allows
their valuesto be inlined.

The call graph obtained also gives information about which classes,meth-
ods and �elds are potentially neededby the program. All the �elds, methods
and classesnot referencedin this call graph can safely be removed from the
Environment, unless they are to be called later by dynamically loaded classes
(in this case,the call graph can be completed with a list of \p otential" entry
points). The call graph can actually tell much more than just which objects are
reached by the program 
o w: it can also provide additional information about
the objects, like whether they may be written or not. Such information is useful
for the placement managerof the Dumper to determine the destination memory
of objects (objects that are never written can safely be placed in Read-Only
Memory).



A secondcustomization pass is then run on the remaining objects, in or-
der to tailor them for their runtime usage.The most frequently concernedob-
jects are Java methods, which can be simpli�ed using partial evaluation with
the static information of the Environment. For our HelloWorld example, the
method println is only called from one context, with a static argument: it can
therefore be specialized for this unique usage,and the string argument can be
removed. Following the sameprinciple, variables can be replaced by constants
whereapplicable, conditionals on known valuescan be removed,virtual methods
call can be turned into static ones,and so on.

Finally, decisionsmay be taken as to how the objects are to be outputted
by the Dumper. Java methods which are found out to be critical (either by the
code analyzer or the user) can be compiled into native code by an ahead-of-time
compiler for maximum e�ciency , at the cost of a larger memory footprin t. The
compiler can take advantage of all the static informations gathered during the
call graph analysisto optimize the code, like omitting runtime exceptionschecks
for proven sites.

All these customizations a�ect the deployed Environment and aim at pro-
ducing the most compact memory image of the Java system tailored for the
applications that are (or are to be) deployed on it. The e�ciency of applying
thesecustomizations at activation time is evaluated in the next section.

5 Exp erimen tal Results

Our romization architecture has been implemented into the Java In The Small
(JITS[17]) platform. This sectionevaluatesour approach by measuringthe mem-
ory footprin t of the image generated by the Dumper (including all the Java
objects of the system, loaded classes,methods, etc.) at di�eren t stagesof the
deployment process.

5.1 Metho dology

The memory footprin t generatedby JITS has been evaluated on three bench-
marks. The HelloWorld benchmark is the typical exampleof a minimal program
which �nal memory footprin t should be very low. AllRichards is a much bigger
benchmark (78 classes)that simulates 7 di�eren t implementations of an oper-
ating system kernel task dispatcher. Finally, Dhrystone is a small benchmark
made of a few classes,mainly used for integer performance evaluation. Its in-
terest for our measurements residesin its memory allocations within the class
initializers.

The customizations implemented in the Environment customizer are the re-
moval of unreferencedobjects, classes,�elds or methods, and the modi�cation
of the classesstructure to suppressentries for unused �elds and methods. The
call graph computer implements constant propagation and static classhierarchy
analysis[18]in order to detect inapplicable paths. It also marks all the objects
likely to be accessedduring runtime.



The measurements are performed as follows: for each benchmark, the main
classis loadedinto the Environment. The classloader then resolvesand loadsall
the necessarydependencies.After this, the system is brought up to the desired
state, and dumped into a C �le containing the de�nition of all its Java objects.
This C �le is thereafter compiled using GCC 3.4.3 for the i386 platform with
optimization level 2, and stripp ed. The �nal measurement is the size of the
stripp ed object �le.

We compare our measurements obtained using JITS with the equivalent
memory imagegeneratedby running JCC on the CLDC con�guration of J2ME,
version1.1, including the standard CLDC API aswell as the benchmark classes.
The C �le generatedby JCC is compiled and evaluated using the sameprotocol.

The measurements performed on JITS cover, for each benchmark, the size
of the memory image generatedby the Dumper at the following stagesof the
system deployment:

Transferred All the classeshave state LOADED ,
Con�gured All the classeshave state LINKED ,
Activ ated All the classeshave state READY, and the benchmark thread is

created (but not started). This stage is consideredto be the useful initial
state of the system for thesebenchmarks.

5.2 Results

Table 1 shows the sizesof the memory imagesgeneratedby JITS at the di�eren t
deployment stages,as well as the equivalent imagesgeneratedby JCC.

The column labelled Transferred shows the size of the system when all the
classesnecessaryfor the benchmark are in state LOADED . The size of all the
bare .class �les necessaryfor the benchmarks to load and run is of 636Kbytes
for HelloWorld , 1014Kbytes for AllRichards and 664 Kbytes for Dhrystone .
We can seethat the loaded form of the classesis much lighter than the original
.class �les, mainly becausemany constant pool entries containing symbolic
referencescan be discardedat that point, depending on the classloading mech-
anism used[19].However, at this stage no static information is available that
would allow the customizer to suppressobjects.

Linking the classestogether brings the systemto state Con�gur ed. This stage
leaves more constant pool entries unreferenced(those whosesole purposeis to
give the symbolic name of references),which can be suppressed.Another bene-
�cial side-e�ect of this state is that more system objects reach their �nal state.
This stage, which is the stage at which JCC dumps the classesit loaded, gives
us memory imagesof 242 Kbytes for HelloWorld , 321 Kbytes for AllRichards
and 248 Kbytes for Dhrystone .

The Activated column gives the size of the memory dump obtained when
going further in the deployment process:the classesinitializers are executed
by the Environment, and the applications threads are created. This allows the
customizer to compute the call graph, remove uselessobjects, and tailor the



Table 1. Sizes(in Kbytes) of the memory imagesgeneratedby JITS and J2ME CLDC

Benchmark
JITS

Transferred Con�gur ed Activated
HelloWorld 307 242 11
AllRichards 410 321 70
Dhrystone 314 248 86

Environment. The �nal sizeobtained for HelloWorld is 11 Kbytes: the minimal-
ist semantics of the program leads to a system of minimal size. AllRichards
displays a size of 70 Kbytes, of which 58 Kbytes are made of its many classes
and methods. Since all the code of this huge program is executed at runtime,
it is romized entirely; however, we found out that the amount of system classes
kept in the memory image is almost as low as for the HelloWorld benchmark.
Dhrystone 's �nal 86Kbytes may seemsurprising whenconsideringthat its mem-
ory footprin t for the others deployment stagesis very similar to HelloWorld 's.
They are however understandable regarding the class initializers: this bench-
mark, amongst other smaller allocations, allocatesan array of 65 Kbytes in its
classinitializers. If we disregardthis dynamically allocated data, we �nd a sizeof
14 Kbytes for all the others objects of the system. Would the system have been
romized earlier, this memory would anyway have beenallocated by the device.

These results are very supportiv e to our initial claim: going further in the
deployment processduring the romization of the system provides all the infor-
mation neededto tailor it e�cien tly . In particular, the customization process
allowed us to get rid of the uselessreferencesin the J2SE API, and to obtain
the �tting derivative of it for the benchmark being deployed.

The graph of �gure 9 comparesthe footprin t of the memory imagesgener-
ated by JITS at state Activated against their J2ME CLDC counterparts. JITS
generatesclosed memory images that are up to 90% smaller than their open
J2ME equivalent: this is explained by the customization phasewhich tailors the
API and benchmark code in order to extract and customizea minimal subsetof
it. The remaining Java API is �nely adapted to the runtime needs,and therefore
better-suited than the static J2ME API. It should be noted, that since J2ME
doesn't initialize the romized classes,the memory allocated dynamically in the
classinitializers is not included in the dumped image.This detail is signi�can t for
the Dhrystone benchmark, so we represented this amount of memory, which is
allocated on the target device,by the dashedpart of its graph bar. We thus gain
about 90 KBytes on J2ME for the AllRichards and Dhrystone benchmarks,
while the J2ME systemsretain the possibility to load classes.

Comparing our results at stage Con�gur ed against JCC is also interesting,
becauseat this stage the classeshave equivalent states on both systems.J2ME
get better results,which is explainedby several factors. First, JITS hasmany core
parts of the systemwritten in Java, which are therefore included in the memory
image. For instance, the system classloader of JITS is written in Java, whereas
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the J2ME oneis written in C and is therefore not counted in our measurements.
The main reason,however, is that the system deployed by JITS usesthe J2SE
API, which has much more classesthan J2ME and much more links between
them. On the HelloWorld benchmark, JCC romized 99 classes,while loading
and linking the HelloWorld class in JITS resulted in loading 142 classes.The
customization phase, that frees the J2SE API from all the uselesselements,
can not be performed e�cien tly at this stage. Therefore, at this point of the
deployment process,or for systemsthat need to remain open, using light APIs
likeJ2ME is justi�ed and indeedmoree�cien t - besides,they havebeenspeci�ed
to addressthesepreciseissues.

It is also pertinent to compare our results with classical library extractors.
In[13], Raysideet al. obtained an extracted library sizeof 328Kbytes for the Hel-
loWorld program, using the J2SEAPI. While the entit y measured(the unloaded
bytecode) is not directly comparable with our results, the subset still compre-
hends122classesand onecan predict that the loadedextracted library will still
occupy between one or two hundreds of kilobytes in memory once loaded into
the virtual machine. The library extractor operates on a non-deployed system
and therefore has few cluesabout the possibleruntime behavior of the system.
On the opposite, the JITS customizeroperateson a deployed systemand knows
all the typesand valuesof entry points parameters(which are on the stack), as
well as many static objects.

The conclusion of our experiments is that the more the system is deployed
within the romizer, the more it can be tailored for its runtime needs.In par-
ticular, if the applications threads are available, the romizer is able to use this
information to extract and customizethe �tting subsetof the systemAPIs that
is necessaryfor runtime: in our experiments, the customization phase always
leadedto a �nal memory image that is much lighter than its J2ME counterpart,
while the romizer worked on the whole J2SE API. Contrary to J2ME, which re-
stricts the system API right from its speci�cation, our approach holds the API
specialization until the deployment of the system, resulting in an per-casecus-



tomization that is more adapted, and only comprehendsthe features useful for
runtime. However, our approach forbids loading classeson a customizedsystem
that havenot beenevaluated (and thereforeknown) at the time of customization.

Our experiments alsocon�rmed that, if the systemis only partially deployed
during romization, a dedicatedAPI like J2ME clearly outperformsthe J2SEAPI
in terms of memory image footprin t.

6 Conclusion

We presented a romization architecture capableof generatingvery small memory
imagesof closedJava systemsfor applications written using J2SE. Experiments
show that going further in the system deployment within the romizer allows
the latter to perform very preciseanalyzeson the deployed Java system. These
analyzescan then be used by a customizer to extract a custom-tailored subset
of the large J2SE API for the applications being deployed. The resulting system
is therefore broadly adapted to its runtime needsand shows a much smaller
memory footprin t than the equivalent systemobtained with static solutions like
J2ME, while preserving full J2SE compatibilit y for applications development.

Contrary to solutions like J2ME or Java Card, our architecture makes no
initial assumption about the kind of applications that it will run, or the kind
of device that will be used. Therefore, it imposesno upper-limit to the system
capabilities: the generatedsystemis the smallestpossibleJava subsetthat allows
the deployed applications to run on the given device.

We seemany perspectivesfrom this work. They include the implementation
of more customization tools (particularly code specializers), in order to study
how they behave in the favorable romization environment. Another short-term
study point is the e�cien t customization of the embeddedJava virtual machine
the romized applications are linked with. The system informations brought by
the romizer could also probably be usedin order to improve the results of other
algorithms, likeWorst CaseExecution Time computation. Finally, an openprob-
lem is the extensibility of our solution. Our current implementation gives very
small closedsystems,yet it may be desirableto extend them.
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