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Abstract— End-to-end middleware predictability is essential
to support quality of service (QoS) capabilities neededby dis-
trib uted real-time and embedded(DRE) applications. Real-time
CORBA is a middleware standard that allows DRE applications
to allocate, schedule,and control the QoS of CPU, memory, and
networking resources.Existing Real-time CORBA solutions are
implemented in C++, which is generally more complicated and
error-prone to program than Java. The Real-Time Speci�cation
for Java (RTSJ) provides extensions that enable Java to be
used for developing DRE systems.Real-time CORBA does not
curr ently leverage key RTSJ features, such as scopedmemory
and real-time thr eads.Thus, integration of Real-Time CORBA
and RTSJ is essential to ensure the predictability required for
Java-basedDRE applications.

This paper provides the following contributions to the study
of middleware for DRE applications. First we analyze the
architecture of ZEN, our implementation of Real-time CORBA,
identifying sourcesfor the application of RTSJ features.Second,
we describe how RTSJ features, such as scoped memory and
real-time thr eads,can be associatedwith key ORB components
to enhance the predictability of DRE applications using Real-
time CORBA and the RTSJ. Third, we perform preliminary
qualitati ve and quantitati ve analysis of predictability enhance-
ments arising fr om our application of RTSJ features. Our
resultsshow that useof RTSJ featurescan considerably impr ove
the predictability of DRE applications written using Real-time
CORBA and Real-time Java.

Keywords. Distributed Real-timeand EmbeddedSystems,
Real-timeCORBA, Real-timeJava.

I . INTRODUCTION

DRE systemsare becomingincreasinglywidespreadand
important.CommonDRE systemsincludetelecommunication
networks (e.g., call processingservices),processautomation
(e.g., hot rolling mills), and defenseapplications(e.g., total
ship computing environments).Real-time CORBA [1] is a
rapidly maturingstandardmiddlewaretechnologythat allows
DRE applications to con�gure and control the following
resources:�

Processorresources via thread pools, priority mecha-
nisms,and intraprocessmutexes;�

Communicationresources via protocol properties;and
explicit bindingswith non-multiplexed connectionsand�

Memory resourcesvia buffering requestsin queuesand
boundingthe sizeof threadpools.

Experienceduringthepast� ve years[2]–[5] demonstratesthat
Real-timeCORBA hasbeensuccessfullyusedto developmid-
dlewarefor DRE applications,just asCORBA [6], COM+ [7],
and Java RMI [8] have been applied in the businessand
desktopdomains.

Although the Real-time CORBA speci�cation was inte-
grated into the OMG standardin 1998, it has not been
adopteduniversally by DRE application developers.A key
barrierto adoptionarisesfrom thesteeplearningcurve caused
by the complexity of the CORBA-C++ mapping [9]–[11].
To addressthis problem, the Java programming language
hasemerged as an attractive alternative. SinceJava has less
inherentand accidentalcomplexity than C++, it is easierfor
application programmersto master it. Java also has other
desirablelanguagefeatures,such as strong typing, dynamic
classloading, re�ection/introspection,and native supportfor
concurrency andsynchronization.

Conventional Java runtime systemsand middleware have
historically beenunsuitablefor DRE applications,however,
due to

1) The under-speci�ed scheduling semantics of Java
threads,which can lead to the most eligible threadnot
alwaysbeingrun.

2) The ability of the Java GarbageCollector (GC) to
preemptany other Java thread,which can yield very
long preemptionlatencies.

3) The lack of a standarddistributed computing model,
which leadsto ad hoc mechanismsfor communicating
betweendifferentnodesin a DRE application.

To addressproblems1 and 2, the Real-time Java Experts
Group has de�ned the RTSJ [12], which extends Java in
severalways,including (1) new memorymanagementmodels
that allow accessto physicalmemoryandcanbe usedin lieu
of garbagecollection and (2) strongerguaranteeson thread
semanticsthan in conventional Java. To addressproblem 3,
we have implementedZEN, which is an an open-source1

RTSJ-basedReal-timeCORBA ObjectRequestBroker (ORB)
that combinesthebene�ts of thesetwo standardtechnologies.
ZEN is portedto boththeTimeSysRTSJreferenceimplemen-
tation [13] (which usesa virtual machinearchitecture)and

1Thesourcecodefor ZEN canbedownloadedfrom www.zen.uci.edu .



jRate [14] (which usesan ahead-of-timecompiler architec-
ture).

ZEN is inspiredby many of the patterns,techniques,and
lessonslearned in The ACE ORB (TAO) [15], which is
our other open-sourceimplementationof Real-timeCORBA
written in C++. Our prior publishedwork on ZEN focused
on (1) the extensiblecomponentarchitecture[16] of its ORB
Core [17] and Object Adapter [18] layers and (2) the pre-
dictable demultiplexing strategies [19] that it usesto ensure

�����	�

lookup time irrespective of the depth of the Object
Adapter hierarchy. This paperextendsour earlier published
work by focusing on a previously unexplored dimensionin
real-time middleware: the integration of RTSJ features to
support Real-timeCORBA. Our results show that effective
use of RTSJ featuresto implement Real-time CORBA can
considerablyimprove the predictability of DRE applications
written usingReal-timeCORBA andJava.

The remainderof this paperis organizedas follows: Sec-
tion II provides an overview of the RTSJ focusing on its
threadand memory models;Section III describesthe main
problemsthat arosewhile designingZEN usingconventional
Java implementations,analyzesthe critical request/response
codepathwithin ZEN to identify sourcesfor theapplicationof
RTSJfeatures,illustrateshow RTSJfeaturescanbeassociated
with key ORB componentsto enhancepredictability, and
empirically analyzeshow the application of RTSJ features
improvedpredictability;SectionIV summarizeshow our work
on ZEN relates to other researchefforts; and Section IV
presentsconcludingremarks.

I I . OVERVIEW OF REAL-TIME JAVA

Java hastraditionally not beensuitablefor developingreal-
time systems[20]. The RTSJ extends the Java API and
re�nes the semanticsof certainJava constructsto supportthe
developmentof real-timeapplications.The guiding principles
followed by the designersof the RTSJspeci�cation include:�

Backward compatibility with the Java 2 platform�

No syntacticextensionto the Java language,i.e. no new
keywords�

Write oncecarefully, run anywhereconditionally�

Address current real-time practicesand provision for
future advances

This section presentsa brief overview of the memory and
threadingextensionsprovidedby the RTSJ.A comprehensive
discussionof RTSJ features,and programmingtips appears
in [21]. SectionIII, thendescribeshow thesefeaturesmay be
appliedeffectively within Java basedmiddlewaresolutionsto
ensurepredictability requiredby DRE systems.

A. MemoryModel

Garbagecollection(GC) is unsuitablefor real-timesystems.
Although there have been several advances in GC algo-
rithms [22], [23], the RTSJ hasdevisedmemoryregions that
bypassGC, giving applicationprogrammerscontrol over the
time at which memoryis allocatedand reclaimed.The RTSJ
extends Java's memory model by providing other memory

areasthanjust theheap.Thesememoryareasarecharacterized
by the lifetime of the objectsin the areasandtheir allocation
times.Figure1 depictstheclasshierarchyfor thenew memory

MemoryArea

ScopedMemoryImmortalMemory ImmortalPhysicalMemory HeapMemory

VTMemory LTMemory LTPhysicalMemory VTPhysicalMemory

Fig. 1. Hierarchyof Classesin the RTSJMemory Model

areasprovided by the RTSJ including:�

Immortal memory. The RTSJintroducesthe conceptof
immortalmemory, whereallocatedobjectshave thesame
lifetime as the Java Virtual Machine(JVM). The disad-
vantagewith immortalmemoryis thatobjectsallocatedin
it arenevergarbagecollected.Thus,memoryleakswould
eventually causean applicationto run out of immortal
memoryanddie.�

Physical memory. The RTSJ also allows direct access
to raw memory. Every RTSJ implementationmanages
the allocationof memoryto physicalmemoryallocation
objects,e.g LTPhysicalMemory andVTPhysical-
Memory. The RawMemoryAccess class provides a
safemethodof accessingmemorythroughpointers,mak-
ing it easyfor RTSJapplicationsto implementmemory-
mappedI/O.�

ScopedMemory. Like immortalmemory, ascopedmem-
ory areais not garbagecollected.Unlike immortalmem-
ory, however, the lifetime of a scopedmemoryregion is
not persistent.Instead,it is referencecounted,indicating
the number of active threadsin that region. After the
count drops to zero, the memory region is considered
inactiveandobjectsallocatedin it are�nalized. TheRTSJ
speci�cation provides scopedmemorieswith linear and
variableallocation times (LTMemory, and VTMemory,
respectively).

B. ThreadModel

The RTSJ extends Java's threading model and intro-
ducesRealtimeThread andNoHeapRealtimeThread
(NHRT) Threads.The relationshipbetweenregular Java and
real-time threadsis shown in Figure 2. As shown in the

«Interface»
Schedulable

RealtimeThread

Thread

NoHeapRealtimeThread

Fig. 2. RTSJReal-timeThreadclassHierarchy



�gure, a real-timethreadis alsoa normalJava thread.Further,
a real-time thread is also a Schedulable object. The
RTSJ de�nes that every schedulableentity implementsthe
Schedulable interface.The executionof Schedulable
entities is managedby the schedulerthat holds a reference
to them. Every RTSJ compliant implementationsprovides a
priority preemptive schedulerthat candistinguish28 different
priorities.

NHRT threadsare special real-time threadsthat do not
“touch” the heapi.e., they cannot load or store a reference
to an object in the heap.NoHeapRealtimeThread can
thereforehave execution eligibility higher than the garbage
collector.2. The schedulercontrolsthe executioneligibility3.

The new RTSJ memory areas,e.g., scopedmemory and
NoHeapRealtimeThread , hold great promise for Real-
time CORBA developerssincethey bypassthegarbagecollec-
tor. By allocatingReal-timeCORBA internalobjectsin these
areas,demandgarbagecollection (i.e., when operatornew
cannot�nd enoughmemory)can be reduced.Properuse of
scopedmemory in conjunctionwith real-timethreadswould
reducethe interferencewith the GC, therebyenhancingthe
predictabilityof the system.SectionIII-D providesempirical
resultsthat quantify predictability improvementsby the asso-
ciation of RTSJ featuresin ZEN.

I I I . ENHANCING THE ZEN ORB USING THE RTSJ

The OMG Real-time CORBA speci�cation was adopted
several years before the RTSJ was standardized.Real-time
CORBA's Java mapping therefore does not use any RTSJ
features,suchasNoHeapRealtimeThread andScoped-
Memory. To have a predictableJava-basedReal-timeCORBA
ORB like ZEN, however, it is necessaryto take advantageof
RTSJ featuresto reduceinterferencewith the GC andensure
predictability.

This section�rst identi�es problemsin the original design
of ZEN, which wasinitially basedon regular (i.e., non-RTSJ)
Java. We thenanalyzea typical end-to-endcritical codepath
of aCORBA requestwithin theoriginalZEN ORB,whichwas
basedon regularJava.Basedon this analysis,we describehow
we areenhancingZEN to useRTSJfeatures,suchasreal-time
threadsandscopedmemory, to improve its predictability.

A. Problemsin the Original Designof ZEN

In theoriginal architectureof ZEN [17], shown in Figure3,
key ORB componentsthat are involved in request/response
processing(such as acceptors,connectors,transports,and
thread pools) were originally allocated in the heap. This
architecturesuffered from the following problem: the ORB
allocatesseveral temporary objectsduring the processingof
a remoterequest/response. This allocationcanleadto demand
garbage collection, i.e., executionof the GC when the Java

2The RTSJ v1.0 speci�cation statesthat the NoHeapRealtimeThread
alwayshasexecutioneligibility higherthantheGC,but this hasbeenchanged
in the RTSJv1.01.

3Executioneligibility is de�ned asthe positionof a schedulableentity in a
total orderingestablishedby a schedulerover the availableentities[24]. The
total orderdependson the schedulingpolicy.

new operatorcannot�nd enoughmemory. Further, the JVM
also allocatesheap memory as part of its execution which
additionally entails garbagecollection. Executionof the GC
can causeunboundedpreemptionlatency to the threadpro-
cessingtherequest.The situationis exacerbatedif the request
is critical (i.e., highestpriority), which canbe catastrophicfor
certaintypesof safety-andmission-criticalDRE applications.
To eliminatepriority inversionsrelatedto invocationsof the
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Fig. 3. The Original ZEN ORB Architecture

garbagecollectorduring a requestupcall, it is essentialthat:�

ZEN avoids heap allocation by exploiting the RTSJ
scopedand immortal memory�

Key ORB componentsbe allocatedeitherwithin scoped
or immortal memory that would not cause demand
garbagecollection.

The aforementionedfactorswould minimize the interference
with theGC enhancingthepredictabilityof theORB andDRE
application.

Our redesignof ZEN for Real-timeCORBA beganby iden-
tifying theparticipantsassociatedwith processinga requestat
boththeclient andserversides.For eachparticipantidenti�ed,
we associatedthe componentwith non-heapregions and
resolved challengesarising from this association.Allocating
key ORB objectswithin scopedor immortal memorywould
not causegarbagecollection,thusminimizing the interference
with theGC andenhancingthepredictabilityof theORB and
DRE application.

B. ApplyingRTSJFeaturesto ZEN

a) RTSJapplicationgoals: Thegoalsfor applyingRTSJ
featuresto ZEN include:�

Minimizing interfer encewith GC. Garbagecollection
is generallyconsideredto be unsuitablefor DRE appli-
cationswith stringent real-time requirements.Although
therehave beenrecentadvancesin GC algorithms[22],
[23], the Java GC canpreemptany threadin the system,
leadingto thethreadincurringunacceptablylongpreemp-
tion latencies.A key goal of ZEN is thereforeto avoid
allocatingcritical ORB componentsin heapmemory to
reducethe numberof GC sweeps.
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Compliance with the CORBA speci�cation. To pre-
serve compliancewith the Real-time CORBA speci�-
cation, the RTSJ featuresmust be incorporatedwithin
ZEN's ORB Core and Object Adapter layers without
requiring any modi�cations to the Real-time CORBA
speci�cation. Options that require the end-userto be
RTSJ-aware, suchas associatingscopedmemoryat the
POA level, are provided as non-standardZEN-speci�c
options.�

Inter operability with non RTSJ Java. ZEN is designed
to use intelligent strategies for componentcreationand
extensibility [16] that allow con�gurability of real-time
features(suchas the numberof static/dynamicthreads,
thread priorities, and buffer size) using propertiesand
policies.Thesestrategies usetechniques,suchas re�ec-
tion [25]–[27] andaspects[28], to createreal-time/vanilla
Java components,thereby minimizing time/spaceover-
headfor applicationsthat do not require real-time fea-
tures.

b) Identi�cation of steps:Our redesignof ZEN for Real-
time CORBA beganby identifying the participantsassociated
with processinga requestat both the client and server sides.
For eachparticipantidenti�ed, we associatedthe component
with non-heapregions and resolved challengesarising from
this association.

The �rst step neededto identify where to apply RTSJ
featuresrequiredthe analysisof the end-to-endcritical code
path in ZEN. Figure 4 depicts the participants involved
in servicing a CORBA two-way invocation. The discussion
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Fig. 4. Tracingan InvocationThroughthe ZEN CORBA ORB

of the critical code path has been generalizedusing the
Acceptor-Connector [29] pattern and thread-per-connection
concurrency strategy. We next describethe sequenceof steps
a client ORB performsto actively createa connectionwhena
CORBA requestis invoked by the application,i.e., result
= object.operation (arg) .

c) Connectionmanagement:We �rst describehow ZEN
establishesaconnectionbetweenaCORBA clientandaserver.

1. The client ORB's connection cache
(ConnectorRegistry classin ZEN) is queriedfor

an existing connectionto the server, obtainedfrom the
object referenceon which the operationis invoked.

2. If no previous connectionexists, a separateconnection
handleris created(Transport classin ZEN) T 
 and
the Connectorconnectsto the server

3. This connection is added to the
ConnectorRegistry sinceC
 is bidirectional.

The activities of the server ORB for acceptinga connection
aredescribednext:

4. An acceptoracceptsthe new incomingconnection.
5. This connectionC 
 is then addedto the server's con-

nectioncache(AcceptorRegistry classin ZEN) as
the server may sendrequeststo the client.

6. A new connection handler T 
 is created to service
requests.

7. The Transport's event loop waits for dataevents from
the client.

d) Synchronousrequest/reply processing:The following
are the stepsinvolved when a client invokes a synchronous
two-way requestto the server.

8. The BufferManager class is queried to obtain a
buffer to marshal the parametersin the operationin-
vocation.

9. The appropriateGIOP MessageWriter marshalsthe
requestandtheTransportsendstherequestto theserver.

10. The WaitingStrategy class associatedwith the
transportwaits for a reply from the server.

The server ORB performsthe following activities to process
the request.

11. The requestheaderon connectionC 
 is readto deter-
mine the sizeof the request.

12. A buffer of the correspondingsize is obtainedfrom the
buffer managerto hold the requestandthe requestdata
is readinto the buffer.

13. The requestis the demultiplexed to obtain the target
POA, servant, and skeleton servicing the request.The
upcall is dispatchedto the servant after demarshaling
the request.

14. The reply is marshaledusing the correspondingGIOP
messagewriter; Transportsendsreply to the client.

The client ORB performsthe following activities to process
the reply from the server:

15. The Readerreads the reply from the server on the
connection.

16. Using therequestID, theWaiting Strategy identi�es the
target Transport.

17. The parametersare then demarshaledand control is
returnedto the client application,which processesthe
reply.

e) Analyzingrequestprocessingsteps: The requestpro-
cessingstepsdescribedabove reveal the following character-
istics:�

Repetitive. The stepsinvolved with request/replypro-
cessingare repetitive, i.e., carriedout for every request.



Steps11-14at the server sidefor requestprocessingand
steps15-17 at the client side remain the samefor each
requestfrom the client/server. Similarly, steps1-3 are
performedfor every remoterequestsentto the server.�

Independent and memoryless. Steps required for
processing request/response from two different
client/server(s) are independent, i.e., they do not
shareany context. Moreover, two requestsfrom thesame
client do not shareany context.�

Ephemeral. The objectscreatedduring the executionof
thesestepsremainvalid only for thedurationof onecycle
of request/responseprocessing.ORBs thereforeusually
cachetheseresourcesto minimizeresourcemanagement.�

Thr ead bound. Each of the stepsare executedby a
requestprocessingthread.For example, steps11-14 at
the server sideareexecutedby the transportand thread-
pool threads.

The aforementionedcharacteristicsof the steps lend them-
selves to the applicationof RTSJ featuresin the following
manner:�

AssociatingReal-time thr eads.The thread-boundprop-
erty of the steps enablescomponentse.g., acceptor-
connector and transports to be associatedwith real-
time threads.In particular, each of these components
is designedbasedon an logic part, implementedas a
Java classthatimplementstheRunnable interface.This
part is thenassociatedwith a scopedmemoryregion and
boundwith the threadat creationtime.�

Associating Scoped memory. The ephemeralproperty
of the stepsenableinternal objects createdduring re-
quest/responseprocessingto be associatedwith scoped
memoryregions.

The repetitive, independence,and memorylesspropertiesof
thestepsfurthershapehow anORBimplementorcanassociate
scopedmemory. The repetitive and memorylessproperties
enablethe request/responseprocessingstepsto be carriedout
within a scopedmemoryregion4, processtherequest,andsend
the responseto the client. The memoryregion is thenexited5

enablingall the objectscreatedto be freed, thus minimizing
the number of GC sweeps.This cycle is repeatedfor the
next request.The independenceproperty validatesthe above
mechanism,allowing objectscreatedduringrequestprocessing
to be freedbeforeprocessinga subsequentrequest.

Unlike heap/immortalmemory, creationof scopedmemory
regionsrequiresthesizeof thememoryregion to be speci�ed
at creationtime. However, the footprint requiredto process
request/responseis dynamic,i.e., variesbasedon:�

Requestsize.The requestsize at the server dependson
the sizeof the requestsentby the client.�

Options associated.The footprint required during re-
questprocessingdependson the optionsenabled.

4Using the enter() methodthe memoryregion canbe madethe current
allocationcontext.

5Exiting a memoryregion is implicit, doneafter thecompletionof therun
method.

Sidebar 1: Understanding ScopedMemory

Below we describeimportant conceptsassociatedwith scoped
memoryregions:

� Assignment Rules. To maintain referential integrity the
JVM enforcescertain rules for assignmentin all memory
regions, summarizedin the table shown below. Basedon
the above rules, the following can be derived: A memory
region m� may hold a referenceto anothermemoryregion
m
 if the lifetime of m� is shorter than that of m
 .
Any scopedregion can thereforealwayshold referencesto
heap/immortalmemory, however, the reverseis never valid.

Referenceto: Heap Immortal Scoped
Heap Yes Yes No

Immortal Yes Yes No
Scoped Yes Yes Inner Scope

Local Variable Yes Yes Inner Scope
� Inner scopes.TheRTSJprovidesmechanismsfor real-time

threadsto allocateobjectswithin multiple scopedmemory
regions. A real-time threadcan make a scopedregion m�

its currentallocationcontext usingtheenter() methodon
that scope.In a similar fashion,the samethreadcan enter
anotherscopedregion m
 , making this region the current
allocation context. The lifetime of m
 is shorterthan m� ,
making it an inner scope.

� Singleparent rule. Nestingscopedmemory, describeabove
can thwart RTSJ referential integrity by causing cycles
betweenmemoryareas(a threadenteringm� can re-enter
m� ). The single parent rule enforcesthe rule that every
scopedregion must have only one parent(a threadcannot
enter an alreadyenteredmemory region), eliminating the
aforementionedproblem.

�

Type of Request. The request size directly depends
on the type of GIOP requeste.g., a LOCATE REQUEST

messagewould be of a differentsizewhencomparedto
a normal request.

Themostappropriatememorysizewould thereforehave to be
chosenduringinitialization time. Onesolutionto this problem
is to createthe one huge chunk of memory. However, this
solutionis nonscalable.Further, someJVMs maynot be able
to allocatea hugechunkof scopedmemoryregion.To address
this problem, in ZEN we use NestedScopes(explained in
Sidebar1) for every request/responsedemultiplexing phase,
which is explainedin SectionIII-C.

C. ApplyingScopedMemorywithin ZEN

To enhancepredictability, we apply RTSJ featurese.g.,
scopedmemory to ORB componentsalong the critical re-
quest/responseprocessingpath. Moreover, to minimize the
effect of pre-allocatingmemoryregions,we usenestedscope
memory regions for each demultiplexing phase.Below, we
explain the three broad phasesof requestprocessing,at the
server ORB and describehow we associatescopedmemory
with eachof the threephases.Similar condition exist at the
client ORB.

1. I/O layer�

Steps.This phaseof demultiplexing correspondsto the
steps4-7 describedin SectionIII-B.
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Participants. The participants for this phase include
acceptors,connectors,and transports.�

RTSJ application. Eachof thesecomponentsarethread-
boundcomponentsand are designedbasedon the inner
classparadigm.This classderives from the Runnable
interfaceandcorrespondsto the logic run by the thread.
Insteadof creatingtheentirecomponentin scopedmem-
ory, we createthe inner logic classin a scopedmemory
region, m����� . This logic class is associatedwith the
threadat creationtime. During ORB execution,multiple
clients may connectto it, creatingtransportsfor every
active client. Eachof the transportswill have a dedicated
m����� region. We collectively refer to theseregionsasa
space.

2. ORB Core layer�

Steps.This phaseof demultiplexing correspondsto the
Steps11-12 in SectionIII-B.�

Participants. GIOP Messageparsers,Buffer Allocators
andCDR Streams.�

RTSJ application. On receiptof new dataeventsfrom
the socket, the Transport reads the messageheader
from the stream.Based on the size of the header, a
RequestMessage 6 is created.After reading the re-
questfrom the stream,the appropriatemessageparseris
associatedbasedon the typeof the request.Themessage
parserand the RequestMessagebuffer are createdin a
nestedmemoryregion,m����� . TheORBspaceis anested
memoryregion.Basedon RTSJmemoryrules(explained
in Sidebar1), referencesfrom the ORB to the I/O space
arevalid, i.e., every m����� scopemayhold referencesto
the correspondingm����� region.

3. POA layer�

Steps.This phaseof demultiplexing correspondsto the
steps13-14 in SectionIII-B.�

Participants. Upcall objects7, and thread-pools�

RTSJ application. Themessageparserparsestherequest
to �nd the targetPOA andservant.An Upcall objectis
createdto hold all informationnecessaryto perform the
upcall on the skeleton. A worker thread in the thread-
pool then performsthe upcall. A CDROutputStream
is created,to hold the response,which is then sent to
the client. The Upcall objectsand the output buffers
are createdin a nestedscopedmemory region m�

��� .
The POA spaceis the innermostmemoryregion. Again,
referencesfrom POA to ORB or I/O spacearevalid.

4. Application layer
The application layer typically correspondsto the re-
gion where servant IDL skeletons are created.In the
current design of ZEN, this application layer is heap
allocated. Thus in our architecture,a NoHeapReal-
timeThread cannot be used for requestprocessing.
The use of NoHeapRealtimeThread requires the

6This classencapsulatesa buffer to hold the request.
7Upcall objects are per requestobjects that hold context necessaryto

performupcall andsendresponse.

applicationdeveloperto be RTSJ aware andalso entails
modi�cations to the Java mappingof Real-timeCORBA
speci�cation which in con�ict with our goals. The use
of a NoHeapRealtimeThread , however, is critical
to enhancingthe predictability of a Real-timeCORBA
ORB. In ZEN, we plan to provide policies at the POA
level thatwould determinethe typeof real-timethreadto
usedfor requestprocessing.Thusan RTSJawareserver
applicationcanallocateservantsin amemoryregionother
thantheheapandsetthetypeof upcallprocessingthread
to NHRT to enhancepredictability.
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Fig. 5. The LayeredArchitectureof ZEN

Figure 5 illustrates the layeredarchitectureof ZEN's RTSJ
layers. The architecturedoes not violate any of the RTSJ
referencerules as (1) any of the ORB layers may hold
referencesto the applicationlayer and (2) a real-timethread
can always allocate from Heap memory (enter it) without
violating the single-parentrule. Moreover, our applicationis
compliantwith the CORBA speci�cation.

Figure6 (A) illustratesthenestingof scopeswithin theZEN
ORB Core. The I/O spaceis the outermostmemory region
while the POA layer is the innermost.Memory regions are
enteredfrom outer � inner, while referencesare maintained
from inner � outer. On completionof a request,the memory
regionsareexited from innermostto outermost.All theobjects
thus created for request processingare �nalized, thereby
minimizing interferencewith the GC. Figure6(B) depictsthe
parenthoodtreeof the memoryregions in ZEN.

D. Empirically Evaluatingthe Applicationof RTSJin ZEN

To measurethe predictability improvementsaccruedby
using RTSJ features,we �rst associatedscopedmemoryand
real-timethreadswithin the innermostscopei.e., POA layer,
allocating both I/O and ORB scopesin heapmemory. The
motivation for this applicationwas to obtain a baselinefor
improvementin predictability when applying RTSJ features
in just one layer. In this regard, applying RTSJ featuresin
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either the ORB or the I/O scopesalonewould violate RTSJ
memoryreferencerules (explainedin Sidebar1) making our
applicationthe only possibleoption.

Although ZEN supportsa variety of options,we make the
following assumptionsfor this analysis:

1) Portableinterceptorsare not consideredin requestpro-
cessing.

2) The sequenceof stepsanalyzedis for a remoteclient
request,not a collocatedrequest.

3) Servantsare normal CORBA servantsthat inherit from
org.omg.PortableServer.Servant , i.e., we do
not considerDII andDSI.

4) ZEN's buffer managerwas disabledto prevent caching
of I/O buffers

5) No proprietarypoliciesareusedin the ORB and
6) The scopedmemory used was of type LTMemory,

which is a RTSJ memoryregion with linear allocation
time with respectto objectsize.8

Theseassumptionsare representative of ways in which DRE
applicationscommonlyapplyORB middleware.All theexper-
imentsin this sectionwereperformedon an Intel PentiumIII
864 Mhz processorwith 256 MB of main memory. For these
experiments,ZEN version0.8 was compiledusing the GNU
gcj compilerversion3.2.1andexecutedusingjRate0.3aon
Linux 2.4.7-timesys-3.1.214kernel. For each experiment,a
samplesizeof 50,000datapointswasusedfor resultanalysis.

The term predictabilityhasdifferentconnotationsin differ-
ent disciplines.For example, in real-time schedulingtheory,
a predictablesystemmeansthat eachtask always meetsits
deadline.For theseexperiments,we de�ne predictability as
the measureof standarddeviation of the datapoints.

1) Demultiplexing Predictability:
a) Test overview: The following arethe demultiplexing

stagespresentin the POA layer:
1) POA demultiplexing – usingthe addressinginformation

in the object key, locate the target POA in the POA
hierarchy;

8This bounddoesnot include the time taken by an object's constructoror
a class's static initializers.

2) Servantdemultiplexing – from the object id part of the
objectkey, locatethe servant within the POA; and

3) Operation demultiplexing – �nally using the operation
name,dispatchthe upcall on the skeleton.

The predictability of the ORB dependsdirectly on the pre-
dictability of the aforementioneddemultiplexing stages.As
discussedin [18], ZEN usesactive demultiplexing alongwith
perfect hashing to ensure

�������

lookup time for all cases.
In this experiment, we focus on the POA demultiplexing
stageandanalyzethe predictability improvementsaccruedby
associatingscopedmemorywith ZEN's ObjectAdapter.

b) Test settings: To measurethe variation in POA
demultiplexing time with the depthof the POA hierarchy, the
experimentincreasedthe nestingof transientPOAs from 1 to
150 in incrementsof 25. For eachcasethe time to reachthe
leaf POA wasmeasured.

c) Analysis of results: We now analyzethe resultsof
benchmarksthat measurethe averagelatency, the dispersion
and worst casebehavior for the variousPOA demultiplexing
testcases.

25 50 75 100 125 150 175
Depth of POA Hierarchy

0

20

40

60

80

100

La
te

nc
y(

us
) Scoped Memory

Heap Memory

Average

25 50 75 100 125 150 175
Depth of POA Hierarchy

0

20

40

60

80

100

La
te

nc
y(

us
)

99%

25 50 75 100 125 150 175
Depth of POA Hierarchy

0

2

4

6

8

10

La
te

nc
y(

us
)

Standard Deviation

25 50 75 100 125 150 175
Depth of POA Hierarchy

0

20

40

60

80

100

La
te

nc
y(

us
)

Max

Fig. 7. POA Demultiplexing PredictabilityAnalysis

�

Averagemeasures.Figure7 shows that averagelatency
for bothheapandscopedmemorydoesnot increasewith
an increasein the POA hierarchy. However, the average
measuresfor thescoped( � 10 � secs)aremorethanthat
of heapmemory( � 7 � secs)by � 3 � secs.Although,
this representsa increasein the POA location overhead
by a factorof � 1.4,predictabilityimprovesconsiderably.�

Dispersion measures.Thedispersionof scopedmemory
is smallerthanthat of heapmemoryfor all cases.More-
over, themeasuresarebetterby a factorof � 4, indicating
that our associationscopedmemory has considerably
improved predictability for this stageof demultiplexing.�

Worst casemeasures.The 99% boundshows that using
scopedmemory 99% of the values are less than � 12

� secsfor all caseswhile thosefor heapare � 30 � secs,a



factorof 2 improvement.Maximum measuresshow that
scopedmemoryconsiderablyimprovesthe predictability
for all casesby bounding the worst casevalues. The
worstcasemeasuresfor scopedmemoryaretighteracross
the POA hierarchy. Moreover, the maximum latency
for scopedmemory is nearly constantacrossthe POA
hierarchy, while the latency of heapincurredmeasurable
variability.

From the analysisabove, it is evident that the useof scoped
memoryenhancesdemultiplexing predictability by bounding
dispersionand maximum measures.Moreover, the use of
scopedmemory does not signi�cantly degrade the average
demultiplexing latency.

2) ScopedMemoryOverhead:
a) Test overview: The applicationof scopedmemoryat

ZEN's ObjectAdapterlayer involvesthe following additional
steps:

1) Therequestprocessingthreadneedsto make thescoped
memoryregion its currentallocationcontext by explic-
itly enteringit (usingenter() methodde�ned on the
region), incrementingthe referencecountof the region.

2) After processingthe request,the threadexits the region,
which changesthe allocation context to the enclosing
memoryregion or the primordial scope(heap),in turn
decrementingreferencecountof the region.

3) If the referencecount is zero, then all the objects
allocatedwithin the region are to be �nalized.

Thestepsdescribedabove mustbeexecutedfor every client
request.Thus,the overheadandpredictability involved in the
stepsdirectly affect the predictability of the ORB. In ZEN,
the size of the scopedmemory region is pre-allocatedat
initialization time.However, asexplainedearlier, thefoot-print
at the server varies dependingon the messagesize, options
associatedand the type of request.In this experiment,we
analyzedthe behavior of the enter and exit methodsas the
requestsizesincrease.

b) Test settings: The scopedmemory region size was
�x edat 512KB. A client thenissuedrequestsstartingat 1K in
incrementsof 25KB up to a maximumrequestsizeof 100K.

c) Analysis of results: We now analyzethe resultsof
benchmarksthat measurethe averagelatency, the dispersion,
andtheworstcasebehavior of thememoryregion'senter()
methodand its exit time.�

Average measures. Figure 8 shows that the average
additional overheadincurred by the enter() method
is � 8 � secsand is constantacrossall requestmessage
sizes. However, the latency of the memory region's
exit time increasegradually with the requestsize. For
example, the averageexit time for a 1K messageis �

4� secsandincreasesto � 12 � secsfor a 100K message.
This behavior occursbecause�nalizes for everyallocated
object in the scopedmemory region are called before
exiting the region, in which casethe size of messages
increasethe �nalization time.�

Dispersion measures. The dispersionlatenciesfor the
enter() methodshow a trend similar to the average
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Fig. 8. EnterandExit Time Analysis

– constant( � 1-1.5) acrossall messagesizes.However,
thedispersionfor theexit time increaseswith therequest
size.For example,dispersionfor 1K messageis 0.7 and
increasesto 1.9 for 100K. This behavior is inducedby
the �nalization required.�

Worst casemeasures.The99%boundfor boththeenter
andexit latenciesfollows a trendsimilar to therespective
averagecases.Moreover, the values are closer to the
averagemeasures.However, the worst casemeasuresfor
exit valuesarehigherthanthoseof theentermethodand
increasewith messagesizes.

The analysisabove reveals that the averageoverheadin-
curreddueto theenter() methodis � 8� secsandis constant
acrossall requestsizes. However, the behavior of the exit
methodvarieswith the requestsize,i.e., the larger the request
size,the greaterthe exit latency andworsethe dispersion.

3) Round-tripDelay:
a) Test overview: This experiment analyzes(1) the

effect of scopedmemory on round-trip delay and (2) the
requestexecution time, i.e., total time requiredto complete
the following stepsin the POA layer:

1) Demultiplex therequestthroughthePOA hierarchy;�nd
the target servant anddispatchthe upcall.

2) Sendthe responseto the client.
Sincewe associatescopedmemoryat ZEN's Object Adapter
layer, the only factoraffecting round-tripdelay is the request
execution time. While the requestexecution time measures
theeffect of enter, exit, andtheactualrequestexecutiontime,
the round-triplatency experimentmeasurestheeffect of using
scopedmemoryin the critical end-to-endrequestpath.

b) Test settings: The IDL_Cubit test was run to
measurethe requestexecutiontime at the server and round-
trip delayat the client. The threadpool sizewasset to 2 and
the buffer sizeto 500.Sizeof the scopedmemoryregion was
setto 512KB. Thenumberof simultaneousclient connections
was increasedfrom 1 to 200 in incrementsof 50.
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Fig. 9. RequestExecutionPredictabilityAnalysis

c) Analysis of results: We now analyzethe resultsof
benchmarksthat measurethe averagelatency, the dispersion
and worst casebehavior of round-trip and requestexecution
latencies.
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Fig. 10. Round-tripLatency Analysis
�

Average measures.Figure 9 illustratesthat the average
requestexecution latency for heap and scopedregions
are constant for all the cases.Although, latency for
scopedmemory ( � 137 � secs)is greaterthan that of
heapmemory ( � 120 � secs),scopedmemoryprovides
increasedpredictability, for this small overheadof �

17 � secs.This overheadstemsfrom the time required
for enteringand exiting the memory region. Thus, the
associationof scopedmemory does not lead to undue
performancereduction.
Figure10 shows thattheuseof scopedmemoryincreases
the averageround-tripdelay. This increaseis due to the
increaserequestexecution time at the server side. As

thenumberof clientsincrease,however, latency for heap
memoryalsoincreases.At 200clientstheround-triptime
for heapmemoryexceedsscopedmemoryby � 20 � secs.
This behavior occursdueto the increasedGC activity for
heapmemorywith an increasein the numberof clients.�

Dispersion measures. The dispersion measuresfor
scopedmemoryareconsiderablylessthanthosefor heap.
On average,the useof scopedmemoryenhancesrequest
execution predictability by a factor of 2. For round-
trip delay, dispersionfor both heapand scopememory
increaseswith the numberof clients.However, measures
for scope memory vary little with an increasein the
numberof clients,indicatingbetterpredictability. On the
average,predictability improvesasmuchas50%.�

Worst case measures. Both experiments reveal that
use of scopedmemory signi�cantly boundsworst case
measures.Thoughthe averagerequestexecutionlatency
is greaterfor scopedmemory, its 99% and worst case
latenciesaresmaller. For thecaseof 50 clients,theworst
caserequestexecutionmeasurefor heapis greaterby a
factor of � 3. A similar trend is observed for round-trip
delaymeasures.

The empirical results describedabove indicates that the
useof RTSJ scopedmemoryenhancespredictability without
undulydegradingperformance.Moreover, theworstcasemea-
suresare tighter and signi�cantly bettercomparedto that of
heapmemory.

IV. RELATED WORK

In recent years, a considerableamount of researchhas
focusedon enhancingthe predictability of real-timemiddle-
warefor DRE applications.In this section,we summarizekey
efforts relatedto our work on ZEN.

A. Real-timeCORBA middleware research.

Real-timeCORBA 1.0 implementationsare available from
varietyof suppliersincludinge*ORB from PrismTechnologies
and ORBExpressfrom Object Interface Systems.Real-time
CORBA has also been extensively studied in the research
literature.

The Time-triggered Message-triggered Objects (TMO)
project [30] at the University of California, Irvine, supports
the integrateddesignof distributedOO systemsandreal-time
simulatorsof their operatingenvironments.The TMO model
providesstructuredtiming semanticsfor distributedreal-time
object-orientedapplicationsby extendingconventionalinvoca-
tion semanticsfor objectmethods,i.e., CORBA operations,to
include (1) invocationof time-triggeredoperationsbasedon
systemtimes and (2) invocationand time boundedexecution
of conventionalmessage-triggeredoperations.

The ROFES project [31] is a Real-time CORBA imple-
mentationfor embeddedsystems.ROFESusesa microkernel-
like architecture[31]. ROFES has been adaptedto work
with several different hard real-time networks, including
SCI [32], CAN, ATM, and an ethernet-basedtime-triggered
protocol [33].



The URI project[34] is a Real-timeCORBA systemdevel-
opedat theUS Navy ResearchandDevelopmentLaboratories
(NRaD) and the University of Rhode Island (URI). The
systemsupportsexpressionandenforcementof dynamicend-
to-end timing constraintsthrough timed distributed method
invocations(TDMIs) [35]

The The ACE ORB TAO [36] is a widely-used, open-
sourceORB compliant with most of the CORBA 3.0 spec-
i�cation [37]. TAO has been used in mission-critical DRE
applicationsfor over six years[38]. TAO supportsthe Real-
time CORBA 1.0 speci�cation and portions of Real-time
CORBA 2.0.

B. RTSJmiddleware research.

RTSJmiddlewareis anemerging �eld of study. Researchers
are focusingat RTSJ implementations,benchmarkingefforts,
andprogramcompositionaltechniques.

The TimeSyscorporationhasdevelopedthe of�cial RTSJ
ReferenceImplementation(RI) [13], which is a fully compli-
ant implementationof Java that implementsall themandatory
featuresin the RTSJ.TimeSyshasalsoreleasedthe commer-
cial version,JTime, which is an integratedreal-timeJVM for
embeddedsystems.In additionto supportinga real-timeJVM,
JTime alsoprovidesan ahead-of-timecompilationmodel that
canenhanceRTSJperformanceconsiderably.

The jRate [14], [39] project is an open-sourceRTSJ-
basedreal-timeJava implementationdevelopedat Washington
University, St. Louis. jRate extends the open-sourceGNU
Compiler for Java (GCJ) run-time system[40] to provide an
ahead-of-timecompiledplatform for RTSJ.

The Real-Time Java for EmbeddedSystems(RTJES) pro-
gram [41] is working to mature and demonstratereal-time
Java technology. A key objective of the RTJES programis
to assessimportant real-time capabilities of real-time Java
technologyvia a comprehensive benchmarkingeffort. This
effort is examining the applicability of real-timeJava within
the context of real-time embeddedsystemrequirementsde-
rived from Boeing's Bold Stroke avionics missioncomputing
architecture[2].

The researchersat the WashingtonUniversity, St Louis are
investigatingautomaticmechanisms[42] that enableexisting
Java programsto becomestorage-awareRTSJprograms.Their
work centerson validatingRTSJstoragerulesusingprogram
tracesandintroducingstoragemechanismsautomaticallyand
reversibly into Java code.

V. CONCLUDING REMARKS

Distributed Real-time and Embedded(DRE) systemsare
growing in numberandimportanceassoftwareis increasingly
used to automateand integrate information systemswith
physical systems.Over 99% of all microprocessorsare now
usedfor DRE systems[43]. Ensuringend-to-endmiddleware
predictability is essential to support the QoS capabilities
neededby DRE applications.Thereforeintegration of RTSJ
and Real-time CORBA is essentialto ensurepredictability
requiredfor DRE applications.

This paperdescribedour R&D activities associatedwith
an previously unexploreddimensionin real-timemiddleware:
the integration of RTSJfeaturesto supportReal-timeCORBA.
We showed how scopedmemory and real-time threadscan
be associatedwithin a real-timeORB Core without violating
RTSJ rules, yet still remainingcompatiblewith the CORBA
speci�cation. The empirical resultspresentedin SectionIII-
D demonstratethat signi�cant predictability improvements
can be achieved by applying RTSJ featuresin ZEN. All of
our optimizationsand enhancementsare compliant with the
CORBA speci�cation andare transparentto DRE application
developers.

Basedon our experiencebuilding TAO, we have devisedan
R&D plan for ZEN. As shown in Figure11, theheartof ZEN
consistsof optimization strategies, e.g., buffer management
strategies,demultiplexing techniquesandconnectionmanage-
ment optimizationsthat ensurepredictability and scalability
requiredby DRE applications.Theseoptimizationsareapplied
at thealgorithmicanddatastructurallevel andareindependent
of the RTSJ implementation.This foundation has attained
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Fig. 11. ZEN R&D Plan

maturity in the current releaseof ZEN. We are applying
RTSJ optimizationsover this foundation to further enhance
ORB predictability. Our ultimategoal is to implementa fully
compliant Real-timeCORBA implementationatop a mature
RTSJ layer based on the commercial TimeSys Real-time
Java platform. We believe that thereis an importantsynergy
betweenthe layers, i.e., optimizing a single level will not
ensurethelayer-to-layerandend-to-endpredictabilityrequired
for DRE applications.
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[26] Fábio M. Costaand Gordon S. Blair, “A Re�ective Architecturefor
Middleware: Design and Implementation,” in ECOOP'99, Workshop
for PhD Studentsin ObjectOrientedSystems, June1999.

[27] Fabio Kon, Fabio Costa,Gordon Blair, and Roy H. Campbell, “The
Casefor Re�ective Middleware,” Communicationsof theACM, vol. 45,
no. 6, pp. 33–38,June2002.

[28] Gregor Kiczales, John Lamping, Anurag Mendhekar, Chris Maeda,
CristinaVideira Lopes,Jean-MarcLoingtier, andJohnIrwin, “Aspect-
OrientedProgramming,” in Proceedingsof the 11th EuropeanConfer-
enceon Object-OrientedProgramming, June1997.

[29] Douglas C. Schmidt, Michael Stal, Hans Rohnert, and Frank
Buschmann,Pattern-OrientedSoftware Architecture: Patternsfor Con-
current and Networked Objects,Volume2, Wiley & Sons,New York,
2000.

[30] K. H. (Kane) Kim, “Object Structuresfor Real-Time Systemsand
Simulators,” IEEE Computer, pp. 62–70,Aug. 1997.

[31] RWTH Aachen,“ROFES,” http://www.rofes.de,2002.
[32] M. Pfeiffer S.LankesandT. Bemmerl,“DesignandImplementationof a

SCI-basedReal-Time CORBA,” in 4th IEEE InternationalSymposium
on Object-OrientedReal-Time Distributed Computing(ISORC2001),
Magdeburg, Germany, May 2001,IEEE.

[33] M. Reke S. Lankes and A. Jabs, “A Time-Triggered EthernetPro-
tocol for Real-Time CORBA,” in 5th IEEE International Symposium
on Object-OrientedReal-Time Distributed Computing(ISORC2002),
Washington,DC, Apr. 2002,IEEE.

[34] Victor Fay Wolfe, Lisa Cingiser DiPippo, Roman Ginis, Michael
Squadrito,Steven Wohlever, Igor Zykh, and RusselJohnston, “Real-
TimeCORBA,” in Proceedingsof theThird IEEE Real-TimeTechnology
and ApplicationsSymposium, Montréal, Canada,June1997.
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