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Abstract

No one middlevare communicationmodel completely
solvegthe problemof ensuringschedulabilityin everyDRE
systemFurthermog, there havebeenfew studiesto dateof
thetrade-ofs betweeralternativemiddlevare communica-
tion modelsunderdifferentapplicationscenarios.This pa-
per makesthreecontributionsto the stateof the art in mid-
dleware for distributed real-time and embeddedsystems.
First,it describesvhatwebelieveis the r stexampleof in-
tegrating releaseguardsdirectlywith CORBA distributable
threadsto ensue apprmopriate releasetimesfor sub-tasks
along an end-to-endcomputation.Secondjt presentsem-
pirical resultsin which releaseguards improve schedula-
bility of distributable threadscompaed to a greedypro-
tocol in which arriving taskssimply begin to run as soon
asthey can. Third, we offer the r stempiricalcomparisons
of the distributable thread and event channelmodelsun-
derthreedifferentcommunicatiorscenariosandthenusing
arandomizedvorkload.

1. Intr oduction

In standardizatiorfforts suchasthe OMG's Real-Time
CommonObjectRequesBroker Architecture(RTCORBA)
speci cation 1.2 [11]! , the Real-Time Speci cation for
Java (RTSJ)[2], andthe Distributed Real-Time Speci ca-
tion for Java [9], two main modelshave emeged: thread-
basedandevent-basedin the thread-basedhodel,threads
traverseobjectmethodsmakinginvocationson other (pos-
sibly distributed)objectmethodsin theevent-basednodel,
distincteventsarepassedo eventhandlerghatareexecuted
uponreceiptof theevent.

For end-to-endschedulingof CORBA systems,nei-
therthe distributablethreadcommunicatiormodelnor the

1 The RTCORBA 2.0 specication was recently renumberedas
RTCORERBA 1.2,but its contentgemainedhe same.

event-channetommunicatiormodelcompletelysolvesthe
problem of ensuringschedulabilityof all tasksin an en-
tire distributed system.In particular distributable threads
do not follow the regimentedstructureof method invo-

cations seen with the event-channelmodel, but rather
follow computationallydeterminecpathsthatcanvary sig-

ni cantly at run-time. For highly dynamic systems,dis-

tributablethreadscanbeamoreappropriatebstractiordue
to the expectedcost of tearingdown and settingup event
subscriptionsdynamically However, in more static sys-
tems, distributable threadsadd the risk that ary jitter in

their execution lateny may have signi cant repercus-
sionsfor periodicallyscheduledystems.

Meetingthe deadlinesf tasksthroughouta distributed
systemis arelatively well studiedresearchopicin the eld
of real-timesystemsandyetthereremainseveralimportant
openguestionswhich this paperaddresses:

1. Canthefundamentallydynamicnatureof thread-based
middlevarecommunicationmodelsbemademorepre-
dictable through integration of inter-processorsyn-
chronizatiormechanismsuchasreleaseguardg15]?

2. What arethe performancecostsof releaseguardson
distributablethreadsandeventservices?

3. What are the relative performanceimplications of
thread-basednd event-baseccommunicationrmodels
for threecanonicalcommunicatiortopologies:(1) se-
guentialchainsof tasks,(2) branchinggraphsof tasks
and(3) dynamictaskgraphs?

4. What are the relative performanceimplications of
thread-baseudersusavent-base@ommunicatiormod-
els.

In orderto answerthesequestionsthe paperprovides
the rst empiricalperformanceomparisondetweerkEvent
Channelg6] andDistributableThreadq16] in RT-CORBA
middlevare.

Experimental platforms: All the experimentsdescribed
in this paper were performed using ACE/TAO ver
sion 5.1.4/1.1.40n a testbed consisting of four ma-



chines. Two of them are Pentium-1V 2.5GHz machines,
andthe othertwo are Pentium-1V2.8GHzmachinesEach
of themhas500MB RAM and512KB cache andrunsver-
sion2.4.220f the KURT-Linux operatingsystem[3]. These
platforms provide a CPU-supportedtimestamp counter
with nanosecondesolution.

The datastreamuserinterface (DSUI) and datastream
kernelinterface(DSKI) areprovidedwith the KURT-Linux
distribution. The DSUI is usedto recordinformationfrom
the middlewvare and applicationlayers,while the DSKI is
usedto collectinformationat the kernellevel like context
switching.By usingboth DSUI andDSKI instrumentation,
we can obtain a preciseaccountingof task startand stop
times,threadcontect switchesCPUidle intervals,andother
relevanteventsacrossmultiple systemlevels. By theninte-
gratingthe informationfrom boththe DSKI andthe DSUI,
we cangive a reasonablyexactexecutiontime for any sub-
taskor thread Figurel is a histogranof theaggrejatesub-
taskexecutiontime for the rst subtaskof the EC modelin
the StaticGraphTest(seeSectiord.2). Theexecutiontimes
largely fall in the narrav window around50 milliseconds,
thetargetexecutiontime for the subtask.
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Figure 1: Actual executiontimesfor subtask

Paper overview: This paperis structuredasfollows. Sec-
tion 2 rst givesan overview of the previously developed
implementation®f thedistributablethreadandeventchan-
nel modelsthis paperconsiders.Section3 then describes
our implementationof releaseguard mechanismsgor dis-
tributablethreadsandfederatedventchannelsn TAO, and
presentsa simple example shaving the bene ts of those
mechanismsSection4 presents setof overheadcompar
isons betweenEvent Channelsand Distributable Threads
for three canonicalcommunicationtopologies.Section5
presentshe designandempiricalresultsof oneexperiment
designedo simulatea morecomple taskset,usinga ran-
domlygenerateavorkload.Section6 suneysotherresearch
relatedto thework presenteéh this paperFinally, Section?

offers conclusionsjncluding obserationsandrecommen-
dationsbasecn our results.

2. Distributable Thread and Event Channel
Implementations

We basedhe experimentsdescribedn this paperon the
distributablethreadandeventchanneimplementationgro-
videdin TAO. In bothcasesve usedthe Kokyu dispatching
framework to provide real-timedispatchingof distributable
threadsandevents In boththedistributablethreadandevent
channelexperimentgresentedn this paper Kokyu is con-

gured to use the nonpreemptie EDF schedulingalgo-
rithm [8].

2.1. Distributable Threads

In Real-Time CORBA 1.0 systemsapplicationend-to-
end timelinessrequirementsmust be acquiredfrom the
client, propagtedwith theinvocation,anddeliveredto the
sener. Dynamicreal-timesystemsnayrequiremoreinfor-
mationthanjust priority, suchasdeadline time of execu-
tion and laxity [11]. Hence,the communicationmodel is
requiredto characterizehe schedulableentity and subse-
guentlyassociategarametersvith it sothatit canbe sched-
uled appropriately A natural communicationmodel sug-
gestedby CORBA's control o w programmingmodelis a
threadthatcanexecuteoperationsn objectswithoutregard
for physical node boundariesln Real-Tme CORBA 1.2,
thiscommunicatioomodelis termeda DistributableThread
(DT) [16]. EachDT hasa uniquesystemwide ID. It may
have oneor moreexecutionschedulingparameters.g.,pri-
ority, deadlinesandimportance.

As a rst step,we considerthe Static Chain Testde-
scribedin Section4.1.In Figure2, onedistributablethread
DT, executesonthreeprocessor®;, P, andPs. In Py, a
local threadon behalf of the distributablethreadD T, pe-
riodically executesthe rst subtasktheninvokesthe sec-
ondsubtaslonthe processoP, by sendingaone-way call.
In all ourtestswe assumehereleasdime of eachrst sub-
taskis alwaysstrictly periodic.Anotherlocal threadon P,
thatis waitingfor D T; beginsto executethesecondsubtask
afterreceving theone-way call. Whenthis local thread n-
ishes,it again propagitesD T, to processotPs to invoke
thethird subtaskEachlocal threadthatexecuteson onelo-
cal processoon behalfof D Ty inheritsall propertiesof the
DT suchasthe DT identi er andtimeline requirementsit
is schedulednddispatchedby thelocal EDF scheduleand
Kokyu dispatchebasednits inheritedinformation.

Although TAO hasboth preemptve and nonpreemptie
dispatchingmechanismswe only enablenonpreemptie
dispatchingin Section4 and5 for a fair comparisorwith
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Figure2: DT chain teststructure

EventChannelsWe alsousenonpreemptie dispatchingor
theexamplein Section3.4 which shavs the effect of RGs.

To propagte end-to-endtimeline requirementswith
eachrequestwe needa separateéoS descriptorfor each
task, which is usedto store at a minimum an unigue
ID, deadline, and execution time. The QoS descrip-
tor is sentalongwith every invocationfrom theclientto the
sener.

2.2. Event Channel

The CORBA [12] EventService[6] implementghe Me-
diatordesignpattern[4]. Thenodesof the distributedcom-
munication network are classi ed as supplies and con-
sumes accordingto their rolesin the Event Channel.Sup-
pliersregisterthetypesof eventsthey produceg(supply)with
the Event Channel.Consumerssubscribeto the types of
eventsonwhichthey rely. The EventChannekctsasanin-
termedianpetweersuppliersandconsumersothatthey do
notneedto know explicitly abouteachother

The conceptof an Event Servicehasbeenextendedby
RT-CORBA to accountfor the quality-of-servicgQoS)re-
quirementf real-timesystemdq12]. The QoSparameters
of suppliersand consumersnay be speci ed to the Event
Channelsothatit candistribute eventsaccordingto those
requirements.

The TAO EventChannel6] appliesthe RT featuresde-
scribedin [12] to the CORBA EventService[10]. The TAO
EC addsguaranteedor real-time events dispatchingand
schedulingthroughtheKokyu Dispatching=ramavork [5];
centralizedevent Itering andcorrelation;andperiodicpro-
cessingsupportto the CORBA EventService[6].

Our Event Channeltestsusea Federatedevent Chan-
nel[6] to coordinatethe processor#n which subtasksxe-
cute.Eachprocessohasits own EC, andthe ECsexchange
eventsvia a Gatavay, asdescribedn [6], which actsasa
Consumenf thesuppliers eventsanda Supplierof thecon-
sumers events.The Gatevay canresidein eitherprocessar

The motivation for usinga Federatedevent Channelis
to dispatchlocally without needingto communicatewith
remotenodes,which is alsothe DT's behaior. To satisfy
thisrequirementall eventsneedto bedispatchedocally to
the processomwherethe job will be executed EC dispatch-
ing happensnside eachindividual EC, so eachprocessor
musthave its own EC.

Each subtaskin our EC testsis implementedas a
supplierconsumerpair. The supplierpusheseventswhich
trigger the subtaskexecution in a single consumer If
the subtaskis the rst subtaskin a task, then the sup-
plier has an associatedimeout handlerregisteredwith a
reactorto receve timeout events. When the timeout han-
dlerrecevesatimeoutevent,it triggersthesupplierto push
an event to the consumer Then when the consumer n-
ishes executing the subtask,it noti es the supplier for
the next subtask,which behaes as if it had beentrig-
geredby a timeouthandler Of course,the nal subtasks
consumehasno supplierfor the next subtask.

For example, considerthe Static Chain Test described
in Section4.1. The structureof timers,suppliers,andcon-
sumerson processordy, P,, and P3 is shovn in Figure
3. In P4, a Supplierll with atimer (depictedasa clock)
pushesvents(arravs) to a Consumerll, which thenexe-
cutessubtaskT;.; andpushesanothereventto the proces-
sor P, throughanotherSupplierl2. P,'s Consumerexe-
cutessubtaskri., thenpushegyetathird eventto P3, whose
Consumerexecutesthe nal subtask,T1.3. This sequence
of eventshappengeriodically every time the timer deter
minesthatit is time for T, to executeagain.
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Figure 3: EC chain teststructure
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The gatevay that connectstwo Event Channelswhich
processconsecutie subtasksdueto the limitations of the
gatevay implementationjs treatedas a single supplierto
the consumes EC and speci esa x ed period as part of
its subscriptionon that EC. However the actual periodic-
ity of the eventspushedthroughthe gatavay dependsn-
tirely onthesuppliersontheotherside.This meanghatthe
deadlineandperiodicity usedby EDF to determinghe util-
ity of an event pushedfrom a Gatevay might be skewed
from whatit shouldbe giventheactualrun-timeQoSof the
subtaskheeventis triggering.The gatevay canbeinstanti-
atedin eitherprocessarbut for ourimplementatiorit is on
thesupplierside.



ComparingFigure 2 with Figure 3, for the sameChain
Test,developerswho choosethe EC modelneedto manip-
ulateall the consumersndsupplierswhile the DT model
usersonly needto take careof onedistributablethread.The
DT modelis morecorvenientto understanéandimplement
in the systemwith end-to-endschedulingasks.

3. ReleaseGuard Implementation

The ReleaseGuardprotocol [15] ensureghat the time
betweernwo consecutie release®f thesamesubtasks not
lessthanthe period. This ensureghat we cananalyzesys-
tem schedulabilityassumingeachsubtaskis periodic. This
behaior addslittle overheadsincethe protocolonly needs
to know the period of a taskandthe lasttime the subtask
wasreleasedAs Sunmentionedn his doctoralthesis[14],
thefollowing threerulesareusedo updatehereleaseyuard
g for subtaskT .

1. gisinitially equalto 0.

2. Whenaninstanceof subtaskT is releasedypdateg to
thecurrenttime plustheperiodp of T.

3. Updateg tothecurrenttimeif thecurrenttimeis apro-
cessolidle pointontheprocessowhereT executes.

Theserulesforce the distributedapplicationto maintain
the following property:the releaseguardprotocolreleases
ajob of T atatime equalto g, or whentheimmediatepre-
decessoof T completesywhicheveris later

3.1. ReleaseGuard in Distrib utable Thr eads

We implementedreleaseguardsfor DTs in TAO as
a slight modi cation of the Kokyu Dispatching Frame-
work [5]. For onerequestentfrom Clientto Sener, it only
needgo beguardecnthe Sener side.Speci cally, we use
a hashmapin Kokyu's Dispatcherto recordthe latestre-
leasetime for eachsubtask Whenever the schedulein the
sener processoreceives a requestfrom the client, it rst
checksthis map beforeinsertingthe requestinto the dis-
patchingqueue.If the currenttime is earlier than the re-
questslatestreleasdime plustheperiod,therequesblocks
itself onaconditionvariableandsetsatimerwhichwill re
atthepropertime.Otherwiseijt is insertednto thedispatch-
ing queueimmediately When the timer of a blocked re-
questres, theblockedrequesis insertednto thedispatch-
ing queueThecurrenttimeis alsorecordedn thehashmap
asanew latestactualreleasdime for the next job. Because
thehashmapmaybeaccesseffom multiple threadsa mu-
tex is usedto protectits integrity. The hashmapandcon-
dition variablesare usedto reducejitters in end-to-ende-
sponsdimesby implementingthe rst two rulesof there-
leaseguardprotocoldescribedn Sun's thesis[14], andwe

shaw their effectsin Figure5. The compleity of the hash
mapis O(1).

Moreover, in the preemptie implementationof Kokyu
Dispatching, a schedulerthread does the dispatching.
Wheneer a subtask nishes its job, the schedulerthread
will wake up and pick up the currenthighestpriority sub-
task in the ready queueto run. Whenit nds the ready
gueueis empty but somesubtasksare waiting at the re-
leaseguard,it will releaseonesubtaskmmediatelyandal-
low it to make useof the CPU “idle” time. With the help
of a speci c schedulerthread,our DT releaseguardim-
plementsSun’s third rule, andimprovesthe end-to-ende-
sponsedime. However, sincethis third rule is not required
for properfunctioningof thereleaseguard(it is only anop-
timizationfor improving averageresponse¢ime), we do not
enablet in all ourtests.

3.2. ReleaseGuard in Event Channel

Note that the releaseguard(RG) is not boundwith the
Event Channel.Although the timeout event and all con-
sumertrigger eventsare passedhroughthe EC, they are
not subjectedto the RG algorithm. Only the eventstrig-
geredby the gatevay are subjectedo the RG when pass-
ing throughthe EC. The noti cation of a consumeto the
supplierof the next subtaskdoesnot go throughthe EC, so
it doesnotgothroughthe RG either

ReleaseGuards are also implementedin the Event
Channelas a slight modi cation of the Kokyu Dispatch-
ing Framevork [5]. Before an event is enqueuedn one
of Kokyu's dispatchinglanes,the ReleaseGuard checks
that the event is being releasedat an appropriatelyperi-
odic time. To avoid priority inversion,thereis a Release
Guardfor eachof thedispatchindanes.

Let r; bethe latestreleasetime of eventi (storedin a
mutex-protectedmap);thenthe targetreleaseime of rj.;
isr; + p, wherep is the periodof the event.If the Release
Guarddetermineghatthe eventis beingreleasedat anap-
propriatetime, thenit allows the eventto beenqueuedpth-
erwise,the ReleaseGuardsetsa timer to go off atr; + p
andbufferstheeventin theReleas&uardQueue Whenthe
timer goesoff, a ReleaseGuardThreadremovesthe event
from its queueand enqueuest in the Kokyu dispatching
lane. A DispatchThreadalways removesthe event at the
headof thelaneanddispatchedt.

Note that for the EC we have not implementedhe Re-
leaseGuardbehaior for thethird rule (justasthis behaior
isnotenabledor DTsin thispaper)testingwith thisbeha-
ior implementeds left for futurework. Becauseve areus-
ing FederatedventChannelsthismeanghataneventtrav-
elling from oneprocessoto anothewill beforcedthrough
the Event Channeltwice: oncewhen it is pushedto the
gatevay throughthe local EC, and once when the gate-



way pushest to the remoteConsumethroughthe remote
EC. It would be moreappropriateo only performthe Re-
leaseGuardon the remoteEC, becausea ReleaseGuard
only needgo be performedonceto reducejitter, andthere
is lesstime for jitter to accumulateagain beforethe event
reachests destinationconsumeiif ReleaseGuardis per
formedwithin the EC of thedestinatiorprocessoie mod-
i es theKokyu framework to distinguishbetweerthesewo
casessowe canrestrictthe RG to performingonly when
dispatchinggatevay pushedevents.

3.3. SystemModel

In our experiments,we only considerend-to-endperi-
odic tasks,which are sequencesf subtasksEachsubtask
of thetaskconsistof componenjobswhich executein se-
guenceon differentprocessorso form atree.Eachcompo-
nentjob requiresonly resourcedocal to the processoon
whichthejob executes.

The system contains m processors, P;  for
i = 1,2;::;;m, andn periodictasks,T; fori = 1;2;:::;n.
EachtaskT; hasn(i) subtasksT;y , for k = 1;2;:::;n(i).
We saythat Tix is the immediatepredecessoof Tik +1 .
EachsubtaskT; is representetly atuple(eix ; Pik ; @ik ),
wheree. is the worst caseexecutiontime neededo ex-
ecute subtaskTix , pik is the period of the parenttask
T;, and a;x is the phaseof the subtaskT;x (the de-
fault value of ax is 0). The phaseof Task T; means
the releasetime of the rst job of its rst subtask(a; 1).
The phaseof ary following subtaskis zero. The rela-
tive end-to-enddeadlinesof the tasksare equalto their
respectre periods.

3.4. Effect of ReleaseGuards

The systemin this example containstwo processors
and three periodic tasksimplementedusing distributable
threads.TasksT; = (2;4;0) andT; = (1:8;3;5:1) each
only hasa single subtaskandthey executeon P; and Py,
respectiely. TaskT, hastwo subtasksT,.; = (2;6;0) ex-
ecuteon Py, andT2.2 = (2; 6; 0) executeson P,. Thesub-
deadlineD;x of eachsubtaskT;x is equalto the end-to-
endabsolutedeadlineD; of its parenttaskT;. In this exam-
ple, the nonpreemptie EDF schedulingpolicy is used,and
only the rst two rulesof the RG protocolsin Sun's the-
sis are enabled Figure 4 shovs the scheduleof the tasks
whenthey aresynchronizedaccordingto the greedyproto-
colin theDT'simplementationin contrastthe schedulén
Figure5 is seerwhenthereleasegguardprotocolis used.

As shavn in Figure 5, the bi-directionalarronv denotes
wherethe releaseguarddelayedthe releaseof a subtask.
JobJ;.».» wasdelayedby thereleasgguard.OtherwiseJob
Jz:1.2 whichhadahigherpriority but releasedaterthanJob

T = L
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Figure 4: Schedulingwith greedyprotocol
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Figure 5: Schedulingwith releaseguard

J2:2:2 cannot begin to executeuntil 10th secondasshavn
in Figure4. Finally JobJs.1., missedits deadline andthe
next job of Task3 wasalsocancellethecausef the strict
periodic restriction. Furthermore the end-to-endresponse
time of Task2 wasalways6 secondsn Figure5 while it
canbe4 or 6 secondsvhenusingthe greedysynchroniza-
tion protocolin Figure4. Theseexperimentalresultsshov
the pro le of how the releaseguardworks in the middle-
ware.Thereleasgguardreally canimprove the predictabil-
ity andschedulabilityof end-to-endasks.

4. Benchmark Resultson Overhead

To empirically comparewo communicatiormodelsun-
der different scenarioswe needto calculatefor both of
them how muchtime is wastedon the additional actii-
tiesexceptthe job execution.We call the total time wasted
on all additionalactuvities the overheadTo isolateandan-
alyze the overheadmore easily all threetestsin this sec-
tion modeloneperiodictaskT; in the system.ThetaskT;
has2 or 3 subtaskseachon a separatgprocessarThe pe-



riod for thetaskis 200 millisecondsandthe executiontime
for eachsubtaskis 50 milliseconds.The deadlineof each
subtaskis equalto the period of its parenttask T;. Each
testis active for 300 secondsso the taskwill berun 1500
times.All thetime valuesshavn in tablesaremeasuregber
job run with nano-secondesolution.We run eachtest ve
timesand shov the average maximaland minimal values
of the overheadfor both EC andDT. In addition,the non-
preemptve EDF schedulingpolicy is usedin all threetests
in this sectionandthe randomworkloadchaintestin Sec-
tion 5. All the machineswe usein the testshave 500MB
RAM and512KB cacheandalsorun version2.4.220f the
KURT-Linux operatingsystem.

4.1. Static TestChain

In this test, the task T, is a linear chain of subtasks,
which hasthreesubtasks Ty.1; T1.2; T1.30, eachon asepa-
rate processoff Py; P,; P3g. We call them Client, Middle
and Sener, respectiely. Client is a Pentium-1V 2.5GHz
machine Middle and Sener are both Pentium-1V2.8GHz
machines.

For the EC implementationthe Middle andthe Sener
processorgan for slightly longer (305 and 310 seconds,
respectiely) to accommodatestartup delays (the Sener
processolis started rst, thenthe Middle, and nally the
Client). However, sincethe Client initiatestask execution,
the active periodremains300 secondsWe canseethe ex-
tra5 and10 secondgor theothertwo processorasslightly
longertimes.FortheDT implementationthe Clientproces-
sorsendsa shutdevn requesto the Middle andthe Sener
processorafter it nishes the 300 secondsf work. The
Middle and the Sener processorshut themseles dovn
whenthey receve therequestrom the Client, which should
beearlierthanEC.

Sincewe let the DSUI recordthe programstartandstop
eventsfrom the applicationlayer, thetotal runningtime is
decided.The DSUI alsorecordsthe startandstoptime for
ary job at the applicationlayer, andthe DSKI collectsin-
formationlik e context switchingatthekernellevel. By inte-
gratingthe informationfrom boththe DSKI andthe DSUI,
we cangive areasonablyxactexecutiontime for ary sub-
taskby ltering ary contet switching betweenthe DSUI
pairs. The numbershavn in the rst columnis the aver
ageexecutiontime for onejob. Moreover, sincethe DSKI
hasa specialthreadto recordthe CPU idle time, the idle
time in the secondcolumnis decidedonly by the running
time of thatthreadper job run. The total minusthe execu-
tion time andtheidle time leavesthenumbetin thelastcol-
umn.We call it Overhead& Misc, whichincludesthe over-
headfrom boththe middlevarelayerandthe operatingsys-
temlayerfor perjob runandsometrivial unaccountetime.
Misc alsoincludesthetime for recordingDSUI events.To

decreas¢hein uence from DSUI, we alwayskeeprecord-
ing samenumberof DSUI eventsfor both EC and DT in
all our tests.In mostcasesthe EC's andDT's DSUI over-
headsarecomparablevith eachother However, the system
threadcouldintroducevariationin othersystems.

Table 1: EC/DT in static chain test

EC/DT | Execution Idle Overhead® Misc (ms)
Time Time
(ms) (ms)
Avg. Avg. Avg. Max. Min.
Client | 50.0474/| 149.6016f 0.3512/| 0.3561/| 0.3489/
50.0268 | 149.6183| 0.3495 | 0.3537 | 0.3465
Middle | 50.0171/| 152.7737f 0.5437/| 0.5466/| 0.5388/
50.0317 | 150.8956| 0.6443 | 0.6497 | 0.6399
Sener | 50.0159/| 156.2965f 0.3638/| 0.3708/| 0.3543/
50.0277 | 152.3614] 0.3530 | 0.3586 | 0.3494

Analysis of Owerhead on the Middle Side: We seethe
overheaddifferenceon the Client and the Sener proces-
sorsare really trivial, but the overheaddifferenceon the
Middle processoiis notable.We try to explain it by do-
ing analysisaboutthe overheadon the Middle processor
for bothtwo model. The EC andDT have differentimple-
mentationmechanismslt is hardto comparethemside by
side, but from the following analysisof the overheadwe
cangetusefulinformationaboutwhich partscostmorein
eachof them.EC hasthreeworking threadson the middle
side:oneis a main threadwhich waits for periodicevents
from the Client side and dispatcheghem, secondis a re-
leaseguardthreadwhichinsertsthe delayedeventsinto the
dispatchingqueuethird is adispatchinghreadwhosemain
job is to executethe secondsubtaskandpushthethird sub-
taskto the Sener periodically During eachrun of 300sec-
onds,both EC and DT testsran the secondsubtask1500
times.In eachiteration themainthreaddid two jobs:waited
for eventsfrom the Client; pushedthe eventsto local EC.
Meanwhile, the EC dispatchingthreaddid the following
threejobs: First, the consumetrreceved a event pushedby
themainthread.Secondhe consumeexecutedthe second
subtaskandpushedaneventto the associatedupplier and
thenthe supplierpushedthe event to the gatavay through
the EC. Third the gatevay pushedthe event to the Sener
processarThe overheadfor eachthreadis shavn in Table
2. Moreover, to recordthe importanttime pointswhich in-
terestus, we rerunthe sametestwith more DSUI events.
Thetotal overheadncreasedlightly in Table2, compared
with thecorrespondingaluein Tablel.

Theoverheador thedispatchinghreadin theDT exam-
ple canbedividedinto ve mainparts.Firstthedispatching
threadwaits for the requestdrom the Client. Seconds the
EDF Schedulingime. Third is the Kokyu dispatchingime.
Fourth is the time for forwarding requestshe properser



Table 2: Client overheadanalysisfor EC

Total Overhead 0.5554(ms)
Main Thread | Waiting for Requests | 0.0870(ms)

PushEventsto EC 0.0638(ms)
Dispatching | DequeuingRequests | 0.0293(ms)
Thread PushEventsto EC 0.0516(ms)

Onawvay Call Sending| 0.0815(ms)
ReleasesuardOverhead 0.0925(ms)
Unaccounted 0.1497(ms)

vants.Fifth is for sendingthe onaeway call to the next pro-
cessomfterexecutingthelocal subtask.

Table 3: Client overheadanalysisfor DT

Total Overhead 0.6654(ms)
Wait for Requests 0.2100(ms)
Schedulinglime 0.0725(ms)

Dispatching| DispatchingTime 0.0191(ms)

Thread Forward Requests 0.0200(ms)
Oneway Call Sending| 0.2432(ms)

ReleasesuardOverhead 0.0201(ms)

Unaccounted 0.0805(ms)

Comparingthe abore two tableswe nd DT paysmore
time than EC for sendinga onevay call from one proces-
sorto anotherbecausdT needso propagte moreinfor-
mationwith the oneway call, suchasan uniquelD, dead-
line, executiontime, etc., which costsextra overhead.On

theotherhand,DT payslessfor Releas&uardmechanism.

Therearetwo reasonshatexplainthis: First, for eachevent

delay EC needsto do two extra context switchesbetween
thedispatchinghreadandthereleaseguardthread;Second,
theenqueuinganddequeuingrom thereleaseguardqueue
also causeoverhead Moreover, eachschedulingplus dis-

patchingin the EC costslesstime thanthatin the DT, but

onerequestneedsto passthroughEC more thanonceon

eachprocessoandevery timeit will be schedulecgnddis-

patched.For ary requestthe DT only schedulesand dis-

patchest onceon eachprocessaorOverall, DT's additional
overheadfor propagting more timing information domi-

nateshetotal overheadmakingit lessef cient thanEC.

4.2. Static Task Graphs

This test modelstask T; which has multiple subtasks.
Someof themmay be performedin parallel.In this case,
the rst subtaskT;.; triggersthe executionof two succes-
sorsTy.z, T1.3 atalmostthe sametime. The subtasksT; .,
andT;.3 only rely on subtaskT;.1, anddo not have inter-
dependenceEssentially this testmodelsa simple branch-
ing tasksuchasmightbeusedin afault-tolerandistributed

system.T;.1 executesn the Client processoandT;., and
T1.3, whichmaybecopiesof thesamesubtasior two totally
different subtasksgxecutein two Sener processorsThe
client processois a Pentium-1V 2.5GHzmachineandthe
two Sener processorarePentium-1V2.8GHzmachines.

For the EC andDT implementationthe Sener proces-
sorsranfor slightly longer (305 seconds}o accommodate
startupdelays(Two Sener processorsrestartedrst, then
the Client). However, sincethe Client initiatestaskexecu-
tion, theactive periodremains300 secondsWe canseethe
extra 5 seconddor the two Sener processorss slightly
longeridle times. Sincetwo Sener processor®f the DT
nish earlierthanthe EC's, the total runningtime for the
DT exampleis shorterthanthatof EC.

Table4: EC/DT in static graph test

EC/DT | Executiof Idle Overhead® Misc (ms)
Time Time
(ms) (ms)
Avg. Avg. Avg. Max. Min.
Client 50.0412/| 149.4942) 0.4653/| 0.4690/| 0.4622/
50.0279 | 149.4043 0.5627 | 0.5770 | 0.5487
Senerl | 50.0065/| 152.9738f 0.3625/| 0.3723/| 0.3497/
50.0278 | 152.8189 0.3519 | 0.3552 | 0.3491
Sener2 | 50.0093/| 152.9683f 0.3564/| 0.3604/| 0.3522/
50.0267 | 151.7602 0.3475 | 0.3548 | 0.3424

Results: In this testwe obsereda greateroverheadliffer-
enceontheClient processorThe DT implementatiormust
malke serialfunction callsto multiple seners.Althoughthe
EventChannehlsosendsventssequentiallyto two seners,
the EC model costslessoverheadthanthe DT model for
eachsend.Basedon this resultandthe previous analysisof
overheadon the Middle side,we concludeif we furtherin-
creasethe numberof requeststhe overheaddifferenceon
the Client processoshouldincreaselt looks like that the
EC modelis moresuitablefor the staticbranchingscenario.

Whenwe comparethe overheadof the statictaskgraph
with thatof the statictaskchainon the Client, we nd the
statictaskgraphincursmoreoverheadThatis becausen
the Client side the statictask graphneedsto sendtwo re-
guestgo two independeninachinesnsteadof one.But for
Sener machinesgitherin static task graphor static task
chain,their overheaddook similar.

4.3. Dynamic Task Graphs

ThistestmodelsataskT;, which hasmultiple subtasks,
oneof which, dueto its importanceo thesystemneedsas-
surancethat it can be completedindependenbf the situ-
ation on a particularprocessarSo, whenthe systemis in
Fault Tolerant(FT) mode,the subtaskT 1.2, is sentto mul-
tiple processorgthe PrimaryandSecondaryliddle proces-



sors)andexecutedon each.In this case,T;., is duplicated
andonecoypy is sentto eachMiddle processo(T1.2a goes
to the PrimaryMiddle processoandTj.,, goesto the Sec-
ondaryMiddle processor)Thetwo Middle processorgro-
vide adegreeof faulttoleranceon the systemin caseeither
of themis unableto completethe subtaskwithin its QoS
constraintsWhenthe systemis in normal,non-FT mode,
T, behaesthe sameasthe taskin the Static Task Chain
test. Thatis, T1., executesonly onthe primary Middle pro-
cesso(Middlel). Theapplicationswitchesbetweerthetwo
modesrandomlywith 50% probabilityin eachmode.This
test examinesthe dynamicbehaior of a distributed real-
time systemby measuringhe overheadf the systemwhen
it is switching.

In our experiment,we have four machinesasshavn in
Figure6. Subtasksl;.1 andT;.3 executeon processor$;
andP4, respectirely. Whenthesystermoperatesn FT mode
duringthe test,subtaskT; ., is duplicatedand executedon
both processor$, andP3. For the normalmode,subtask
T2 is only executedon processorP,. ProcessoiP, be-
ginsto executesubtaskT;.3 afterreceving a synchroniza-
tion signalfrom eitherP, or P3, andskip theother

Figure 6: Dynamically changingtopology test

For the EC and DT implementationsthe Sener and
two Middle processorsanfor slightly longer(310and305
secondsrespectiely) to accommodatatartupdelays(the
Sener processolis started rst, thenboth Middle proces-
sors,and nally the Client processor)However, sincethe
Clientinitiatestaskexecution theactive periodremains300
secondsWe aggin seethe extra 5 and 10 seconddor the
othertwo processorssslightly longeridle times.Also the
DT tests nished earlierthanthe EC's.

Results: The Middle2 processomnly receves about727
jobs from the Client, which is aroundthe half of the total
1500jobs.All thetime valuesshavn in Table5 areperjob
of thetask.SinceMiddle2 recevesfewer jobs, the proces-

soris morelikely to remainidle andwait for next requests.

This actualresultis consisteniith our expectation.Since
the Client in this test sentout more requestghanthatin
the static chaintestbut fewer thanthatin the staticgraph

Table5: EC/DT in dynamic graph test

EC/DT | Executiof Idle Overhead® Misc (ms)
Time Time
(ms) (ms)
Avg. Avg. Avg. Max. Min.
Client 50.0137/| 149.5311) 0.4457/| 0.4556/| 0.4362/
50.0276 | 149.5092| 0.4578 | 0.4619 | 0.4537
Middlel | 50.0205/| 153.3422f 0.5946/| 0.5986/| 0.5919/
50.0354 | 152.6661| 0.6786 | 0.6885 | 0.6747
Middle2 | 50.0399/| 369.1480f 0.5788/| 0.5825/| 0.5769/
50.0347 | 365.8382 0.7190 | 0.7229 | 0.7157
Sener 49.9207/| 156.7210f 0.4810/| 0.4867/| 0.4715/
50.1496 | 154.0328 0.5149 | 0.5208 | 0.5100

test, the overheadon client side was also betweenthose
two. In this dynamicgraphtest,the EC neededo subscribe
to two differentevent typesat the beginning statically for
two modesWhenthemodeswitchesjt changeshetypeof
the eventit pushesThis “static” subscriptionto two types
of eventsrequiresadditionalprogrammingeffort andmust
be performedat programmingtime, while the DT canre-
ally dynamicallyswitch by just sendingone morerequest
or not. Our experienceindicatesthatthe DT is more suit-
ablefor highly dynamicapplicationghatneedto recon g-
uretaskgraphsonline.

5. RandomWorkload Performance Results
5.1. Random Workload Generation

Throughthree preliminary testingresultsin Section4,
we establishedninitial characterizatioof theDT andEC
implementationsNow we needto verify it in more com-
plex and real applications.In our next experiment,each
systemhad 4 processorand 12 tasks.We rst generated
the periodfor eachtask,whichis uniformly distributedbe-
tween50msecand 1sec.The numberof subtasksn each
taskis randomlydistributedbetweenl and4. Subtasksare
uniformly assignedo processor@slong asary two sub-
tasksin a sametaskarenot assignedo the sameprocessar
The CPU utilization is uniformly distributed between0.5
and0.8. On eachprocessqrall the subtasksandomlydi-
videthe CPU utilization. Specially to determineheutiliza-
tion of individual subtaskson a processqrwe generated
randomnumberbetweern0.001and 1 for eachsubtaskand
calledit the utilization factor of the subtask.We then di-
vided the utilization factor of eachsubtaskby the sum of
the utilization factorsof all subtaskson the sameproces-
sor, to obtain a normalizedutilization factor The utiliza-
tion of a subtasks the productof the processoutilization
andits normalizedutilization factor The executiontime of
eachsubtaskis simply its utilization multiplied by its pe-
riod whichis samefor all subtasksn onetask.



5.2. Random Workload Test

In additionto the sourcesof overheaddifferencemen-
tionedin Sections4, the EC and DT RandomWorkload
testsaddseveralmore. TheDT implementationmustspavn
a separatahreadfor eachsubtaskwhich runsin the pro-
cessorwhile the ECimplementatiordoesnot requireaddi-
tional threaddor increasinghe numberof subtasks.

The RandomWorkload Testattemptsto mimic the be-
havior of a more comple, realistic system.The gener
atedtask setandits QoS is detailedin Table 6. We de-
notethefour endsystem$Nodel”, “Node2”,“Node3”,and
“Node4”. Figure 7 shavs how the twelve tasksof this test
aredistributedamongtheendsystemsAccordingto ouras-
signmentrule, we do not allow two subtask®f a particular
taskto executeon the sameendsystem.

Table 6: Randomtask chain parameters

Subtask ExecutionTime (msec) | Period | Phase
(msec) | Delay
(msec)
Tif12349 | 94 | 32 | 122 | 125 | 849 335
To:1 12 627 10
LER 3 199 80
Ta12:349 | 30 | 30 | 17 [ 23 | 257 132
Ts:1 34 952 501
Te:1 3 896 312
Tri1234g | 13 |5 | 12 [ 9 [ 110 26
Ta:f 1:2¢ 160 | 46 752 481
To;1 143 838 277
Tioif1:2:3¢ | 64 | 59 | 107 703 673
Ti11 121 916 442
Tizt123g | 16 | 7 | 11 190 168

Figure 7: Randomworkload subtaskdistrib ution

All thetasksin thistestareperiodic,andthetestis active

for 300secondsResultsfrom the EC andDT implementa-
tionsareshowvn in Table7. Sincetherandomworkloadtest
is composedf 12 tasks,it is dif cult to analysisthe over-
headfor eachtask.Thetime valuesin Table7 arethetotals
for all 12tasksin the systemin 300seconds.

For the DT implementationeachNode runsfor about
340secondswith asmallpartof theinitializationtime used
for establishinghe connectiondbetweemodesa large in-
terval is neededfor synchronizingthe starttime of tasks
on four Nodes.At the starttime, all the Nodesspavn task
threadsandarereadyto executesubtasksOur measurement
only begins after the synchronizatiorphaseand continues
until four nodesall run about300seconds.

For the EC implementationeachNoderunsfor approx-
imately 340 seconds40 of which are usedfor negotiat-
ing connectionbetweerNodesandsynchronizinghestart
time for actualtask execution.All the Nodescreatetheir
gatevaysto eachof the otherNodes,asdescribedn Sec-
tion 2.2, thenarrangea starttime. At the starttime, all the
Nodesbggin the timeoutswhich trigger event pushesthat
causesubtaskdo be executed.

Becauseof the small phasedelaysbetweentasks,it is
necessaryo arrangefor all the processorgo startallow-
ing tasksexecutionat ascloseto the sametime aspossible;
in thisway, the patternof which subtasksreexecutedvhen
on a particularendsystemis muchcloserto the ideal pat-
ternderived from the theoreticalQoS constraintgyiven for
thetest.Also our measuremereginsatthatstartingtime.

Table 7: EC/DT in random workload chain test

EC/DT | Execution Idle Time | Overhead&
Time (sec) | (sec) Misc (sec)
Nodel | 167.3970/ | 134.8827/ | 2.1251/
166.8722 130.3003 2.8340
Node2 | 165.4350/ | 135.0996/ | 2.1384/
164.8024 132.5027 2.7016
Node3 | 170.9234/ | 127.0672/ | 2.7394/
170.8312 124.7414 4.4198
Node4 | 193.6443/ | 102.5973/ | 2.7233/
194.3415 102.0207 3.6588

Results: We nd thatfor the randomchaintest,the over-
headddifferencebetweenthe EC andthe DT is nontrivial.
Although the DT and EC shaved the closeperformances
in previoustests DT's multithreadednechanisntauseshe
differencein this test.For eachsubtaskon a machine, DT
needdo generat@andmaintaina working thread andthese
threadscompeteat every schedulingpoint. Contrarily the
EC maintainsonly threethreadsor ary test.



6. RelatedWork

Syndironization algorithms: Several synchronizational-
gorithms are relatedto the use of releaseguardsin this
work. The greedy syndironization protocol is concerned
with releasingandexecutingall sub-task@ssoonit is possi-
bleto doso[8]. Thisprotocolis typically acommonfeature
in mary of today's non-realtime operatingsystemsched-
ulers. Despitethe protocol's ability to ensureminimal re-
leasedelay it canleadto burstytaskbehaior. Bettatiintro-
duceda setof protocolsbasedon phase-modi cation1].
The phase-modi catiorprotocolcanbe coupledwith Gen-
eral Fixed-Priority scheduling[] to producea scheduleof
tasks.Therelease-guat protocol[15] ensureghatthetime
betweentwo subtaskds not lessthat the period. This en-
suresthatthe releasingof the subtasksemainsasperiodic
possible This behaior adddlittle overheadsincethe proto-
col only needdo know theperiodbetweertasksandthelast
time the subtaskwasreleasedAn alternatve approachto
synchronizationin DRE systemss distributedpriority ceil-
ing [13]. Thatapproachhasnot beenadoptedn standard-
basedRE middlevare.lt is notaddresseth this paper

Distributable Threads in Operating Systems:Dis-
tributablethreadswere originally introducedin the Alpha
Kernel [7]. While the Alpha Kernel implementeddis-
tributablethreadsat the operatingsystemlevel, our work is
on middleware: distributablethreadand event channelim-
plementation®f end-to-endactuities.

Event Channel and Distributable Thread in DRE Mid-
dleware: Both communicationmodels have beenimple-
mentedon DRE middlevare and evaluatedsepaately [6]
and [16]. Toourbestknowledge ourworkisthe rst empir
ical comparisorbetweenthe two models.Moreover, none
of the earlierEC or DT implementationsupportRelease
Guardswhich areimportantfor end-to-endscheduling.

7. Conclusions

In this papemwe have describedheintegrationof release
guardswith distributablethreadsandfederatedeventchan-
nels,to supportpredictableschedulingof end-to-endasks
in DRE middlevare.We have systematicallyjcomparedhe
performanceof distributable threadsand federatedevent
channelsfor both randomworkloadsand three canonical
communicatiortopologies:sequentiataskchains,branch-
ing taskgraphsanddynamictaskgraphsin all of ourexper
iments,bothcommunicatiormodelsintroducedsmallover-
headper subtaskindicating that both modelsare reason-
ably ef cient for mary DRE applicationsFromtheresults,
EC s slightly moreefcient thanDT in eachof our bench-
marktestsusinga singleend-to-endask,especiallyfor the
branchinggraphscenarioFurthermoreDT performsworse

when the systemran more concurrenttasks. This is be-
causeDT requiresmoreconcurrenthreadswvhichintroduce
highercontect switch overhead Our empiricalresultsindi-
catethat, from a performanceperspecitie, EC is more ef-
cient for applicationswith static end-to-endasks,while
DT provides a more suitableprogrammingmodel for dy-
namicchanginghetasktopologyat run-time.
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