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Abstract

We presentan overviav of the reseach on real-
time networkingin the Hard-Real-Tme Systemseseach
group at the departmentof ComputerSystemslppsala
University. This includesa presentationof the geneal
motivationand goals,aswell asresultsand plans. On a
more technical level, we presenbur methodor providing
timing guaranteesn ATM-networks.

1 Intr oduction

Motivatedby the needto provide systemwide timing
guaranteef distributedreal-timesystemsandbasedon
earlierwork ontiming analysisfor the CAN-bus,we have
developed Response-ie Analysis (RTA) for provid-
ing real-timeguaranteem AsynchronoudransferMode
(ATM) communicatiometworks. RTA is a methodfor
analysisof network traffic which canbeusedby anadmis-
sioncontrolmechanisnto determinef thetiming require-
mentsof a new connectiorcanbe guaranteedvithout vi-
olatingtherequirement®f alreadyadmittedconnections.
Thistypeof admissiorcontrolis requiredby severalmul-
timediaandalmostall real-timecontrolapplications.

RTA is basedon fixed-priority real-timeCPU schedu-
lability analysis.This type of analysishasbeenextended
by several researchergin particularby membersof the
Real-Time SystemsGroup at the University of York) to
be applicablein a wide rangeof scenarios. As a re-
sult, it is now possibleto developend-to-endanalysisfor
distributed control systemswith a hierarchicalcommuni-
cationtopology consistingof for instancea high-speed
ATM backbonenetwork interconnecting setof produc-
tion cells consistingof controller nodesinterconnected
with alow speedbus(e.g. CAN).

This paperpresentanddiscussesur work on timing
guarantee®r networkedreal-timesystemsbut beforefo-
cusingon networking we will give a brief overview of
currentresearchn the Hard-Real-Tme Systemsesearch
group at the departmenbf ComputerSystems Uppsala
university Currentresearclinclude:

o Worst caseexecutiontime (WCET) analysis. Herewe
are both consideringhigh-level analysis(sourcecode
analysis),with the ambitionto use semanticinforma-
tion to boundthe executiontimesof programg5], and
low-level analysis (object-code/computearchitecture

relatedanalysis)focussingon taking cache-memories,
executionpipelines andotherarchitecturafeaturesnto
account[15]. As a first effort in combininghigh and
low-level analysiswe arecurrentlystudyingmethodgo
keeptrackof how compileroptimisationsnfluenceexe-
cutiontimes. The WCET work is performedn cooper
ationwith thecompilervendorlAR SystemsAB.
Methodsfor real-timesystemssoftware design. Based
on the softwaredevelopmentmethodologyoutlinedfor
the distributedreal-timeplatform BASEMENT [8], we
arecurrentlydevelopingamethodologyfor softwarede-
velopmentfor automotve control systems. We intend
to combinehigh-level formal methodshasednodelling
andverificationwith translationto executablecodeand
schedulingpf targetsystenresourcesThiswork is per
formedin cooperatiorwith Mecel AB andthe Design
andAnalysisof Real-Time SystemgDARTS) groupat
ourdepartment.
¢ Methodsfor providing timing guarantee networked
real-timesystemsThiswork includesanalysisof CAN-
buses[27, 26] and ATM networks [6, 22], aswell as
theabove mentionedBASEMENT system.We provide
strict guaranteesnd analysisby applyingresultsfrom
real-timeschedulingtheory In BASEMENT we used
staticcyclic schedulingandin the morerecentwork we
areusingfixedpriority schedulind1].
Ourgenerakcientificapproachs to extendandadoptthe-
ory, guided by case-studiesnd experiments. This in-
cludesdevelopmentof prototypetools. Our focusis on
practicallyusefultechniquedor developingprovably cor-
recthardreal-timesystems.

The reminderof this paperis organisedasfollows: In
Section2 we presentbur vision for timing guaranteen
networked factory systems. Section3 presentsour Re-
sponseTime Analysismethodfor providing timing guar
anteesin ATM-networks, and in Section4 we evaluate
RTA by a comparisorwith somealternatve methods Fi-
nally, in Section5 we concludeand presentsomefuture
plans.

2 A GeneralVision

The useof communicatiometworksin modernfacto-
riesandothercontrolsystemss rapidly increasing Many
applicationsusing the servicesof thesenetworks have
strict timing requirements.This include applicationsre-
lated to the commandand control of equipmentusedin



the productionprocess. For theseapplications,statisti-
calguarantee®.g.in termsof “messagdossprobability”
or “averagemessagealelay”, are not sufiicient. Instead,
a firmer commitmentis neededfrom the network, say-
ing thatit will alwaysdeliverall messagesompletelyand
within specifieddeadlinegwith resenationfor hardware
failureandexternalphysicalinterference).

In general,a factory communicationsystemconsists
of several subsystemandsubnetverks, e.g. asshavn in
Figure 1. The depictedcommunicationsystemconsists
of:
¢ A setof productioncells, somecontaininga multipro-

cessolndsomeafieldbus(e.g. CAN [2]) interconnect-
ing a setof nodeswith I/O-devices(sensoraindactua-
tors)for interactionwith the controlledprocesses,
¢ A setof nodeswith specifictasks,e.g. a HumanMa-
chine Interaction(HMI) nodehandlingoperatorinter-
actions,a numbercruncherproviding high performance
computatiorservicesanda centraldatabaséor storage
of productioninformationandlogging,etc.,and
¢ A backbonenetwork (in our casean ATM network) for
interconnectinghedifferentsubnetvorksandnodes.
It shouldbe notedthat this is just an exampleof a fac-
tory communicatiorsystem Othertopologiesandconfig-
urationsarecertainlypossible(i.e. afurthersubstructure
into subnetwarkswithin productioncellsor multiple MMI
nodesetc.). Also, in this type of ervironmenttherewill
be a mix of traffic, including real-timecontrol messages,
multimedia(e.g. for monitoring) and lesscritical mes-
sagesuchasthoserelatedto collectingstatisticaldata.
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Figure 1. A factory communication system

It is ourambitionto provide end-to-endeal-timeguar
anteedn sucha heterogeneousystem. This requiresan
holisticmethodwhichin anintegratedway canbeapplied
to schedulingand analysisof all involved resourcegi.e.
the differenttypesof networks, CPUs,etc.). Fixed Prior-
ity Scheduling(FPS)andthe associatedResponsdime
Analysis theory [1] provides a powerful basisfor this.

RTA is basedon traditional CPU schedulabilityanalysis
[14, 12] but hasalsoprovenusefulto determineresponse-
timesfor othertypesof resourcese.g. Contoller Area
Networks(CAN) [27] and disk drives[24]. Methodsfor
combiningthe schedulinganalysisof differentresources
in distributedenvironmentshasalsobeendeveloped[25].
In thefollowing sectionsve will presenhow we have
appliedRTA to schedulingf cellsin ATM-networks. The
developedanalysids onecomponenin theholisticanaly-
sisfor providing end-to-endjuaranteef heterogeneous
distributedreal-timesystems.

3 ResponseTime Analysis of ATM Net-
works

Severalmethoddor providing exactguarantees real-
time networks have beenproposedn the literature[7, 4,
16, 17, 28, 18, 19, 13, 23, 20, 9]. They all provide or
assumesomemechanisnof bandwidthsharingandhave
an associatednalysisthat can be usedby an admission
contmol procedureo & priori determinef the Quality of
ServiceQoS requirementf a new connectionbe met,
while not violating the requirement®f alreadyadmitted
connections,

A positive answerto this questionmeanghatthe con-
nectioncanbe admitted.A negative answemeanghatif
the new connectionis admittedthe QoS of the new con-
nection,aswell asthe QoS of alreadyadmittedconnec-
tions,maybeviolated.

We will here outline the Response-ine Analysis
(RTA) methodintroducedin [9], andextendedandeval-
uatedin [10, 6, 22]. We have focusedon ATM, sinceit is
likely thatATM will beusedin industrialcontrolsystems
and other safetycritical applications,simply becauset
will bethecheapeshighbandwidthcommunicatioriech-
nologyavailable.

RTA is attractve sinceit usesa very simple prior-
ity queuingmechanisnthat provides a clear separation
betweenbandwidth and deadline requirements. This
gives RTA a potential of offering a bandwidthutilisa-
tion outperformingcurrently popularbandwidthresena-
tion schemessuch as Weighted Fair Queuing (WFQ)
[4, 16, 17]. We testthis hypothesisby comparingRTA
andWFQ for somerealistictraffic scenariosIn addition,
we compareRTA with the Calculusfor Network Delays
(CND) [3], whichis analternatve analysismethodwhen
usingpriority queuing.

An additionalbenefitwith priority queuingis its effi-
cientintegrationof hardreal-timetraffic with otherQoS
classeswhich do not require absoluteguarantees.Non
hard real-time traffic is simply assignedower priority,
meaningboththatit will notinterferewith the hardreal-
time traffic andthatit canuseary bandwidthnot usedby
thereal-timetraffic.

3.1 AsynchronousTransfer Mode
AsynchronousTransferMode (ATM) [11] is a high
performanceconnectionoriented,network architecture.
Overeachconnectiorastreamof fixedsizepaclets,called
cells aretransmitted An ATM network consistof asetof



ATM switches Eachswitchroutescellsfrom asetof input
portsto a setof outputportsbasedn streamdentifiersin
the cell-headers.At the output port of an ATM switch
a port contoller multiplexescells from differentstreams
ontotheoutgoingline. Theoutputportsof anATM switch
aregovernecby ascedulingpolicy, e.g.Firstin, FirstOut
(FIFO),whichdecidesvhatcellsto dequeudrom theout-
putqueue OurRTA assumeATM switcheausingpriority
gueuingwhichis in accordancevith currentswitchtech-
nology (e.g. Fore SystemsASX-200BX, ASX-1000and
CiscolLS 1010all usepriority queuing).

3.2 Traffic characterisation

To be ableto analyzenetwork delaysa modelof the
traffic is needed Oftentraffic is characteriseth network
terminology using terms suchas “averagebandwidth”,
“maximumburstsize”and“burstbandwidth”.Sincesuch
termsmeanlittle (or nothing)for anengineedeveloping
hard real-time applications,we usethe following more
applicationorientedparametergp characterisa connec-
tion:

T; is the shortestperiod with which messageare gener
ated.

N; denotesthe maximumnumberof cells neededfor a
messageAn ATM cell has48 bytesof payload,thus,
for a streamwith maximummessageize of X bytes
N; = [X/48].

J; isthemaximumijitter of atraffic sourceg.g.causedy
the operatingsystemschedulingon the hostwherethe
applicationexecutes.

D; is thedeadlinefor end-to-endnessagelelivery. This
is thehardreal-timerequiremenwhich alwaysmustbe
met.

t; is the inter-cell delay after a messagehas passed
throughacell spacere.g.aleaky bucket) atthesource
node.

3.3 Response-ime Analysis
In this sectionwe will outline RTA.
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Figure 2. The network architecture

Figure 2 shaws the generalstructureof the consid-
erednetwork. In the figure, TG; denotesa traffic gen-
eratingprocesswhich generatemessaget® betransmit-

ted. Thesemessageare seggmentednto cells, which are
gueuedn a cell queueassociatedo T'G;. A cell spacer
movescellswith arateof tl fromthecell queugo thepri-

oritisedoutputqueue.The reasonfor usinga cell spacer
is to reducethe burstinessof the traffic andtherebyre-

ducecongestiomandincreasenetwork utilisation. From

the outputqueue cellsaresentto thefirst switch. In the

switch, cells are placedin the appropriateoutputqueue,
andtransmittedfurtherto the next switch until the desti-
nationis reached.

The following formuladefinesthe worst casequeuing
delay in one of the queuesalongthe path of an ATM
connection.Provided that thereis at leastonecell from
streamy in thequeudrom time 0 whenthefirst cell (num-
bered0) arrives, the queuingdelay for the k-th cell in
stream is givenby:

Dequeuéi, k) = (1 +k+

> Arrived(j, Arrival (i, k) +
j€sp(i)

Z Arrived(j, Dequeuéi, k)))T

J€hp(4)

The first summandcaptureghat at mostone cell of a
lower priority streamgetssentbeforecell k. The sec-
ond summandcapturesthe delay causedby the k cells
in stream: which have beenenqueuedbefore cell k.
The third summand capturesnterferencecausedy the
cells from streamssharingpriority with stream: which
have beenqueuedbefore,or at the sametime as, cell k.
Arrived(i, t) denoteghe maximumnumberof cellsfrom
streami which hasarrived at time ¢, and Arrival (i, k)
denotesthe earliestarrival time of cell k. The fourth
summand denotesnterferencecausedy higherpriority
streamarriving beforethedequeuingf cell .

Using (a remb) to denote be the remainder and
(a div b) to denotetheintegerpart,of a/b, we define

Arrival(, k) = max (0, (k div N;)T; + (k remN;)t; — J;)

Intuitively, for astreamwith messagesonsistingof V;
cellsqueuedatthesourcewith aperiodof T;, Arrival (i, k)
is equalto thedifferencein queuingtime of cell 0 andcell
k (whichis the (k rem IV;)th cell in messagégk div N;))
minusthejitter J;, which may causecellsto arrive closer
together Thetime of arrival mayhowevernotbenegative,

whichis captureddy the“maz(0, . ..)".

Arrived(i, t) = ((t + J;) div T;) N; +
~—_———
Wholemessages

min [(((t + J;) remT;) div t,-) + l,Ni]

~
A partialmessage

1sp(i) denoteghe setof streamawhich have the samepriority asé
(exceptstreamy itself)

’hp(i) denotesthe setof streamswhich have higher priority than
stream



Similarly, Arrived(i, t) is equalto the numberof cells
in completemessagesrrived at time ¢ plus the number
of cellsin the lastmessagevhich may only have arrived
partially. Notethatthejitter allows time betweerthe two
first messagew T; — J; insteadof afull period,T;.

Knowing both the enqueuingand dequeuingtime of
eachcell ¥ we also know the queuingdelay of cell k.
Thus, the maximumqueuingdelayfor a cell in streami
is

Q= max (Dequeuéi, k) — Arrival(i, k))

The numberof cells (i.e. k-s) which have to be inves-
tigatedto find @; is boundedput it is beyond the scope
of this paperto derive andprove thatbound. For a more
thoroughdiscussioronthetheoryof RTA wereferto [21].

3.4 Traffic ShapeModification

In orderto apply RTA onasubsequergwitchit is nec-
essanyto capturehow thetraffic shapechangevhenpass-
ing throughthe outputqueue.In general the addediitter
from a network componenis equalto the differencebe-
tweenthe maximumandthe minimumtime a cell is de-
layedin thatcomponent.In the caseof an outputqueue
the maximumdelayis @; andthe minimum delayis 0.
Thusthenew jitter, J;, becomes

Ji = Ji + Qi

Also, the remainingtime budget for the streamwiill
decrease.This meansthat for the subsequenswitch the
deadlinewill betighter The remainingdeadlineD; be-
comes

D;=D;—Q;

4 Evaluation of RTA

In this sectionwe presenta comparisorof RTA with
two other analysismethods: the analysispresentedn
[16, 17] for WeightedFair Queuing(WFQ), and Cruz’s
Calculusfor Network Delays[3]. Foramoredetailedpre-
sentatiorof the comparisorwe refereto [6, 22].

We have chosenNVFQto representherate-basservice
disciplines(i.e. disciplinesbasedon bandwidthresera-
tions)sinceit is the mostwell known suchmethod.CND
is evaluatedsinceit is an alternatve methodto RTA for
analysingpriority queuing.

Sinceboth CND and RTA both areapplicableto both
FIFO and priority queuing (PRIQ) we will study both
methodon bothschedulingpolicies.

4.1 Measuring Performance

A goodwayto understanthow well ananalysisnethod
performsis to studyhow muchof thenetwork resource#
allows to be allocatedbeforethe Call AdmissionControl
(CAQC) fails. In our comparisorthe CAC is performedor
scenariogonsistingof whole setof streamsThe CAC is
successfuif all streamsn thescenariaccanbeguaranteed
to meettheirrespectre deadlines.

We will studytheadmissiorprobability [18] curve for
eachmethod. The admissionprobability for a specific

level of network loadis definedasthe probability of per
forming a successfuCAC for a scenariowith thatload.

Naturally, the admissionprobability is highly depen-
denton the profile of the streamsn the scenario.If the
scenariosontainsmary streamswith tight deadlinesthe
admissionprobability canbe very low even for low net-
work loads.

In additionto evaluatingthe admissiorprobability, we
usesimulationto evaluatethe precisionof theanalysisby
comparingobsenedworst-caseesponséimeswith those
obtainedby analysis.

4.2 Network Topology

To avoid having too mary variableswe useafixednet-
work topology illustratedin Figure3. We definethe net-
work load astheload on the link to the destinatiomnode
(link 10). We distribute the streamsevenly over the 6
sourcenodes,thus, whenthe network load is 100%, the
loadon link 7 will be approximately33%. We have cho-
senamoderatéandwidthof 200Mbpsfor eachlink in the
network (i.e.b = 108).
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Figure 3. Network topology

4.3 Evaluation results

Figure 4 shavs the admissionprobability curve for a
traffic scenariodominatedby control softwaremessages,
andFigure5 presentanevaluationof the precisionof the
differentanalysismethods.

Fromthefiguresit is evidentthatRTA outperformsall
theotheranalysianethodsandthatPRIQhasvastlybetter
performancehanFIFO.

ThefactthatCND performsworsethanRTA (bothfor
PRIQandFIFQ)is not very surprisingsinceCND usesa
traffic modelwhichis morepessimistichanRTA's traffic
model. Thepoorperformancef WFQis moresurprising,
sinceWFQ oftenis adwocatedjn the computer andtele-
communicationcommunities,as the solutionto provide
QoSguarantees.

As far asprecisionis concernedyve obsere thatboth
PRIQmethodsxperiencdower precision(higheroveres-
timation) as the network load increases.The reasonfor
thisis that both RTA andCND have higherprecisionfor
higher priority streamswhile low priority streamshave
relatively high probability to receve betterservicethan
the worst-case Whenthe load increasesmoreandmore
streamawith higherpriority will beaddedandhencethe
precisiondecreases.



o
=)

AdmissionProbability

o
N}

0

Figure 4. Admission probabilities for RTA,

CND

08"

=]
ES
T

RTA-PRIQ —6——
RTA-FIFO -3¢

CND-PRIQ ——+--~
CND-FIFO —-A —— -

WFQ -8----

ot

%

= BegeE
e g2 L g g

x
e
oo
.3

0 01 02 O

and WFQ

RTA-PRIQ —6——
RTA-FIFO  3¢mmmoe

1

0.8 -

o
o

Overestimation

I
N

o
iN
T

04 05 06 07 08 09 1
Network load

CND-PRIQ — -+~~~
CND-FIFO —&——-

WFQ --3----

F T R = A = = N ST S
o

04 05 06 07 08 09 1
Network load

Figure 5. Precision of RTA, CND and WFQ

Theprecisionfor WFQ is by farthelowest. The preci-
sionfor WFQ increasesasloadincreasesgontraryto the
PRIQ andFIFO policies. However, this is quite natural,
sincethe analysisof WFQ considersachstreamin iso-
lation underthe assumptiorthat the whole bandwidthof
eachlink is allocated.As theloadincreasesthis assump-
tion becomesnoreandmorevalid, thusthe precisionin-
creases.

5 Conclusions

We have outlinedour generalambitionsandapproach
to provide real-timeguarantee networked controlsys-
tems,andpresentedn somedetailoneimportantcompo-
nentin suchaframework: the RTA methodfor admission
controlanalysisin ATM networks. RTA usestraditional
real-timeresponse-timéype analysis[12, 1] to calculate
the worst-caseaesponsdime of ATM-cells sentthrough
an ATM-network using priority queuedoutputbuffersin
theswitches.

RTA can be incorporatedwith existing frameworks
(e.g.Fixed Priority Scheduling[1]) for real-timesystem
schedulabilityanalysis,therebyallowing systemdesign-
ersto usethe sametechniquefor assessinghetimely be-
haviour of theentiresystemjncludingbothCPUandnet-
work scheduling.

We have comparedRTA with WeightedFair Queuing
(WFQ), a methodwhich makes fixed bandwidthalloca-
tionsto guarantedothbandwidthanddelayrequirements,
andthe Calculusof Network Delays(CND), whichjustas
RTA usesprioritiesto controlthetraffic flow.

In the evaluationwe useda traffic scenariacesembling
traffic in a real-timesystem. The resultingcomparisons
shav that RTA hasboth higher admissionprobabilities
andhigher precisionin the analysisthanboth WFQ and
CND. Ontheotherhand,we have alsomadethe obsena-
tion thatWFQ providesthe fastestCAC. In fact,the RTA
CACiscurrentlynotfastenougho handleadmissiorcon-
trol in arelatively largenetwork with dynamicallyarriving
connections On the hand,the majority of hardreal-time
systemgqe.g.systemdor processcontrol) arequite small
andtypically have a relatively staticsetof hardreal-time
connectionsFor thesetype of systemsRTA seemdo be
the bestalternatve for providing hard real-timeguaran-
tees.

5.1 FuturePlans

Ourfuturework aimsatfulfilling our vision of provid-
ing practically applicableend-to-endiming analysisfor
heterogeneoudistributed control systems.This includes
refinemenf existing results,developmentof new anal-
ysis modules,developmentof prototypetools, andcase-
studies.In therelatively shorttime perspectie we intend
to
e combine RTA with multiprocessor allocation and
scheduling,

¢ extendtheevaluationof RTA for ATM to consideraddi-
tionaltraffic scenariosindtopologies,

o developa moreefficient CAC for RTA,



¢ develop simulation-basedRTA methodsand prototype
tools,and

¢ performa larger case-studyo asseshe practicalappli-
cability of our methodsandtools.

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

El

[10]

[11]

[12]

[13]

[14]

[15]

N.C.Audsley, A. Burns,R.1. Davis, K.W. Tindell, andA.J.
Wellings. FixedPriority Pre-emptie Scheduling:An His-
torical Perspectie. Real-Tme Systems8(2/3):129-154,
1995.

RoadVehicles- Interchangef Digital Information— Con-
troller AreaNetwork (CAN) for High SpeedCommunica-
tion. ISO/DIS11898,Feh 1992.

R. L. Cruz. A Calculusfor Network Delay, Part | and
Il. IEEE Transaction®n InformationTheory 37(1):114—
141,Januaryl991.

A. DemersS.Kesha, andS. Shenler. AnalysisandSim-
ulation of a Fair QueueingAlgorithm. Internetwork: Re-
seach and Experiencel(1):3—-26 Septembef990.

A. ErmedahlandJ. Gustafsson.Deriving annotationgor
tight calculationof executiontime. In Euro-Par'97 Par-
allell Processingnumber1300in LectureNotesin Com-
puterSciencepagesl298-1307August1997.

A. ErmedahlH. HanssonandM. Sjodin. Response-ime
Guaranteein ATM Networks. In Proc. 18" Real-Tme
SystemSymposiuSanFransiscoPbecembed997.IEEE
ComputerSocietyPress.

S.JamaloddirGolestani A Stop-and-G&ueueind-rame-
work for CongestionManagement. In Proc. ACM SIG-
COMM’90, pages3—18,Septembe990.

H. HanssonH. Lawson, M. Strtombeg, and S. Larsson.
BASEMENT a distributed real-time architecturefor ve-
hicle applications. Real-Tme Systems11(3):223-244,
November1996.

H. Hansson M. Sjodin, and K. W. Tindell. Guarantee-
ing Real-Time Traffic Throughan ATM Network. In Proc.

of the 30'th Hawaii International Confeenceon System
Sciencesvolume5, pages#4-53.IEEE ComputerSociety
PressJanuaryl997.

H. HanssorandM. Sjodin. Response-ime Guaranteefor
ATM Networked Control SystemsIn Proc.1997IEEE In-
ternationalWbrkshopon FactoryCommunicatiorsystems
page213-222BarcelonaOctoberl997.IEEE Computer
SocietyPress.

R. Handel,M.N. Huber andS. Schidder ATM Networks
ConceptsProtocols,Applications Addison-Weslgy, sec-
ondedition,1994.

M. Josephand P. Pandya. Finding Responsdimesin a
Real-Tme System. The ComputerJournal, 29(5):390—
395,1986.

G. Karlsson. Capacity Reseration in ATM Networks.
ComputerCommunicationsSpecialissueon Algorithms
for ATM Networks March1996.

C. Liu andJ.W. Layland. SchedulingAlgorithmsfor Mul-
tiprogrammingn aHard-Real-Tme Environment.Journal
of the ACM, 20(1):46—611973.

G. Ottossonand M. Sjodin. Worst-CaseExecutionTime
Analysis for Modern Hardware Architectures. In Proc.
SIGPLAN1997 Workshopon Languaes, Compiles and
Toolsfor Real-Tme System§L CT-RTS’97) Junel997.

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

A.K. ParekhandR.G. Gallager A GeneralizedProcessor
SharingApproachto Flow Controlin IntegratedServices
Networks: The Single Node Case. IEEE/ACM Transac-
tionson Networking 1(3):344—-357Junel993.

A.K. ParekhandR.G. Gallager A GeneralizedProcessor
SharingApproachto Flow Controlin IntegratedServices
Networks: The Multiple NodeCase.|[EEE/ACM Transac-
tionson Networking 2(2):137—150April 1994.

A. Raha,N. Malcom,andW. Zhao. PerformaceEvalua-
tion of AdmissionPoliciesin ATM BasedEmbeddedReal-
Time Systems. In Proc. of the 19th Confeeceon Local
computeMNetworks1994.

A. RahaN. Malcom,andW. Zhao.HardReal-Time Com-
municationswith WeightedRoundRobin Servicein ATM
Local Area Networks. In Proc. Engineeringof Comple
ComputerSystemsvolume 1, pages96—103.IEEE Com-
puterSocietyPressNovember1995.

D. Saha, S. Mukherjee, and S.K. Tripathi. Multirate
Schedulindor GuaranteedndPredictize Servicesn ATM
Networks. In Proc. 17" Real-Tme Systems$Symposium
pagesl55-164IEEE ComputerSocietyPressDecember
1996.

M. Sjodin. Responsedime Analysisfor ATM Networks.
Departmenbf ComputerSystemslppsalaJniversity, Li-
centiate ThesisDoCS 97/92, May 1997. URL http://-
www.docs.uu.se/"mic/lic.ps.gz.

M. Sjodin. Responsd&ime Analysisfor ATM Networks.
TechnicalReportDoCS 97/92, Departmeniof Computer
SystemsPppsalaUniversity, 1997.

A. Stamoulisand J. Liebherr S?2GPS: Slow-Start Gen-
eralizedProcessoSharing. In K. Jafay, editor, Partici-

pantsProc. of Workshopon Resouce Allocation problems
in MultimediaSystemgheldin conjutionwith IEEE Real-
Time Systems$Symposium)University of North Cariolina
atChapelHill, Decembef996.

K.W. Tindell andA. Burns. Fixed Priority Schedulingof
Hard Real-Time Multimedia Disk Traffic. The Computer
Journal, 37(8):691-6971994.

K.W. Tindell andJ. Clark. Holistic SchedulabilityAnal-
ysis For Distributed Hard Real-Time Systems. Techni-
cal ReportYCS197,Real-Time SystemsResearctGroup,
Departmentof Computer Science, University of York,
Novemberl994.

K.W. Tindell andH. Hansson.Babblingldiots, Dual Pri-
orities,andSmartCAN Controllers.In Proc.2"¢ Interna-
tional CAN Confeence London,October1995.

K.W. Tindell, H. Hanssonand A.J. Wellings. Analysing
Real-Time Communications: Controller Area Network
(CAN). In F. JahaniarandK. Ramamrithameditors,Proc.
15" Real-TmeSystemSymposiunpage259—2631EEE
ComputerSocietyPress1994.

H. ZhangandD. Ferrari. Rate-ControlledServiceDisci-
plines.Journal of High SpeedNetworks 3:389-4121994.



