DynamicRespons@ime Optimizationfor SDF Graphs

Dirk ZiegenbeinJanUerpmannRolf Ernst
TU Braunschweig
{ziegenbeinuerpmannernst @ida.ing.tu-bs.de

Abstract

SyntironousData Flow (SDF)is a well-knownmodelof com-
putationthatis widelyusedin thecontmol engineeringanddig-

ital signal processingdomains. Existing schedulingmethods
are mainly staticapproadcesthat assumdull knowledg of the

ervironment.e. g. dataarrival times. In a growing numberof

practical casedike internetmultimediaapplicationsthere ex-

ists only partial knowledg@ of the ervironment,e. g. average

datarates. Here, only dynamicschedulingcan yield optimal

results. In this paper we proposea new dynamicscheduling
methodthat minimizesthe maximalresponsdime of the sys-
tem. It is a generlization of a deadlinerevision methodto

allow treatmentof data-dependentasksusing EDF schedul-

ing. Theapplicability andbenefitof thenew appmoacd is shown
usinga real-worldexample

1 Intr oduction

Synchronoudata Flow (SDF)[] is a well-known model of
computatiorthatis widely usedin the controlengineeringand
digital signalprocessinglomains.Therepresentatioonf anap-
plication as a setof actors(or processesgommunicatingvia
buffersexpressegxplicitly thedegreeof parallelismin thesys-
tem. Thereis a very soundunderstandingf the theory and
alot of methodsfor analysisandschedulinghave beendevel-
oped.Thisalsoshavsin awide variety of designtoolsthatare
basedon SDF, e.g. COSSAPby Synopsys SPWby Cadence
Alta or DSPDesignStatiorby Mentor Graphics.

SDF graphsallow an arbitraryorderof actor(process)kx-
ecutionsonly subjectto the availability of input data. This
propertycanbe exploitedfor throughputand/orbuffer sizeop-
timization. Assuminginfinite input streamg(e.g. storedin a
buffer) or input with exactly predictabletiming, suchasperi-
odic input, optimality canevenbereachedwith staticschedul-
ing, i. e.astaticorderof proces&xecutions Thus,thestaticim-
plementatiormethodsassumeeitherlarge,costlyinput buffers
or a completeknowledgeof the ervironmentwith exact data
arrival times.

In mary importantembeddedhpplications,input dataar
rive in anon-periodicsequenceProminentexamplesareburst
modesand paclet basedtransmissionsuchasin automotve

*This work wassupportedy the GermanDFG.

(CAN bus) or internet-base@pplications. In both casesthe
transportmediumlacks real-time characteristicto guarantee
exacttiming. Underthesecircumstancesa staticorderof pro-
cessexecutionscannotprovide optimal solutions.

lat=10

Figure 1: Example SDF graph with uncertain ervironment
information
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Figure 2: Gantt charts for SDF graph of Fig. 1 for static
(top) and dynamic (bottom) scheduling

Fig. 1 shavs a very simple examplewith threeactorsto
demonstrateéhe possibleshortcomingf static schedulingof
SDF graphswhen the ervironmentinformation is uncertain.
The input tokensarrive at both inputs every 40 time units on
theaveragebut have ajitter of 5 and8 time units,respectiely.
For a staticschedulethe executionorderof actorsA; and Ay
is fixed off-line. Thus, an unfavorablesituation(input for Ay
is late andfor Ay early) asdepictedin the top Ganttchart of
Fig. 2 canarisethatthe systemwaits on aninput tokenfor Ay
althoughA; is readyto execute.Usingdynamicschedulingthe
executionorderof theactorsis only partially fixedaccordingo
the datadependencieandthe early arrival of the input token
for Ay canbe usedto minimize the responsdime (seelower
Ganttchartin Fig. 2).

As theexampleshaws, dynamicschedulingof SDFgraphs
is preferablefor uncertainervironments.Hereandin the fol-
lowing, we assumethat the actorsare sufficiently large pro-



cesseptherwisetheadvantagewill bespoiltby context switch
overhead.

Otherthanstatic processordering,dynamicschedulingal-
gorithmsarevery sensitve to the optimizationgoals.lt is easy
to obtainmaximumthroughputfor SDFgraphsby simply exe-
cuting ary activatedprocesswith sufficient input data. In this
case,we utilize the SDF property of an arbitrary processse-
guence. If morethanone processs activated,which is typi-
cal for SDF systemsthenwe have a choicewhich procesgo
execute. This choicecanbe usedto optimizefor a secondop-
timization goal, i. e. buffer sizeminimizationor responsdime
optimization.In this work, we focuson optimizingthe guaran-
teedsystemresponsdime. Applicationsare (interactve) mul-
timediasystemsand ary kind of control engineeringapplica-
tion which requiresa strict upperboundon their latenciesor
responsdimes,suchasin automotve systems.

Thereis alot of expertisein thefield of dynamicschedul-
ing to guaranteeleadlinesor minimize responsdimes,but the
algorithmsarenot applicableto SDF graphssincethey assume
agyclic single-rateprocesssystems.To the bestof our knowl-
edge thereareno dynamicschedulingnethodologieshatsup-
port multi-rateandcyclic datadependenciegwo key features
of SDF graphs.Thus,we proposea nev methodfor dynamic
schedulingof SDFgraphs.

Ourapproacthis ageneralizatiorof a methodby Blazewicz
[2] who shoved how to revise deadlinesof taskwith general
precedenceonstraintssuchthat earliestdeadlinefirst (EDF)
schedulingyields minimal responsdgimes. While the origi-
nal methodonly supportgprecedenceonstraintbetweertasks
with the sameexecutionrate, we extend the methodto cover
multi-ratedatadependencieandcyclesin the graphstructure.
The main adwantageof our approachis to reducethe worst
casesystemresponsdime in comparisorwith existing static
approaches.

The rest of the paperis organizedas follows. After an
overview of relatedwork, the problemto be solvedis defined
in Section3. In Section4, Blazewicz's methodaswell asour
extensionarepresente@ndexplainedusingsimpleexamples.
Our approachs demonstratedisinga real-world autonomous
vehiclecontrollerin Section5. The paperendswith a conclu-
sionaboutthe applicability of our approactandanoutlookon
furtherwork.

2 RelatedWork

Synchronoudata Flow (SDF)[f is a well-known model of
computatiorthatis widely usedin the controlengineeringand
digital signalprocessinglomains. Thereis a very soundun-
derstandingf thetheoryanda lot of methodgor analysisand
schedulinghave beendeveloped. Lee and Messerschmitf5]
presentmethodsfor checkingfor the existenceof a bounded
memoryscheduleand proposealgorithmsfor schedulingSDF
graphson uni- and multi-processors. Ha and Lee [4] ex-
tend thesealgorithmsfor actorswith data-dependergxecu-
tion times. Furthermore there are several extensionsof the
SDFmodelof computatiorwith respecto data-dependermlata
movemente.g. BooleanDataFlow [3].

In contrastto SDF related methodsthat are mostly per
formedat compile-timeandrequirefull knowledgeof theen-
vironment,dynamicschedulingnethodsareperformedat run-
time andarewidely usedin the context of real-timeoperating
systems.A very goodoverview of standarddynamicschedul-
ing methodss givenby Stanlovic et.al. in [9]. While the stan-
dardapproachebke EDFandRMS aremostlyrestrictedo in-
dependentasks,extensionsto handledatadependenciebave
beenmadeby Blazewicz [2] for EDF andby YenandWolf [11]
for staticpriority preemptve methods.Thelatterapproactas
beenextendedby Pop, Elesand Peng[8] to cover control de-
pendencies.

3 Problem Formulation

The systemto be scheduleds givenasan SDF graph[g. This
is adirectedgraphwith nodesgcalledactors representingom-
putationsand edgesrepresentinglatacommunicatiorvia un-
boundedrIFO buffersthat may have a numberof preassigned
tokensd calleddelays.An actorA hasanassociatediring rule
that allows executiononly whenthereis sufficient input data
availableonitsincomingedges At eachexecutionit consumes
(blockingread)andproducegnon-blockingwrite) afixednum-
ber of datatokens,r ands respectiely, on their connected
edges. Eachactor A hasa worst-caseexecutionlateng lata.
The graphalsohasexternalinputsand outputsthroughwhich
datatokensarerecevedfrom the ervironmentandsentto the
ervironment,respectrely.

Besideghe systemthe descriptionof the problemalsohas
to include the ernvironment. In the context of this paper we
assumehateachinputof the SDFgraphhasanassociatechput
datarate.An inputdatarateis describedy two parameters:

e the meanperiod T
The meanperiodis the averagetime betweenthe arrival
of two consecutie datatokensat the correspondingnput
of thesystem.

the jitter |

The jitter definesthe maximumtime differencebetween
theactualarrival of adatatokenandits arrivalaccordingo
the meanperiod. If thejitter intervals overlapwe assume
thatthe datatokensarrive in the correctorder

For example,at aninput with anassociatednput datarate
characterizethy T = 40 and j = 5 tokensarrive every 40 time
units on the averagebut may be 5 time units”late” or "early”.
Both parametersepresentheaveragebehaior of theenviron-
mentandthe boundsin which this behaior may vary. Note
thatthejitter hasno directinfluenceon the proposedschedul-
ing methodbut ontheachiezedgaincomparedo existing static
methodssincezerojitter standsor completeknowledgeof the
ervironmentfor which staticmethodsyield optimal resultsas
well.

Well-formed SDF graphsanda "correct” ervironmentare
assumed,). e. the ratio of two input meanperiodshasto be
equalto the ratio of the executionratesof the actorsthat are



connectedo the correspondingnputs. Otherwise the system
is ill-formed andtheinput buffersarenot bounded.

Theproposedchedulingnethodmapsthe SDFgraphonto
auniprocessowith thegoalto minimizetheguaranteedverall
responsédime of thesystem.

4 Responselime Optimization

In this section, the proposedapproachis presentedand ex-
plained using simple examples. After an introductionof the
schedulingmethod by Blazevicz on which the approachis
based,the extensionsto cover multi-rate and cyclic datade-
pendenciesrepresented.

4.1 Blazewicz's Algorithm

A widely usedpreemptve schedulingalgorithmis the earliest
deadlinefirst (EDF) schedulingpolicy thatassignghe highest
priority to the taskwith the minimum remainingtime until its
deadline.Liu andLayland[7] shovedthat EDF schedulings
optimalandalwaysachievesfull processoutilization for inde-
pendentasks.

Sinceanessentiafeatureof SDFgraphsis the presencef
datadependencielsetweeractorsthe simpleEDF policy is not
applicablefor our goal. However, Blazeawicz [2] proposedan
optimal methodhow to adjustdeadlinesandstarttimesfor de-
pendentaskssuchthat precedenceonstraintsareencodedn
thereviseddeadlinesThen,theseaskscanbescheduledising

assignmenbf ataskbut the relative valuein comparisorwith

thedeadlineof theothertasks.Sincerelative deadlinesreob-

tainedby performingBlazewnicz’'s method,EDF is applicable
for our problem. In orderto obtain meaningfulvaluesfor the
deadlinesyve initialize the deadlinesof all actorsconnectedo

outputsto bethedurationof onemeanmacroperiod. Thedura-
tion of ameanmacroperiod TnacroCanbeeasilydeterminedy

multiplying the meanperiodfor oneinput with the numberof

executionspermacroperiodq of theactorconnectedo thisin-

put(Tmacro= Ti - Gi)- Thedeterminatiorof qis shavnin section
4.2.

Using the examplesystemdepictedin Fig. 1, Blazewicz's
deadlinerevision is explainedin the following. The deadline
of Ag is initialized to d3 = Tacro= 40. Then, Ay’s deadline
is determinedasdy = min{e, (40— 15)} = 25. Sincethe de-
pendencie®f A; and Ay with respectto Az are the same,d;
evaluatego 25 aswell. Thus,actorsA; andA, areonthesame
priority level, i. e. the orderof executiondependsn the order
of their respectre incomingdatatokens. In the examplesitu-
ation depictedin the bottom Ganttchartin Fig. 2, Ay's input
dataarrivesbeforeA;’s. This resultsfor the EDF schedulan
the executionorderAxA As.

Blazawicz's algorithmis targetedfor taskgraphswith gen-
eral precedenceonstraints. However, multi-rate datadepen-
denciesasthey are commonin SDF graphsare not covered.
Furthermore the formulation of the deadlinerevision proce-
dure doesnot allow cycles, also a commonfeature of SDF
graphs.n thefollowing subsectionsextensionf Blazewicz's
algorithm are proposedto cover multi-rate dependenciess

the simple EDF policy suchthat the overall systemresponse el ascycles.

time is minimized. Accordingto Blazewicz, the deadlinesd;
andstarttimesa; have to berevisedasfollows:

df = min{d;, min(d? — lata, ; A = A})}

startingfrom taskswith no successoand processingstepby
stepall taskswith their successoralreadybeenprocessed

af = max{aj, max(al + lat, ; Aj = A)) }

startingfrom taskswith no predecessaandprocessingtepby
stepall taskswith their predecessoralreadybeenprocessed
Therevisedstarttimesensurehatno taskwill be executed
too early andviolate ary precedenceonstraintse.g. prevent-
ing a taskfrom readinga value out of sharedmemorybefore
it is updated. However, starttimesdo not have to be consid-

eredfor the schedulingof SDF graphs,sincethe precedence

constraintsin SDF graphsare datadependenciewith block-
ing reads,i. e. no actoris ableto executebeforeall its input
datais present(asrequiredby the firing rules)andthusall its
datadependencieare obsened. Thus,in the following only
Blazewicz's methodfor revision of deadlinesis extendedal-
thoughtheideasarevalid for the adaptionof starttimes,too.
Sinceour goal is to minimize the guaranteeaverall sys-
tem responsdime, thereare no explicit task deadlinesspec-
ified. Thus at first sight, EDF which assignspriorities only
basedon deadlinesseemanot to be applicableat all. But not
the absolutevalue of its deadlineis importantfor the priority
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Figure 3: Example for a graph with a multi-rate data de-
pendency

4.2 Multi-Rate Extension

Thebasicideaof the extensionof Blazewicz’'s methodto cover
multi-rate datadependenciess that for eachmulti-rate graph
there exists an equialent single-rategraphthat can be con-
structedby unfoldingthe graph[1] for the durationof a macro
period.A macroperiodis thetimein whichthe SDFgraphafter
a seriesof actorexecutionsagainreachests initial state. The
constructedsingle-rategraphhasa nodefor eachinstanceof
anactorin the macroperiodandsingle-ratedatadependencies
betweenthem. Sincethereareonly single-ratedependencies,



performingBlazewvicz’s methodon this unfoldedgraphyields
optimaldeadlinedor eachactorinstance Thus,optimality can
still be guaranteedor graphswith multi-rate datadependen-
cies.

For the example systemof Fig. 3a), a macroperiod con-
sistsof threeexecutionsof actorA; andtwo executionsof ac-
tor A,. The correspondingunfoldedsingle-rategraphis de-
pictedin Fig. 3b). Note that the multi-rate datadependeng
hasbeentransformednto six single-ratedependenciesAddi-
tionally, precedenceonstraintdbetweerdifferentinstanceof
the sameactorhave beenintroducedwhich ensurethatthe kth
instanceof anactoris executedbeforeits (k+ 1)th instance.

To avoid the possibly computationallyintensive explicit
constructionof this unfolded graph, we extend Blazewicz's
deadlinerevision formula to cover all actor instancesin an
macroperiod. This canbedividedinto two subproblems:

e Find number of instancesof eachactor per macro pe-
riod
This was solved by Lee and Messerschmitin [5]. They
createa topologymatrix I thathasa columnfor eachac-
tor andarow for eachedgein thegraph.The (j,i)th entry
in the matrix denoteshe numberof datatokensproduced
by actorA; onedgee; perexecution.If actorAj consumes
tokensfrom edgee;, theentryis negative, andif A; is not
connectedo ej, theentryis zero. By solvingl'g = 0 for
executionnumbervector g with 0 beinga vectorfull of
zeros,the numberof instancesy € {1,2,3,...} for each
actor Ay per macroperiodis obtained. In the following
formulas,we usefor eachactorA; the maximuminstance
index in amacroperiodkmaxi € {0,1,2, ...} whichis com-
putedby g — 1. For the examplein Fig. 3, this evaluates
tOkmax1 =01 —1=3—-1=2andkmaxo =2—-1=1.

Find dependentinstancesfor eachmulti-rate data de-
pendency

A single-ratedatadependengfrom actorA; to actorA; di-
rectly defineghatthekth instanceof Aj hasto bepreceded
by thekth instanceof A;. 6delaysontheedgerepresenting
this datadependengresultin a dependeng betweerthe
(k+ d)th instanceof Aj andthekth instanceof A; (in the
following denotechsA}‘). However, for a multi-ratedata
dependengfrom actorA to actorAj, severalinstancesf
actor Aj may dependon the sameinstanceof A; or one
instanceof A; may dependon several instancesof actor
A;. For thedeterminatiorof thesedependenciesheinput
andoutputdataratess ; andr; j aswell asthe numberof
delaysdlj on the edgeconnectingthe actorshave to be
considered.

For the derivation of the deadlinefor the kjth instanceof
actor Aj, the first instanceof actor A thatis dependent

on the executionof Alk' hasto be determined. Thus, it

hasto hold that A’ produceshelasttoken neededor the spondingd, X which is kj =

executionof mstanceAJ i. e. the correctinstanceindex
is thesmallestvalueof k, € Ny thatsatisfieghefollowing

expression
ki-sj+dij < (kj + 1)rij

wheretheleft sidedenoteghe numberof tokensproduced
by A beforethe kith instance,including delays,andthe
right side denotesthe numberof tokensreadby A; after
thek;th instance Solvingfor k; leadsto

Ki-Sij + dij

kj >
fij

-1

Thesmallesk; which meetsthis inequationis

Thus,the deadlinedf<i of the kith instanceof actorA; de-
pendsonthe [w

: Jth instanceof actorA.

Delayson a datadependeng may leadto a dependeng
onaninstancehatis partof a highermacroperiod. Since
deadlinesareonly determinedor instancesn onemacro
period, the deadlineof a higher macro period instance
evaluatego

k—q; k] =
dIJ( = dJ qJ + lq—J 'Tmacro fOI’ k Z q|
j
Additionally, the precedenceconstraints between in-
stance®of the sameactorhave to be considered.This re-
sultsin thefollowing expression

di < diFL —laty,

thatfollows Blazewicz's methodfor deadlinerevisionand
ensureghat the kth instanceis executedbeforethe (k +
1)th instanceof actorA.

Altogether this resultsin the modified formula for dead-
line revision thatis depictedin Fig. 4 andhasto be computed
for all actorinstancesA}‘ in one macro period starting from
actorswith no successorgnd from k = kmaxj downtok = 0
This formula can be seenas a generalizatiorof Blazewicz's
formula sinceit yields the sameresultsfor single-rateprece-
denceconstraintsandtreatsmulti-rate constraintjust astheir
correspondingingle-rateconstraints.

For the examplein Fig. 3, the deadlineof the lastinstance
of A, is initialized to d} = T; - q; = 40-3 = 120. Accord-
ing to the modified formula the other deadlined? is set to
dd = d} — lata, = 110. Having evaluatedthe deadlinesof the
Iast actorAz now the deadlinesof A; have to be calculated.
To obtain the deadlined?, one hasto determinethe corre-

|249] = 1. Thusd? resultsin

d? = min{, d} — lata, } = 110. Similarly, theotherdeadllnes
of A; aresetto d1 100andd? = 95.



di = ming df, dft —laty, , ming d

[k'ﬁj+ij

J g J—latAj;Aj—)Aj

startingfrom actorswith no successorandwith falling k.

Figure 4: Modified deadlinerevision formula

4.3 Cycle Extension

In its original formulation, Blazewicz's methoddoesnot con-
sidercyclesof precedenceonstraintsThisis well understand-
able, since for generalprecedenceonstraintsa cycle would
obviously resultin a deadlock.But for precedenceonstraints
originatingfrom SDFdatadependenciesyclesaremeaningful
dueto the concepbf delays.

As alreadyshovn above, delayscausea datadependeng
to resultin a precedenceonstraintrangingto a laterinstance
of thereceving actor Delaysarealreadycoveredby the multi-
rateextensionabove, but cyclescannot betreated.Thisis due
to the formulation of Blazewicz’'s algorithm that requiresall
deadlinesof successin@ctorsto be known for the determina-
tion of anactors deadlinewhich is impossiblefor actorsin a
cycle. Again, Blazewicz's ideaholdsalsofor cyclic datade-
pendenciesthe restrictionis only basedon the formulation of
thealgorithm.

The solutionis to usean algorithmthat iteratively propa-
gatesandupdateghe reviseddeadlinesaccordingto the mod-
ified deadlinerevision formula until no changesoccur This
algorithmis depictedbelow:

Dirty: ={Aq,...,An}
while Dirty#0
{

choose AjebDirty

for all
{
demp'= d¥
d¢=... (formula of Fig. 4)
if dremp# df
then Dirty+ =Predecessor (A)
i f lata >dk then break
DELAY_FAI LURE
}

}
}

The setDi rty containsall processeghat still have to
be processed.Whenerer the deadlineof an actorinstanceis
changedall direct predecessorareaddedto theDi rty set,
sincethe changeddeadlinemight also effect the deadlinesof
their instances. This is doneuntil the setDi rty is empty
i. €. no changesoccurred. In caseof insufiicient delaysin a
cycle, which is a sign of anill-formed SDF graphthat would
deadlockthe algorithmdoesnot terminatejf the breakcondi-
tion lat > dik, i. e.thedeadlines too earlyto befulfilled, is not
introduced. Togetherwith this breakcondition, the algorithm

k from kmaxj downto O

is guaranteedo terminatesincethe deadlinesmonotonically
decreaselueto them n-operator

lat=5

lat=15
Figure5: Example SDF graph with cycle

Thealgorithmis demonstratedsingthe simpleexampleof
Fig. 5. Thedeadlineof actorAy, beinganactorconnectedo an
output,is initialized with dg = Tmacro= 40. Next thedeadline
of Ay is calculatedasd? = d9 — lata, = 30. The deadlined
correspondsvith k; = | 24 | = 1andd} = di~* + | 1] - 40=
70to dJ = 70— 5= 65. After thisit hasto be checledif the
new deadlineof Az modifiesthe deadlineof A,. Becausedg
is determinedasd) = min{40,65— 15} = 40it is notchanged
andthe algorithmterminates.

5 Example

In this section,we apply our methodto a real-life automotve
applicationexample, the obstaclerecognitionpart of an au-
tonomousvehiclecontrollerfor testtracks[10] shavnin Fig. 6.
Theinputdatafor the objectrecognitionsystemis providedby
five sensorgq3 laserscanners;l radarsensor 1 stereovision
sensorthatoperateasynchronoushgndtransmittheiracquired
datavia several CAN busedo thesystem.Theactorsconnected
to eachinput performthe separateecognitionof objects.The
actorcalledobjectcorrelationdecideswhich objectsfrom dif-
ferentsensorgepresenin fact the sameobstacle. Oncethe
objectsare matchedthey are combinedby actorsProbability
Estimationand Kalman Filter andthen sentto the path plan-
ning module.

Fig. 7 shavs Gantt chartsfor both a static schedulewith
off-line fixedexecutionorderof actors(top) andfor aschedule
obtainedby our proposedschedulingmethod(bottom). The
arrons denotedeviationsof incoming datafrom their average
arrival time representedsweakverticallines. The solid verti-
callinesin thebottomGanttchartdenotethe reviseddeadlines
for therespectie actors. The Ganttchartsshov how the static



1 1
L/Probabilit ‘ 1
h 1

lat=5 lat=10

Figure 6: Obstaclerecognition part of autonomousvehicle
controller

schedulehasto wait for the delayedinput coming from the
radarsensomwhile the dynamicschedulealreadyexecutesob-
ject recognitionfor the vision sensoranda laserscanner This
resultsin a 15%lower systenresponségime.

6 Conclusion

We proposed new dynamicschedulingalgorithmfor SDFsys-
temswith uncertaininput arrival timesthat utilizes the Kahn
graph propertiesof SDF to optimize guaranteedsystemre-
sponsetimes while keepingmaximum throughput. The ap-
proachis basedon an existing deadlinerevision methodthat
enablesEDF schedulingfor taskswith single-ratedatadepen-
denciesandgeneralizeshis methodfor SDF graphsby allow-
ing multi-rateandcyclic datadependencies.

In anautomotie applicationexamplefeaturinga CAN field
bus as the main sourcefor a jittered signal arrival time, the
proposedapproachyields 15% lower responsdimes. Highly
dynamicervironmentsusinginternetcommunicationlinks or
buseswith burst-modesrelik ely to shav evenhighergains.
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