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ABSTRACT

Sofar,thereexistsnostandard,toevaluateapractitioner’sskillsinpure-toneaudiometry.To
narrowthegap,thisarticlepresentsanartificialpatient(AP)emulatingvarioustypesofhearing
impairment. Incontrast toothersolutions, theAPautonomously listens torealpure-tones in
softreal-time,whiletakingintoaccountelementsfrompsycho-acoustics.Theemulatedpatient
profiles are reproducible.Newprofiles canbeeasily added.TheAP is able to recover from
error.Inthiscontribution,theauthorsdevelopsoftwarerequirementsspecificationsandderive
amodularsystemarchitecture.Toanalyze theperformance, thearticleproposesastochastic
extensiontoexistingsynchronousdataflowgraphs,takingintoaccounttheunboundednature
ofthetasks’worstcaseresponsetime.Maximizationandsummationoverthegraphrevealsthe
jointdistributionoftheresponsetimewithfirstandsecondcentralmomentscorrespondingto,
respectively,theexpectedresponsetimeandthejitterofthetask.Thetheoreticalresultshave
finallybeenvalidatedbymeasurementsonthetarget.
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INTRodUCTIoN

Background
Medicalmalpracticeisarisingconcerntoallhealthcareproviders.“Otolaryngologistshavenot
beenimmunetotheaccelerationofthemalpracticecrisis”(Hong,Yheulon,Wirtz,&Sniezek,
2014).Medicalerrorsnotonlycontributetowrongfuldeathandinjuryofpeople,buttheyadd
moreexpensestoanalreadyinflatedhealthcarecoststructure.FortheUSAalone,ithasbeen
estimatedthataminority(7%)ofallmalpracticelawsuitsreachtrial,withonly18%resulting
inaplaintiffverdict,toppingUSD100millioninjusta6-yearperiodfrom2000-2005(Hong,
Yheulon,Wirtz,&Sniezek,2014).ThesituationintheEuropeanUnionissimilar.Thetwotop
legalallegationsagainstthedefendantsarefailuretosuperviseandinadequatetraining.Focusing
onthelatterinpure-toneaudiometry,thequestionarisesastowhatkindofstandardisapplicable
toevaluatetheskillsofapractitioner?Currently,thereisnosuchavailable.Qualityofmedical
servicesdependsonknowledgeandskills.

Thisarticle,originallypublishedunderIGIGlobal’scopyrightonApril1,2020willproceedwithpublicationasanOpenAccessarticle
startingonJanuary25,2021inthegoldOpenAccessjournal,InternationalJournalofE-HealthandMedicalCommunications(converted
togoldOpenAccessJanuary1,2021),andwillbedistributedunderthetermsoftheCreativeCommonsAttributionLicense(http://cre-

ativecommons.org/licenses/by/4.0/)whichpermitsunrestricteduse,distribution,andproductioninanymedium,providedtheauthorofthe
originalworkandoriginalpublicationsourceareproperlycredited.
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Related work
Todevelopclinicalreasoningskillsinpure-toneaudiometrywhileavoidingthecostsimpliedby
longtestsessionswithrealpatients,severalpatientsimulatorsweredevelopedoverthepastyears
(Round,Conradi,&Poulton,2009).Among themareOtis - The virtual patient (InnoforceEst.,
2013),AudsimFlex(NovaSoutheasternUniversity,2015),andAudiology Clinic(ParrotSoftware,
2009).Tocomplywith the testprocedure inNewZealand,Heitzdevelopedin(Heitz,2013) the
ClinicalAudiologySimulator(CAS)complyingwiththetestbatteriesbytheNewZealandAudiology
Society.Allthesepatientsimulatorsnevermakemistakes,astheyonlysimulatehearingthresholdsin
noise-freeenvironmentswithoutconsideringthepatientbehavior.Toclosethisgap,anautonomous
artificialpatient(AP)mimickingthepatient’shearingthresholdsandpsychoacousticsinreal-time
andreal-environmentsissought.

Thereexistsalargenumberofintegrateddevelopmentenvironments.Todesignapplications
that require test, measurement, and control with rapid access to hardware, Laboratory Virtual
InstrumentationEngineeringWorkbench(LabVIEW™)isideallysuited(Vose&Williams,1986).
LabVIEW™isbasedonagraphicaldataflowenvironmentdevelopedbyNationalInstrumentsand
comesshippedwithareal-timemodule,tocreatelife-criticalapplicationssuchasthatofafull-flight
simulator(Keenan,2008).Insuchcases,theprogramsrunonstand-aloneembeddedhardwaretargets
suchasArdencePharLapETS,WindRiverSystemsVxWorks,orNILinuxReal-TimeOperating
System (RTOS).When reliabilityof software is soft-critical suchasuser experience ine-health
applications (Raval,Sakinala, Jadhav,&Karia, 2017),LabVIEW™codemaybe executedon a
General-PurposeOperatingSystem(GPOS)insoftreal-time,bypassingtheconstraintsoftheRTOS
module.ThatimpliesincorporationofoptimizedC-codeasDynamicLinkLibrary(DLL)within
theVI,de-allocatingmemoryfortemporaryvariablesinsidetheDLLs,andfixed-pointarithmetic
operationsforthecode(Peddigari,Kehtarnavaz,&Loizou,2007).Theperformanceofthecodecould
benotablyimprovedwithparallelcomputing.However,asmallnumberofspecializeddevelopers
hasonlyconsideredthisoption,sofar.

Dataflowmodelsandtheircorrespondinganalysismethodscanbeusedtoderiveaperiodic
schedule at compile time, guaranteeing hard real-time threads meet their deadline (Lee &
Messerschmitt, 1987).To schedulea streaming taskacrossmultipleprocessors sharingmemory
withoutcontention,theoriginalSynchronousDataFlow(SDF)graphistransformedintoaDirected
AcyclicGraph(DAG)thatnotonlyexploitsfunctionalparallelismbutalsodataparallelism(Pino
&Lee,1995).Whenexecutedinsoftreal-time,thetaskstillhasthesameschedulebutdifferent
responsetime,mainlybecausetheworstcaseresponsetimeisunboundedastheschedulermeets
deadlinesonlyinastochasticway.Currentdesignpracticeforminimizingthesystemlatencyistoi)
eitherannotateeachactorintheSDFgraphwiththeworstcaseresponsetimeobtainedbysimulations
andthen,usethepropertiesofthegraph,toobtaintheworstcaseresponsetimeoftheentiretask
(Bekooij,etal.,2005);ortoii)assignastochasticresponsetimetotheentiretask(Maxim,2013)
withoutexploringthepropertiesoftheunderlyinggraphicalmodel.Inbothcases,thepredictedtask
latencyissub-optimal.

Contribution
In (Kocian,Cattani,Chessa,&Grolman,2018), theauthorsproposedamultiple-inputmultiple-
output (MIMO)auditoryhearingmodel containing elements frompsychoacoustics, developed a
hardwarerealization,andverifieditsfunctionality.Thispaperpresentsthesoftwarearchitectureof
theAPandevaluatesitsperformancetheoreticallyaswellasbymeasurements.Incontrasttoother
solutions,theproposedisbasedonatheoreticalframeworksupportingphysicalaswellaspsycho-
acousticparameters.Moreover,ourAPisabletohandlenotonlyipsilateralbutalsocontralateralair
andboneconductiontesting.Themodularsoftwarearchitectureisbuiltonadaptability,autonomy,
consistency,extensibility,reactivityandrobustness,hostinggeneral-purposetaskssuchasoperator
interfacesanddatabasesbutalsotime-criticaltaskssuchasaudiostreamingandactuation.Thecode
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isthenoptimizedforexecutioninsoftreal-timeonmulti-coremicroprocessorusingsynchronous
dataflowgraphs.Apromisingapproach,wewillfollowinthiscontribution,istoannotateeachactor
intheSDFgraphwithastochasticresponsetimethathasunboundedprobabilitydensityfunction
(pdf),andthenusethegraphtocomputethejointpdffortheresponsetimeoftheentiretaskinan
efficientway.Thefirstandsecondcentralmomentofthejointpdfcorrespondto,respectively,the
expectedresponsetimeandthejitteroftheentiretask,respectively.Measurementresultssupport
theproposedtheoreticalframework.

METHodS ANd MATERIALS

The Software Platform
Westartwiththesoftwarearchitecture,whichisbasedonthehumanaudiometrichearingmodel
in(Kocian,Cattani,Chessa,&Grolman,2018),synthesizingvarioustypesofhearinglossas
wellaselementsfrompsycho-acoustics.There,itisshownthatsoundpropagationinthehuman
auditory systemcanbemodeled asMIMOarraywith input acoustic transducers andoutput
actuators,assketchedinFigure1.TheentriesoftheMIMOarrayaredeterminedbytheleft
(right)ACthresholdsα

l
(α

r
),theleft(right)BCthresholdsβ

l
( β

r
)andtheAC(BC)interaural

attenuationcoefficients γ
a

( γ
b

).

Specifications and Requirements
Inusermode,theapplicationsoftwarerandomlypicksapatientprofilefromthelocaldatabaseand
constructstheMIMOhearingmodelinFigure1.Thesoftwarecalculatesthehearinglevelofthe
allegedtesttoneattheoutputoftheMIMOarrayandsendscontrolcommandstosuccessiveactuator
justliketheauditorynervefibersprovideasynapticlinktotheneuronsintheauditorybrainstem.
Thesoftwaremayissuedelayedorerroneouscontrolcommandswithparticularprobability,asthe
synapsemayfiredelayedorerroneously.

The evaluation procedure is organized in sessions and tests. During one session, the same
practitionermayperformseveraltests.Atthebeginofeachtest,theAPpicksapatientprofilefrom
themedicaldatabaseatrandom,choosestherightcommunicationportforeveryhardwaredevice
andthen,autonomouslyprocessesthesignalsfromallthetransducers.Whenthetestisfinished,the
samepractitionermaylaunchanothertestorleavethesession.

Figure 1. A MIMO description of the human auditory system with the loss of signal energy as path metric
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Intheinteractiveadministrationmode,authorizedusersmaymonitorthestatusofthesystem,
tohavetheearliestwarningoffailure;calibratetheAPbyinjectingpredefinedpure-tonesintothe
acoustictransducers;manageadministratorandpatientprofiles;andvisualizetheperformanceof
thepractitioner.

Thesoftwareplatformhastomeetthefollowingrequirements:

• Adaptability:Falsealarms,misseddetection,andreactiontimeareemulateddynamically;
• Autonomy:TheAPisabletocarryoutitstasksalonewithouthumanintervention;
• Consistency:Theemulatedpatientprofileisreproducible;
• Extensibility:Newpatientprofilescanbeeasilyadded;
• Reactivity:TheresponsetimeoftheAPisupperboundedbythetypicalreactiontimeofthe

normalhearinglistener,τ
max
= 0 19. seconds(Marshall&Brandt,1980).Alternately,atime-out

shalloccur;
• Real-Time:Toachievecontinuousaudiostreamingwithoutdistortion,cracklesorevendrop

outs,audiostreaming,signalprocessinganddatabasequerytasksmustrunconcurrently,and
allowthedatatocontinuouslyflow;

• Memory:TheAPshouldbeabletoemulatealargenumberofdifferentpre-storedpatientprofiles
consideringvariouspsychoacousticaspects,andwritethemeasuredhearinglevels,background
noise, temperature,andhardwarecalibrationsketchesonadatabasefromwhichmeaningful
reportscouldbegenerated.AlldatahastobesecureandaccuratebesidesACID(Atomicity,
Consistency,Isolation,Durability);

• Backup and Restore:Torecoverfromfailurereliably,theAPmusthavetheabilitytobackup
itsstateduringnormaloperationandrestoreitslaststateafterfailure;

• Robustness:TheAPmustbeabletorecoverfromerror.

High-Level Concept
Ahigh-levelconceptofthesoftwarearchitectureissketchedinFigure2,highlightingthedataflow.

TheDatabasemoduleprovidesasimpleAPI,whichallowsaccesstothedatabaseconnections
anddrivers.Itexposesallfunctionsneededtoput,retrieveandmodifydata.Thedatabaseconsists
ofpatientprofiles,calibrationdataandmeasurementdata.

TheSynchronizationmodulecapturesandbufferstheaudiostreamsarisingfromthemicrophones,
skullsimulators,andbackgroundnoise.Eachsynchronizedaudiostreamisforwardedasfirst-infirst-
out(FIFO)queuetosubsequentsignalprocessingmodule.Notethatthesynchronizationmodulehas
real-timeconstraints.

TheSignal Processingmodulerandomlypicksapatientprofilefromthedatabaseatthebeginof
eachtestbyusingTCP/IPdatasocket,processesthesynchronizedFIFOaudiostreamsinreal-time,
andshipsthecalculationresultasstereoFIFOqueuestosubsequentReasoningmoduleinreal-time.

TheReasoningmoduledetectstheaudiometricsignalinthereceivedstreamandpossiblyactuates
aUSBrelay,connectedtotheserialboardofthePC.Therelaycontactsarelinkedtotheaudiometer
ofthepractitioner.WhenevertheAPdetectsavalidtesttone,logdataisforwardedtothedatabase
moduleusingTCP/IPdatasocket.Ontopofthatallaudiodataisdumpedtodiskinformofdirect
memoryaccess(DMA)attheendofeachaudiometrictest.

LabVIEW’s internalGraphicalUser Interface(GUI),dubbedGUI-1, includes twoattractive
features:i)monitoringtheaudiometrictest.TheSignalProcessingmoduleprovidesthemeasurement
datausingFIFOqueue; ii)managing input/output fieldsforadministratorandpatientprofiles in
conjunction with the Database manager using TCP/IP data socket. An additional external GUI,
coinedGUI-2,focusesonanalyzingtheaudiogramsobtainedbythepractitioner.GUI-2connectsto
thedatabasewithinMicrosoft’sMyStructuredQueryLanguage(MySQL)connector/Netframework.
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Forthesoftwareimplementation,GUI-2isprogrammedinC#withVisualStudio(version12)
forthesakeofsimplicity.GUI-1,thesignalprocessingandreasoningmodulesareimplementedin
G,theprogramminglanguageofLabVIEW™(version13).Allperformancecriticalpartsofthe
codearerealizedasDLLthatareaccessedbyLabVIEW™viatheCallLibraryFunctionnode.All
softwarerunsonthegeneralpurposeoperatingsystemWindows7.

Shall we follow a thread-based or an event-driven approach for the target application? The
debatebetweenthetwoisanongoing(vanBehren,Condit,&Brewer,2003).Itisworthpointing
outthatinevent-drivensystemsallhandlersarecalledinthesamethread,sothateventscanonly
beexecutedonebyone.Inthread-basedsystems,allthreadsmayrunconcurrentlybutcreatingnew
threadsaddsoverheadinthememory.Asatrade-off,wedecidedtorealizethetimecriticalmodules
Synchronization,DSP,andReasoningonseparatethreadsusingparallelloopsbutGUIactionsand
I/Ooperationsevent-drivenusingEventstructures.

Database
Thedatainourdatabaseisorganizedaccordingtoadatabasemodel,whichcanberelational,or
NoSQL.Asourdataisstructured,wefollowtheformerapproach.Themarketprovidesalarge
numberof softwareproducts for relationaldatabasemanagement.Top reasons touseMySQL
byOracleundertheGNUGeneralPublicLicenseare:i)Compatibilitywiththeinstrumentation
environmentLabVIEW™, ii)ACIDtransactionmodel, iii)CommunitySupport,and iv)Open
Sourcei.e.,freeofcharge.

Theenhancedentity-relationshipdiagram(EED),showingtherelationshipbetweenentitiesofa
databaseandcapturingcardinalityconstraints,canbeusedtodesignrelationaldatabases.TheEED
ofthedatabaseforourAPisshowninFigure3,indicatingthreeunrelatedregions.

Security, containing the credentials of the operator; Calibration, accommodating hardware
specificreferencehearinglevels;andEmulation,comprisingpatientprofiles,practitionerprofiles
andmeasurementresults.

Westartwiththesecurityregion.ThecredentialsinTableCredentialsallowadministrator(s)
tomodifytheapplicationsoftware.Thecredentialsareencrypted.Forreasonsofcompatibilitywith
MySQL,wedeployRijndael’sAdvancesEncryptionStandard(AES)algorithm(Daemen&Rijmen,

Figure 2. High-level software architecture of the proposed AP (Mon.: Monitoring. Mgmt.: Management. Synch.: Synchronization)
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2002),knownforitsveryhighsecurity.Thealgorithmissymmetrici.e.,thesamekeyisusedfor
encryptionanddecryption.

Thecalibrationregionensuresreproduciblehearingtestresults.TheTableCalibrationcontains
referencevaluesforaparticularhardware,specifiedbythetuplelevelL inTableCalibrationLevel
andfrequency f

0
inTableCalibrationFrequ.

Finally,theemulationregionmanagesdataduringanaudiometrictest.Atthebeginningofthe
session,TableSessionstoresinformationrelatedtothepractitionerandtheequipmentundertest.
Duringonesessionatthebeginningofeachtest,anewpatientprofileiscreatedbasedonrandomly
chosenrowsfromtheTablesTrueAudiogram,Behaviour,andInteraural.Thefirstisrelatedtothe
true air-conduction and bone-conduction audiograms at frequency TrueAudioFrequ. The second
compriseselementsfrompsychoacousticssuchasfalsepositive/negativeresponserateandresponse
time. The last table lists transcranial attenuations for ACand BChearing. The resulting patient
profileisdocumentedinTableTestalongwithalinktotheloggedaudiostreams.WhenevertheAP
presumablydetectsavalidtesttone,thistableisupdatedwithinputhearinglosslevelandsource
location.TableOperator listsall theauthorizedusers.Attheendofthesession,theaudiograms
recordedbythepractitioneraremigratedtothetablesRecAudiogram,containingthehearingthresholds
attheparticularfrequenciesRecFrequandmaskinglevelRecMasking.Table1listsaboveentities,
theirattributesandabriefdescription.

Thedatabasemaybeinstalledlocallyorremotelyonaserver.Toreducemanagingcosts,we
decidedtoinstallthedatabaseasidethesoftwareapplicationonthesamemachine.Inspectingthe
queryexecutionplanrevealsthatonlyafewdataarequeriedduringtheaudiometrictest.

Synchronization
ThesynchronizationthreadreadsP audiochannelsfromthesoundcardsandproducesdigitalstreams
atrateR R R

P
= …{ }1

, , .Notethatdifferentaudiochannelsoperateatdifferentrates.TheDSPthread

Figure 3. Enhanced entity-relationship diagram of the proposed AP
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consumes this data in chunks at rate R
c

. As audio streaming and signal processing operate
asynchronouslyatdifferentrates,wehavetomakeadecisiononhowtobuffertheincomingdata
fromthesoundcard.Missingbufferdeadlinesresultinsignaldistortionanddrop-outs,causingan
erroneousdiagnosisbythepractitioner.Hence,thebuffersarecrucialinstreamingapplications.

The producer and consumer threads may either share data using a common ring buffer, or
exchangemessagesinadistributedmemoryenvironmentsuchasfirst-infirst-out(FIFO)mailbox
queuing(Martin,2013).Forthesakeofsimplicity,wefollowtheformerapproach.

SupposetheconcurrentthreadsshareL fixed-sizeFIFObuffersoflengthN formingaringin
theRAM.ForP = 1 producerandL = 2 FIFObuffers,theproducerplacesadatastreaminone
FIFObufferinformofDMA,bypassingtheinherentlyhighlatencyoftheoperatingsystem,while
theconsumerprocessesthedatastoredintheotherFIFObuffer.Oncetheproducerreachestheend
ofthefirstFIFObuffer,aninterruptserviceroutine(ISR)isexecuted,anditwillstarttofillthe
secondFIFObuffer.AssoonasCPUresourcesareavailable,theDSPthreadreadsthedatainthe
firstFIFObuffer.AstheCPUclockismuchfasterthantheclockinthesoundcardi.e.,R R

c
>

1
,

thefirstFIFObufferisemptiedfasterthanthesecondFIFObufferisfilled,preventingbufferoverflow,
providedtheconsumerthreadislight.WhenP > 1 producerswritedatatothesamebuffer,every
producerhasexclusivewritingrights,topreventaracecondition.Classicalthreadsynchronization

Table 1. Description of the entities for the proposed AP

Entity Attributes Description

Credentials Username,Password Logininformation.

Calibration ACleft,ACright,BCleft,BCright,Time-
stamp

CalibrationinformationforACand
BCtesting,atsoundlevel,andoctave
frequency.CalibrationLevel − −20 10 120, , ,� dB

CalibrationFrequ 125 250 8000, , ,� Hz

TrueAudiogram Description,ACleft,ACright,BCleft,
BCright,Time-stamp

Patient’strueACandBChearing

thresholds,atoctavefrequency f
0

.

TrueAudioFrequ 125 250 8000, , ,� Hz

Behavior FalsePosRate,FalseNegRate,RespTime,
Notes,Time-stamp Patient’spsychoacousticparameters.

Interaural 125 250 8000, , ,� Hz Transcranialattenuation.

Operator Name,Surname,Affiliation Authorizedusers.

Session
Audiologist,Site,RoomNr,Earphones,
BoneOscillator,Notes,Administrator,
Time-stamp

Sessiondetails.

Test PathToFile,Session,Audiograms,
Behavior,Time-stamp,Notes Testdetails.

RecAudiogram ACleft,ACright,BCleft,BCright,TestID,
ReportID,Time-stamp

Recordedaudiogramsassociatedwiththis
test,alongwithmin.andmax.masking

levelsatfrequency f
0

.
RecFrequ 125 250 8000, , ,� Hz

RecMasking 125 250 8000, , ,� Hz
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methodssuchasmutexlocks,conditionvariablesorsemaphorescausethreadpriorityinversionaside
non-negligibleoverheadduetolockingandthreadwakeup.Topreventthesesetbacks,wefollow
locklessandwait-freeprogramming.Thisparadigmisawayofwritingthread-safecodesuchthati)
Atomic(singlebus)read-modify-writeandread-compare-swaptransactionsguaranteeallthreads
involvedinaccessingthesharedbuffer,toneverseeinconsistentoperations.ii)Allthreadsagreeon
theorderinwhichmemoryoperationsoccurrightdowntoCPUlevel,usingread-acquireandwrite-
releasebarriers.Inthisway,theexecutionorderofaninstructionisguaranteedonthelocalCPU,
andsoisthevisibilityorderonotherCPUcoresworkingonthesamebus.

Thetheoreticallatencyisdirectlyproportionaltothebuffersizeandinverselyproportionalto
thesamplingrate.Ontopofthat,themoreproducersareactivethefastertheFIFObuffersarefilled.
Hence,theminimumandthemaximumlatency,T

min FIFO,
andT

max FIFO,
havetheform:

T
N

PR
T

N L

PRmin FIFO
max

max FIFO
max

, ,
,= =

−( )1
 (1)

respectively,whereR R
pmax

max= .TheL -sizeFIFOqueueisimplementedasarrayinfixed-point
arithmetic(Zeitnitz,2018).

Digital Signal Processing
ThelogicdiagramoftheDSPmoduleisdepictedinFigure4forP = 4 producers.

TocomputetheparametersoftheMIMOmodelinFigure1,theDSPmoduleneedstoloada
fewtablesfromthedatabaseatthebeginofeachtest,suchasTrueAudiogram,containingtheAC
and BC threshold vectors αν  and βν  at audiometric frequency ν , ν = …1, ,K , respectively;
Behaviour comprising response time τ , and response error probability  ; and Calibration
accommodatingthehashtableL

ref
.

Inpuretoneaudiometry,theDiscreteFourierTransform(DFT)isideallysuitedfortheanalysis
ofwavesinthetime-discretetestsignal.Thefrequencyspectrumoftheaudiometricsignalcontains
N bins,rangingfrom− +R R

i i
/ , /2 2 , i P= …1, , ,withfrequencyresolutionR N

i
/ .Whenthe

inputsize N canbefactoredintosmallprimenumbers, theCooley-Tukeyalgorithm(Cooley&
Tukey, 1965) can be used to efficiently compute the DFT with computational complexity of

Figure 4. The Signal Processing module for P=4 producers. HLG.: Hearing Level Generator, EC.: Error Control
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 N Nlog( ) operations.Followingthisapproach,theFFT-blockofourDSPmoduleappliesthiskind
ofFastFourierTransform(FFT)toeachofthe P rowsofthesynchronizedP N× -dimensional
inputarrayandgeneratesaP N× -dimensionaloutputarray.

SubsequentCalibrationblocksendsthearraydatatothehashtableL
ref

,tofindcorresponding
calibrationresults.

TheadjusteddataispassedtotheMAXandClassificationblocks.TheMAXblockchoosesthe
matrixΠ

0
2 2∈ ×� withthelargesttwo-norm:

Π Π Π
0

2

0

2
= ∈max , argmax

k k
forany k

ν ν
ν ν   (2)

atcenterfrequencyindexk
0
,where:

Πν
ν ν

ν ν

α β γ γ

γ γ α β
�

Ε ( ) Ε ( )
Ε ( ) Ε (

( ) ( )

( ) ( )

l l

l l

l r

a b

r l

a b

r r

r r

, ,

, ,

, ,

, , ))


















 (3)

and ν
n m,

,( ) ⋅ ⋅( )  is the energy along the propagation path from the m -th ear to the n -th

synapse, m n, ,∈ ( ) ( ){ }left l right r  at audiometric frequency index kν  (Kocian, Cattani,
Chessa,&Grolman,2018).

TheClassificationblock,incontrast,classifiesthereceivedsignalbasedontheroot-meansquared
bandwidth

rms
aroundtheoptimumfrequencyindexk

0
.TheentriesoftheclassifierX ∈ 2 read:

x m

 =

−

( )







1

0

;

;

Pure tone

Masking noise
 (4)

Fromthesignalmatrixin(3)andtheclassifierin(5),subsequentblockHearing Level Generator
computestheHearingLevel(HL)vectorL ∈ �2 :

L X X
p

p
ref

ref

� 20 20 1
10 10

log log max ,Π Π( )− −( )



























 (5)

indBHLwherep
ref

istheloweststandardizedaudiblesoundpressureof20μPa(ISO389-1,2000).
Finally,theblockError ControlmimicsthepsychoacousticsofthepatientbydistortingtheHL

vectorin(5)withadditivewhiteGaussiannoiseN N
FA MD

� ∈ ∈( ), asafunctionoffalsealarmand
misseddetectionprobabilities,andbydelayingtheresultaccordingto:

Y
L N T

=
+ ≥ 











; /

;

� τ
0 otherwise

 (6)
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where τ istheresponsetimeofthepatient.TheresultisforwardedasFIFOqueuetosubsequent
reasoningmodulewithadaptivethresholdΘ ε ε

FA MD
,( ) .

Whenswitchingacousticsignals,themaximizerin(2)tendstoproducetentativevaluesuntila
steady-stateisreached.AFiniteStateMachine(FSM)shallovercomethisdrawback.Letthestate
machine  bethe5-tuple:

 = ( )States Inputs Outputs Update Init, , , ,  (7)

Thestatespaceofourstatemachinecomprisesthreestates:

States Zero Slope One= { }, ,  (8)

InstateZero,theAPwaitsforadetectableinputsignal;instateSlope,theinputsignalisdetected
butnotyetstable;andinstateOne,theinputsignalisstable.Eachedgeislabeledbyaninputand
anoutput.Theinputandoutputalphabetsin(7)are:

Inputs absent present= { },  (9)

Outputs keep update= { },  (10)

The input symbols absent and present in (9) correspond to Πν < pref  and Πν ≥ pref ,
respectively,where p

ref
 is the reference soundpressure.For theoutput symbols in (10), update

recomputesΠν ,whilekeepleavesΠν unchanged.TheUpdatefunctionin(7)definesthenewstate
andoutputsymbolgiventhecurrentstateandinputsymbol.Finally,theInitfunctionin(7)defines
theinitialstateIdleindicatedbytheboldedge.TheFSMissketchedinFigure5.

Adaptive Reasoning

ThereasonerclassifieseachelementY k

 ,k = 1 2, ,oftheHLvectorin(6)andpotentiallytriggers

theactuator.ThebehaviorofthereasonercanbedescribedasFSM,comprisingfourstates:

States Zero Idle Dump Act= { }, , ,  (11)

InstateZero,theAPdetectsthesmallestpossiblehearingthresholdΘ
min
k

 ;instateAct,

the AP activates the USB relay via the National Instrument’s Virtual Instrument Software
Architecture (VISA)standard; instateDump,all relevantdata isdumped todisk;while in
state Idle, nothing is happening.Note that stateZero ensures responsiveness to actual test
tonesinrealenvironments.ItisalsoworthpointingoutthatsavingdatainstateDumpoccurs
afteractuation,tominimizelatency.Eachedgeislabeledbyaninputandanoutput.Theinput
andoutputalphabetsare:

Inputs absent present= { },  (12)
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Outputs zeroing actuate dump= { }, ,  (13)

The input symbols absent and present in (12) correspond toY k k


 < ( )  Θ ε ε

FA MD
,  and

Y k k


 ≥ ( )  Θ ε ε

FA MD
, ,respectively.Fortheoutputsymbolsin(13),zeroingupdatesthehearing

threshold Θ ε ε
FA MD

,( )  k . If Θ Θε ε
FA MD min

,( )   < 


k k , let Θ Θε ε

FA MD min
,( )   = 



k k ; actuate

correspondstoactivatingtheUSBrelay,whiledumpisrelatedtosavingallrelationaldatainthe
databaseanddumpingallaudiofilestodisk.Forexample,theinputsequence:

absent present present absent absent, , , ,( )  (14)

causesthestateresponse:

Zero Act Act Dump Idle, , , ,( )  (15)

assketchedinFigure6.

Graphical User Interfaces
Figure7showstheflowchartforthegraphicaluserinterfaceGUI-1.Startingfromthemainwindow,
theusermaychoosebetween“Operator”menuand“Admin”menu.

The former guides the operator through the audiometric test. The entire test procedure is
handledbyan invisible tabcontrol.The first tabdisplays theautomaticallydetectedhardware
settings i.e.,measurementmicrophones, skull simulator, environmentalmicrophone, relay and
temperature sensoralongwith their serialportnumbers.Alternateportsmayalsobeassigned
throughadialogbox.Bypressingthe“Ok”button,thenexttabisactivated.There,theoperator

Figure 5. State transition diagram describing the behavior of the matrix Πυ  in the MAX block
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isrequestedtofilloutformfieldsrelatedtothepractitioner,thetestsiteandthetransducersused
duringthesession.Bypressingthe“Ok”button,theoperatormovestothelasttab,handlingthe
actualaudiometrictest.AsdepictedinFigure8,thelayoutcomprisesanindicatorbarreflecting
thestateofthereasonerinFigure6,awaveformgraphshowingtheinputenergyspectraattheleft/
rightmeasurementmicrophones(ACleft/right)andtheleft/rightskullsimulators(BCleft/right)
andastopbutton.Thedataisupdatedinreal-time.

Theadmin-modecanonlybeaccessedviaapasswordentrydialogbox.Thepasswordis
hashedusingthesecurehashalgorithmSHA-256.ThisGUIcomprisesatabcontrolwithfour

Figure 7. Flowchart for GUI-1, performing monitoring and management

Figure 6. State transition diagram describing the behavior of the reasoner
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tabs:“Patient”,“Operator”,“Calibration”and“Exit”.Thefirsttabcontainsbuttonstoaddand
deletepatientprofilescomprisingaudiogramsandbehaviors.Thesecondtaballowsforadding
anddeletingoperatorprofiles.Inthethirdtab,theadministratormayupdatecalibrationpoints.
Alldataarestoredinthelocaldatabaseasdescribedabove.Thefourthtableadstoadialogbox
offeringdifferentwaysofexit.

Theothergraphicaluserinterface,GUI-2,issetontopofthediagnostictool.
Figure9showsasnapshotoftheC#basedgraphicaluserinterfaceGUI-2.Currently,the

GUIcanbeusedtoadd,deleteandviewreportsassociatedtoaparticularaudiometrictests.
Byclickingthebutton“Addatestreport”,theapplicationopensanewpagewithalistoftests.
Selectinganyelementinthelistopensanewpagewiththreetabsinatabcontrol.Thefirst
twoareforinsertingtheleftandrightearhearinglosslevelsusingcomboboxes,respectively.
Thelastoneisforaddingcommentsandsavingthedatainthedatabase.The“Deleteatest
report”button lets theuser selectanddeletea report from the listofexisting reports.The
“Viewreports”buttondisplaysasummary.Thetrueaudiogramscorrespondtotheemulated
versionbytheAP,whilethemeasuredonesarethoseobtainedbythepractitionerduringthe
particulartestspecifiedintheheaderofthereport.

Figure 8. Snapshot of GUI-1 when the AP is in state Act. Pure-tone at left and masking noise at the right headphone speakers are 
75 dB HL and 30 dB HL, respectively.
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Stochastic Synchronous data Flow Analysis
Toderive thesystembehaviorofourAP,werelyondataflowmodels.Dataflowprogramsare
directedgraphsdescribingrepetitivecomputationofstreamingtasks(LeeandMesserschmitt1987).
ThesynchronousdataflowgraphG isatupleG A E I O D T= ( ), , , , , where:

• A isthesetofactorsinG ;
• E A⊆ isthesetofdirectededgesinG ;
• I E: →  describesthenumberoftokensconsumedfromedgee E∈ ;
• O E: →  describesthenumberoftokensproducedonedgee E∈ ;
• D E: →  describesthenumberofinitialtokensonedgee E∈ ;
• T A: → + describesthe(stochastic)responsetimeofactora A∈ .

First,weidentifythepossiblycyclicSDFgraphG forourAP,transformtheresultintothe
layeredDAGH A E= ( )', ' ,anddetermineascheduleforparallelprocessors.Then,wedevelopa
theoreticalframeworkfortheefficientcomputationofthejointdensityfunctionfortheresponse
time.Finally,weapplythefindingstoourparticularAP,andanalyzeitscomputationalcomplexity.

Figure 9. Snapshot of GUI-2
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Schedule for Parallel Processors
Letusstartwiththehigh-levelSWarchitectureofthestreamingtaskinFigure2.Thecorresponding
SDFgraphinFigure10iscomposedofA = 15 actorssuchasSync(synchronization),FFT(Fast
FourierTransform),ν

n m,( ) (acousticenergy),Class(signalclassification),MAX(maximumoperation),
HLG(hearinglevelgenerator),

OOK
(equivalentOOKenergycomputation),EC(errorcontrol)and

Reasoner.Databasetransactionsanddiskread/writeareexecutedoutsidetheactualhearingtestand
hence,havenoimpactonthescheduleofourstreamingtask.

2.2.2. The Homogeneous SDF Graph
WestartwiththeconstructionofthehomogeneousSDFgraph.ThetopologymatrixΓ isacompact
representationoftheSDFgraphthatcanbeusedtodeterminewhetherthegraphishomogeneous.
TherowentriesinΓ aretheedgesinthegraph,andthecolumnentriesaretheactorsinthegraph.
Selfnodesconsumewhattheyproduceandhence,appearaszerointhematrix(Lee&Messerschmitt,
1987).Whenthetopologymatrixhasanull-space,thebalanceequation:

Γv = 0  (16)

hasanon-zerosolution.Solving(16)withrespecttov,theleastpositiveintegervectorv  determines
theschedule.Inourcase:

v  = ∈1 15  (17)

Figure 10. Synchronous data flow graph for the proposed AP with buffer size N and number of audiometric frequencies K. 
X N K� /� .
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Theall-onevectorin(17)correspondstosinglefiringrates,implyingthehomogeneousSDF
andtheoriginialSDFgraphsareidentical.

2.2.3. The Layered DAG
TotransformthedirectedcyclichomogeneousSDFgraphintoadirectedacycliccounterpart,the
actorsofthelatterarearrangedinlayerssuchthatthehighestandlowestlayersconsistsoftheroot
andtheleafactorsa

1
anda

15
,respectively.Traversinganedgebetweentheactorsa

s
anda

s '
inG 

correspondstodescendingfromactora
s
toactora

s '
inthelayeredH .ParallelschedulingofDAG’s

sub-tasksontoasetofprocessors isaNP-completeproblem(Webster,1997)butgoodheuristic
methodsexists.Inspiredbytheschedulingalgorithmof(Hu,1961),afirstworkerisassignedtoa

1


inlayerL
1
.Whena

1
isfinished,thena

2
,a

3
,a

4
,anda

5
inL

2
becomestartingactors.Intheprocess

ofassigningworkers,afinishedactorcanberegardedasremovedfromthegraph.Thisprocedureis
repeateduntilthelastworkerisassignedtotheleafa

15
inthelowestlayer.Theresultinglayered

DAGisillustratedinFigure11.Itcanbeseenthatthemaximumnumberofedgesperlayerand
hence,thenumberofprocessorsP = 4 .

Let Ψ
p
p P; , ,= …{ }1 beasetoflistswhere Ψ

p
specifiestheperiodicscheduleforprocessor

p .WhenP = 4 ,correspondingtothemaximumnumberofnecessaryworkersinanylayer,above
schedulingalgorithmyieldstheblocking-freescheduleforparallelprocessors:

Figure 11. Cycle-free multi-layer representation of the synchronous data flow graph
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Ψ

Ψ

Ψ

Ψ

1

2

3

4

1 2 6 10

3 7 12 13 14 15

4 8 11

5 9

= { }
= { }
= { }
= { }

, , ,

, , , , ,

, ,

, .

 (18)

TheresultingpaththroughtheDAGisillustratedinFigure11.
Edgesthatspantwo-layersaredepictedassolidlinewhilethosethatspanmultiplelayersare

drawnasdashedline.Notethatself-nodesintheSDFgraphappearasverticaledgeinthelayeredDAG.
AnexemplarytimingdiagramwithboxedstateannotationsisshowninFigure12.Whenthe

practitionerpresentsatesttonetoourAP,theMAXactora
12

andtheReasoningactora
15

change
theirstatesasdescribedinFigure5andFigure6,respectively.Eventuallyafterfourruns,theReasoning
actorisinstateActwheretheUSBrelayisactivated.Notethatdump-to-diskisabackgroundprocess
thatdoesnotrespectdeadlines.

Toimplementtheparallelschedulein(18)inLabVIEW-basedinstrumentationenvironment,all
actorsbelongingtoonescheduleΨ

i
areplacedinthesamewhile-loopofthecode.Notethatdifferent

while-loopsareautomaticallydetectedasparallelsections.Thebuilt-inQueueMessageHandler
managescommunicationamongparallelwhile-loops.

Joint Distribution for the Response Time

Toaccount for the stochasticbehaviorof the scheduler, let the response timeof eachactor,T
i
,

i A= …1, , ,bemodeledasi.i.d.randomvariable.Supposetheactor’sresponsetimeismuchlarger
thantheCPUclocksampletimesothatT

i
canbedescribedbyacontinuousdistribution.Without

lossofgenerality,T
i
encompassesunavoidablepre-emptiondelay.Whentherelativedeadlinebetween

Figure 12. Example timing diagram with boxed state annotations for our AP, following the schedule in (18). The USB relay is 
activated in State Act.
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tworunsofthestreamingtaskislessthanthejointresponsetimeZ g T T
A

= …( )1
, , ,implyingzero

backlog,themeanresponsetimeandjittercanbedefinedas:

T g Z z z dz
Z

� E f( ){ } = ( )∫


 (19)

and:

σ2 2� Var fg z z T z dz
Z( ){ } = − ( )∫



( )  (20)

correspondingtothefirstandsecondcentralmomentsofthejointpdf f
Z
z( ) ,respectively.Notethat

theinitialtokensontheedgeshavenoimpactonthedistributionofZ .Thechallengeistofindthe
pdffortherandomvariableZ .

Sequential Activation of Actors
ConsiderthegraphG inFigure13,comprisingM actorsexchangingmessagesinsequentialorder
accordingtothebalanceequationin(16).Thetotalresponsetime Z isthesumoftheweighted
individualresponsetimesi.e.:

Z v T i M
i

M

i i
= = …

=
∑

1

1 , , ,  (21)

wherev
i
 isthei -thelementintherepetitionvectorb  .Fromthelinearityofexpectations,itfollows

fortheexpectedresponsetimein(19)thatindependentoftheirdistribution:

T v T v T
i
i i

i
i i

=











= { }∑ ∑E E   (22)

IftherandomvariablesT
i
areindependent,theircovariancesarezero,andthejitterσ2 in(20)

isgivenby:

σ2
2

=











= ( ) { }∑ ∑Var Var

i
i i

i
i i

v T v T   (23)

TofindthedensityoftherandomvariableZ,letuswritethesumin(21)asrecursion:

Figure 13. Serial activation of the actors. The initial tokens are modeled as FIFO queue.
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Z Z v T

Z
i i i i
= +
=

−1

0
0



 (24)

AsZ
i−1 andT

i
arestatisticallyindependent,themarginaldistribution f

Zi
z( ) isgivenby(Papoulis

1991):

f f f
Z Z i Ti i i
z z v t t dt( ) = −( ) ( )

−∞

∞

∫ −1

  (25)

corresponding toaconvolutionbetween thedensities f
Zi−1

 and f
Ti

.With theassumptionsmade

above,thedistributionofthetotalsumZ tendstobeGaussian T,σ2( ) ,asM tendstoinfinity
accordingtotheGeneralizedcentrallimittheorem(Uchaikin&Zolotarev,2011).

Parallel Activation of the Actors
ConsiderthegraphG inFigure14whereM actorsconcurrentlyandrepetitivelytransmitmessages
withindividualresponsetimeT

i
, i M= …1, , andoneactorreceivesmessagesrepetitivelywith

responsetimeT
M+1 afterallmessageshavearrived.Hence,thetotalresponsetimeZ hastheform:

Z v T v T v T
M M

X

M M

Y

= …( )+ + +max
1 1 1 1
  , ,

� �
� ���������� ���������� � ����� ����

 (26)

TheresponsetimeX correspondstothemaximumoftheindividualresponsetimesT
i
,weighted

byv
i
 .Thecumulativedensityfunction(cdf) F

max X
z( )( ) isgivenby(Papoulis,1991):

F f
max X T T M M

x v T x v T x
M( ) …( ) = ≤( )∩…∩( ) ≤( )

1 1 1, ,
   (27)

Statisticalindependenceamongtheparallelactorssimplifies(27)to:

Figure 14. Parallel activation of the actors. The initial tokens are modeled as FIFO queue.
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F x f T
x

v
f T

x

vX T T M

M
Mmax( )( ) = ≤












×…× ≤












1 1

1
 



=










=
∏
i

M

T

i

F
x

vi1


 (28)

ThesumresponsetimeZ X Y= + correspondstoconvolutionbetweenthedensities f
X

and
f
Y

.Usingtherelation f F
X X
x d x dx( ) = ( )/ ,itfollowsfrom(25)that:

f
F

f
max

Z

M x

X

T

M

z
v

d x

dx

z x

vM
( ) =

( ) −










+ =−∞

∞
( )

+

∫ +

1

1 1
1  

dx  (29)

MeanresponsetimeT andjitterσ2 havethegeneralformgivenby(19)and(20),respectively.
Whenthescheduleriteratesthroughthegraph,ouralgorithmupdatesthejointprobabilityfor

theresponsetimeaccordingto(25)and(29)until thelastactor isreached.Thefirstandsecond
momentsofthefinalresultaremeasuresfor,respectively,theexpectedresponsetimeandthejitter
ofthestreamingtask.Forthesakeofconvenience,abovealgorithmisdubbedMax-Sum algorithm.

Complexity
Whentheactorsareactivatedinparallel,thecomputationofthejointprobabilityin(29)dominates
thecomputationalcomplexity.Togetbasic insight into thebehaviorofourMax-sumalgorithm,
considerascenariowithM = 2 independentparallelactors.LetallrandomvariablesT T

1 3
, ,… be

Normaldistributedwithmean µ µ
1 3
, ,… andvarianceσ σ

1
2

3
2, ,… .From(Nadarajah&Kotz,2008),

itfollowsthatX T T= ( )max
1 2
, isSkewNormaldistributedwithmean:

T
X
=

−









+

−









+

−
µ

µ µ

θ
µ

µ µ

θ
θφ
µ µ

θ1
1 2

2
2 1 1 2Φ Φ









 (30)

andvariance:

σ σ µ
µ µ

θ
σ µ

µ µ

θX
2

1
2

1
2 1 2

2
2

2
2 2 1= +( ) −









+ +( ) −







Φ Φ 

+ +( ) −









−µ µ θφ

µ µ

θ1 2
1 2 2T  (31)

where θ σ σ�
1
2

2
2+ .Moreover, φ ⋅( ) and Φ ⋅( ) arethepdfandthecdfofthestandardnormal

distribution,respectively.Fromthesum-rulein(22)and(23),weknowthatthejointresponsetime
Z T T T= ( )+max

1 2 3
, hasmeanT T T

X
= +

3
andvariance σ σ σ2 2

3
2= +

X
.ForM = 4 ,wecan

writemax T T max max T T max T T
1 4 1 2 3 4
, , ( , , ,…( ) = ( ) ( ) requiring2 1 34ld − = recursionsof(30)

and (31). For ldM k=  where k  is integer, then M −1  recursions are needed so that the
computationalcomplexityisboundedby M( ) operations.Otherwise,dummyactorsareaddedto
theparallelbranch,sothatthecondition ldM k= ismet.
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EXPERIMENTAL RESULTS ANd dISCUSSIoN

ToassesstheperformanceofourAP,wedeployedthesoftwarearchitecturedevelopedinSection
2.1alongwiththehardwareconfigurationoutlinedin(Kocian,Cattani,Chessa,&Grolman,2018),
comprisingaself-madehead,audiosourcetransducers,afan-lesscomputerandconnectinghardware.
Thepractitioner’saudiometergeneratedtheaudiometrictestsignals.AprototypeofourAPisshown
inFigure15.Thesystemparametersarechosenasfollows:samplingrateR=22050S/s,P=2
(stereo)audiostreamssharing L = 4 ring-buffers.ThechoiceofRisdeterminedbythehighest
frequencyusedinpure-toneaudiometry.ThechoiceofLisacompromiseamongi)theminimum
bufferingneededtoabsorbthestochasticnatureofthescheduler,ii)theFIFOlatencyin(1)andiii)
theCPUloadcausedbytheinterruptserviceroutinewhenthebufferisfull.Ourhardwaresupports
abuffertimingofN R/ = 40 ms,correspondingtoabufferlengthofN = 882 .Togetbasicinsight
intothebehavioroftheAP,thepatient’sreactiontime τ issetequalzerointheErrorControlactor.
Ifnotstatedotherwise,thetestsignalhadahearinglevelof50dBHLlocatedat1kHz.

Inafirstexperiment,wespecifythetimingstatisticsofeachactorforthetimingdiagramin
Figure12inasemianalyticalfashion.WestartwithActora

1
,theL -sizeFIFOqueuethatisfilled

byDMA.From(1),theinputsamplesproduceburstsofdatawithidleperiodsinbetween.Thelength
ofburstandidleperiodsaregeometricallydistributed,buttruncatedbytheringsizeL−1 ofthe
FIFObufferi.e.:

f
1

1

1

1

1 1
k

p p

p

k

L( ) = −

− −

−

−

( )

( )
 (32)

withaverage(responsetime):

E T
p

p
k p p

L
k

L
k

L

1 1
1

1
1

1 1
1 1{ } =

− −
− →

−
=

−
−

→∞

∑( )
( ) /  (33)

Figure 15. Photography of the AP in action
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andjitter:

Var ET
p

p
k p T

p

pL
k

L
k

L

1 1
1

1
2 1

1

2

21 1
1

1{ } =
− −

− − { } → −
−

=

−
−

→∞

∑( )
( )  (34)

Assuming p = 0 9. , it follows from (33) and (34) that E
min FIFO

T T
1

1 11 44{ } = =.
,

 ms,
correspondingtoadelayofalittlemorethanabufferlength,andVar

min FIFO
T T
1

20 11 183{ } = =.
,


(ms)2,respectively.Theresponsetimeoftheotheractors,a a

2 15
, ,… ,dependsontheefficiencyof

thecodebesidesthelatencyoftheoperatingsystem.Theirprobabilitydistributionsarederivedfrom
measurementsonthetarget.Weproceedasfollows:therespectiveGcodeisembeddedinaflat
sequencestructure,whichisprecededandfollowedbyatickcounter.Thetimedifferencebetween
the two tick counters is a measure for the response time of the respective actor. Repeating the
measurements,alargenumberoftimes,weobtainaverageandvariancelistedinTable2.

Asarepresentativeexampleforall,Actor’sT
6

probabilitymassfunctionfortheresponsetime
isshowninFigure16.ItcanbeseenthattheresponsetimecanbefitbyaGaussiandistributionwith
highfidelity.

Followingthisapproach,ourMax-sumalgorithmyieldsasystemexecutiontime Z thathas
firstandsecondcentralmomentsrespectively,correspondingto167 22± mswith99 7. % confidence.
Thehighvarianceismainlycausedbytwosources:i)mostly,ActorT

1
synchronizesonT

min FIFO,


butsometimesitsnapsinatmultiplesofT
min FIFO,

;ii)theVISAstandardusesbufferingtocontrol
theUSBrelayconnectedtotheserialboard.Inanycase,ourAPisabletorespondalmostsurely
withintherequired τ

max
= 190 ms:

Table 2. Average execution time and variance of the individual actors in Figure 10

Ti Rate E{Ti}[ms] Var{Ti}[ms]

1 N 44 183

2 X 0.08 <0.001

3 X 0.08 <0.001

4 X 0.08 <0.001

5 X 0.08 <0.001

6 K 4.1 0.04

7 K 4.1 0.04

8 K 4.1 0.04

9 K 4.1 0.04

10 1 4.1 0.005

11 1 4.1 0.005

12 4 0.02 <0.001

13 2 0.01 <0.001

14 2 0.5 0.02

15 2 0.6(StateI),
10.0(StateA)

0.036(StateI),
12.3(StateA)
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T E Z ms

Var Z ms

= { } =
{ } = ( )=

167

522 2
σ

 (35)

Wecontinuewith softwareprofiling.LabVIEW’sbuilt-in toolVIProfiler isused to record
executiontimeandmemoryusageofthetasks,andtheirsub-tasks.Figure17illustratestheresults
sortedindecreasingorder.Theexecutiontimeoftherespectivetasknormalizedtotheexecutiontime

Figure 16. Empirical density function and Gaussian fit for the measured response time of Actor a
6

Figure 17. Execution time and memory profile per run
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ofalltasksperruninpercentisdocumentedintheupperplotofFigure17.Thelowerplotshowsthe
maximummemoryusageperruninkilobytes.Forthenormalizedexecutiontime,itcanbeseenthat
theGUI-1andI/Ooperationsconsume65%and16%ofthetotaltime,respectively.Notethatboth
VIsruninseparatethreadssothattheperformanceoftheaudiometrictestisnotaffected.Forthe
VIsrelatedtotheaudiometrictest,thecomputationoftheacousticenergyandsignalclassification
areonlyactivelessthan2%ofthetotaltime.Thishighperformanceismainlycausedbythefact
thatallcriticalsub-tasksareimportedasC++DLLsintherespectivetask.Finally,wewanttopoint
outthatthenormalizedexecutiontimeforSoundI/O(Actor1),Acousticenergy(Actors6-9)and
Signalclassification(Actors10-11)areinlinewiththetick-basedversioninTable2.Forthememory
consumptionperrun,itcanbeseenthatthatFFTcauses299kB,followedby271kBforsoundread/
writeoperations,167kBforcalculatingtheacousticenergy,and38kBforsignalclassification.The
remainingVIsconsumeevenlessmemoryandhence,areomittedfromtheplot.Notethatsampling
theinputaudiostreamatarateof22050S/sand16-bitdepthresultsinastreamof88kB/satthe
inputoftheFFT.

CoNCLUSIoN

Inthisarticle,wedevelopedthesystemarchitectureforadynamicallyreactingautonomouspatientin
pure-toneaudiometry.Tomimicrealpatients,ourAPlistenstorealsignalsinrealenvironmentsand
controlsfalsepositiveandfalsenegativedecisionerrorprobabilitiesasafunctionofsignallevel,time
andageoftheemulatedpatientfromthedatabase.KeypropertiesofourAPareautonomy,consistency,
extensibility, reactivity and robustness. The resulting high-level concept is modular, comprising
synchronization,(soft)real-timesignalprocessingonamulti-coremicroprocessor,reasoning,two
GUIs,I/Oanddatabasemanagement.Tobypasstheconstraintsofareal-timeoperatingsystemand
yetachieveaccuratereactivityoftheAP,theinstrumentationenvironmentisLabVIEW™executed
onGeneralPurposeOperatingSystem.Synchronousdataflowgraphwasusedtoidentifyaperiodic
admissibleparallelscheduleonamulti-coremultiprocessor.Toaccuratelypredictreactiontimeand
jitterofourAP,weproposedastochasticapproachtosynchronousdataflow.

Theperformancehasbeenvalidatedbymeasurementsonthetarget.Specifically,theAPisable
toreactwithinto167±22msand99.7%confidencecoincidingwiththereactiontimeof190msfor
thenormalhearinglistenerin(Marshall&Brandt,1980).Taskprofilingshowsthatalltime-critical
tasksareonlyactive2%ofthetotaltime,astheyareimplementedaslinkedrun-timelibrary.Finally,
weobservedthatallthetasksconsumelessthan300KBmemoryperrun.Here,theFFTblockis
thebiggestmemoryconsumer.ItcanbeseenthatourAPseamlesslyemulatesreactiontimeand
elementsofpsychoacousticssuchasfalseresponseandreactiontimeinanadaptivefashion.The
limitationsofworkarethedynamicrange(currentlyca.80dB),theminimumreactiontime(currently
ca.190ms),andamissingpsychometricfunction,describingtheprobabilityofapositiveresponse
asafunctionofthepure-tonelevel.Nonetheless,theproposedartificialpatientoperatesinreal-time
andreal-environments,outplayingexistingsolutions.Morefeatureswillbeaddedtotheartificial
patientinfuture.Theproposedapproachsetsanewqualitystandardforevaluatingpractitionersin
pure-toneaudiometry.
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