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Abstract. A real-timekernelproviding multitaskingandtiming servicesisafun-
damentalcomponentof any real-timesystem.Timing services,whicharecrucial
to the correctexecutionof this kind of applications,areusuallyprovided by a
real-timeclock andtimer manager, which is part of the kernelandimplements
the requiredfunctionality on top of the one or more hardware timers. Kernel
timing servicesmustbe implementedcarefully in orderto avoid raceproblems
andinconsistencieswhich may be causedby the fact that many commonhard-
waretimer chipsarenot intendedat a direct implementationof softwaretiming
services.This paperprovidesadviceon the implementationof two of the Ada
timing services:Ada.Real_Time.Clock, andabsolutedelays(delay until). Theex-
ampleimplementationof both servicesin theOpenRavenscarKernel,which is
basedon theideaspresentedin thepaper, is alsodescribed.

1 Intr oduction

Real-timesystemsarerequiredto reactto externalsignalswithin specifiedtime inter-
vals [18]. Thesesystemsareoften built asa setof concurrentperiodicandsporadic
tasks,implementedon top of a real-timekernel that provides multitaskingand tim-
ing services,amongothers.TheAda 95 language[1] supportstaskingandreal-timeat
theprogramminglanguagelevel, thusproviding appropriatehigh-level abstractionsfor
real-timeapplications.Taskingandtiming constructsareusually implementedby an
Adarun-timesystem,which is built on topof ageneral-purposeoperatingsystemor, as
it is customaryfor real-timesystems,a real-timekernel[4].

Ada 95 provides two kinds of timing services.The core languageincludesthe
Ada.Calendar package,whereaTime typeanda time-of-the-dayClock functionarede-
fined[1, ch.9]. Thereal-timesystemsannex [1, Annex D] definestheAda.Real_Time
package,with moreappropriatedefinitionsof Time andClock for real-timesystems.
In thefollowing,wewill concentrateonthetiming facilitiesdefinedin Ada.Real_Time,
togetherwith theabsolutedelaystatement(delay until), asthesearetheonesmostlikely
to beusedby real-timeapplications(andtheonly onessupportedin theRavenscarpro-
file [3]).
�
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Ada95timing facilitiesareusuallyimplementedby somepartsof theAdarun-time
system,which in turn relieson kernelservices.Thesekernelservicesarebuilt on top
of differentkinds of clock andtimer hardwaredevices,which areusuallybasedon a
high-frequencyoscillatorwhichfeedsafrequency dividercountingregisterset.Theker-
nel implementationof timing serviceshasto bebothaccurateandefficient, providing
low granularitytimemeasurementsanddelaystogetherwith a low overheadoperation.
Thesepropertiesareoften in conflict whenusingcommercialhardwaretimers,which
requiresa carefuldesignto becarriedout in orderto preventraceconditions,inconsis-
tencies,andotherproblemsthatmaycompromisetheperformanceandcorrectnessof
real-timeapplications.

In the rest of the paperwe provide adviceon the implementationof kernel ser-
vices for Ada real-timefacilities, basedon our experiencewith the OpenRavenscar
Kernel [5], an open-sourcereal-time kernel for the GNAT compilation systemtar-
getedto theERC32(SPARC 7) architecture.Section2 providessomebackgroundon
the operationof hardwaretimers.Section3 givessomeguidelinesfor implementing
Ada.Real_Time. Clock, andsection4 describesthecurrentORK implementationasan
example.Section5 discussessomeimportantissuesrelatedto accuratetimer imple-
mentation,andsections6 and7 provide guidelinesandimplementationexamplesfor
theAda delay until statement.Finally, someconclusionsaredrawn in section8.

2 Hardware timers

A hardware timer is a device which takes an oscillator signal as an input. In order
to operatewith a rangeof clock frequencies,the input signal is usually fed through
a componentcalled the scaler, which divides its frequency by a configurableinteger
value.The resultingclock signal is usedto decrementa down-countregister, which
outputsa signalwhenits valuereacheszero(figure1).

The way of configuringa timer device is by writing into its registers,which have
their own addressesin the memorymapof thecomputer. The timer registerscanalso
beread(for instance,to querythecurrentvalueof thedown-countregister).

Hardware timers have several programmableoperationalmodes,providing addi-
tional flexibility for theimplementationof softwaretimer modules.Themostcommon
andimportantmodesare:

– Periodiccountermode.In thisoperationalmode,theinitial valueof thedown-count
registeris automaticallyreloadedby thehardwarewhenthecountreacheszero,and
thenthedown-countstartsagain.

– Intervalcountermode.In thismode,theinitial valueis notreloadedwhenthedown-
countends.Hence,thetimeroperationfinishesandthedown-countregisterremains
with azerovalue.

Thelevel of theoutputsignalchangesevery timethedown-countreacheszero.The
outputpin is usuallyconnectedto a computerline, andtherole of the timer device in
thecomputerdependson theline to which theoutputis connectedandtheoperational
modeselected.



Themostcommonconfigurationsof hardwaretimersin a computersystemare:

– Watchdogtimer. Theoutputpin is connectedto theresetline of thecomputer, and
thedevice is programmedasaninterval counter. As a result,thecomputeris reset
whenever thedown-countreacheszero.

– Periodictimer. The output pin is connectedto an interrupt requestline, and the
device is programmedas a periodic counter. As a result, an interrupt requestis
periodicallygeneratedevery time thedown-countreacheszero.

– Single-shottimer. Theoutputpin is connectedto aninterruptrequestline, andthe
device is programmedasan interval counter. As a result,an interrupt requestis
generatedwhenthedown-countreacheszero.

– Soundgenerator. The output pin is connectedto a loudspeaker or a similar de-
vice, andthe device is programmedasa periodiccounter. By properlyadjusting
the scaleranddown-countpresetvalues,the outputsignalchangesat an audible
frequency, thusproducingasound.

Although watchdogtimers are commonin real-timesystems,only periodic and
single-shottimersarerelevantfrom thepointof view of this paper.

3 Implementing Ada.Real_Time.Clock

Annex D of the Ada LanguageReferenceManual[1] requiresa maximumresolution
of 1 msanda minimumrangeof 50 yearsfor Ada.Real_Time.Time. Therefore,at least
41 bits areneededto implementthis datatype.

An easyway to implementAda.Real_Time.Clock would beto usea hardwareperi-
odictimerwith aperiodequalto therequiredresolution.Unfortunately, thedown-count
registersof mosthardwaretimersareat most32 bits wide (8 and16 bits arethemost
commonsizes),whichmeansthatin mostcasesAda.Real_Time.Clock cannotbeimple-
menteddirectly in hardware.However, it is possibleto useahardwareperiodictimer to
storeonly theleastsignificantpartof theclockvalue,while themostsignificantpartof
thesamevalueis storedin mainmemory, andincrementedby thetimer interrupthan-
dler. Sincethe timer down-countis automaticallyrestartedby thehardware,theclock
resolutionis givenby thescaledoscillatorfrequency. Theinterruptperiodcanbemuch
longer(actuallyup to thedown-countregistercapacity)without lossof precision.

Thismethodmakesit possibleto implementAda.Real_Time.Clockwith therequired
resolutionandrange.However, thereis aconsistency problem(racecondition),asread-
ing theclock is not anatomicoperation.Incorrectclock valuesmaybeobtainedif an
interruptoccursbetweenthe readingof thehardwareandsoftwarecomponentsof the
time. Theorderof magnitudeof theerror is aboutoneinterruptperiod,which should
be consideredunacceptable.It mustbe noticedthat maskingthe timer interruptdoes
not solve the problem,becausethe down-countregister is automaticallyreloadedby
thehardwarewhenit reacheszero,evenif interruptsaredisabled.

It is alsopossibleto usea single-shothardwaretimer. In this case,thedown-count
registeris reloadedby theinterrupthandler, andtheconsistency problemcanbesolved
by maskingthetimer interruptin orderto make thereadingof bothcomponentsof the
clock an atomicoperation.However, this methodintroducesanotherproblemrelated



to theprecisionof theclock, asthe time spentby the processorto recognizean inter-
rupt variesdependingon thebehavior of thesoftware.For example,interruptsmaybe
delayedafter a kernelprocedurehasraisedthe processorpriority, or the handlermay
executea variablesequenceof instructionsbeforethetimer is restarted.This variation
in time introducesanadditionaldrift in thevalueof theclock, which is differentfrom
theusualmanufacturingdrift whichdeviatestheclockin alinearway. Thedrift induced
by the variationin interrupthandlingchangesthe clock in a differentamountof time
at every interrupt.Therefore,it is difficult to compensate,andeven the kind of clock
synchronizationalgorithmsthatcanbeusedin othersituationsto getanaccuratetime
keeping(see,e.g. [11]) areharderto implement.It shouldbenoticedthat,althoughthe
additionaldrift couldbeovercomeby takinginto accounttheaveragetimeto restartthe
timer afteran interruptrequest,this would result in a acceptablelossof monotonicity
for theclock.

4 Implementation of Ada.Real_Time.Clock in ORK

The OpenRavenscarReal-Time Kernel (ORK) [5,6] is a taskingkernel for the Ada
languagewhich providesfull conformancewith the Ravenscarprofile [3] on ERC32-
basedcomputers.ERC32is a radiation-hardenedimplementationof the SPARC V7
architecture,which hasbeenadoptedby the EuropeanSpaceAgency (ESA) as the
currentstandardprocessorfor spacecrafton-boardcomputersystems[8].

TheERC32hardwareprovidestwo timers(apartfrom a specialWatchdog timer):
the Real-Time Clock (RTC) and the General PurposeTimer (GPT). Both timerscan
be programmedto operatein eithersingle-shotor periodicmode[19]. The timersare
drivenby theinternalsystemclock,andthey includeatwo-stagecounterwhichoperates
asdescribedin section2 (figure1).

Scaler Preload Counter Preload

Scaler Counter

Control (Enable, Load, Reload, Hold, Stop at zero)

Zero indication InterruptSYSCLK

8 bits 32 bits

Fig.1. Structureof theERC32timers.

The kernelusesoneof the hardwaretimers,namelythe Real-Time Clock, to im-
plementAda.Real_Time.Clock. Themaximumtime valuethat canbekept in theRTC
is:

MaxTime �
�
RTCC � 1� � RTCS � 1�

SYSCLK
� 232 � 28

107 � 109_951s



whereRTCCis themaximumvalueof theRTC counterregister(32 bits wide), RTCS
is themaximumvalueof theRTC scaler(8 bitswide),andSYSCLKis thesystemclock
frequency (10 MHz). Not only this valueis muchshorterthanrequiredtime range(50
years),but theclock resolutionprovidedby a hardware-onlyimplementation(25.6µs)
is too coarsefor many applications.Therefore,the clock cannotbe implementedonly
with theavailablehardware,anda mixedhardware-softwaremechanism,asdiscussed
above in section3, is necessary.

ORK usesthe first of the methodsin section3. The RTC device is configuredby
the kernel so that it generatesperiodic interrupts.The interrupt handlerupdatesthe
mostsignificantpart of the clock (MSP_Clock), which is kept in memory, while the
leastsignificantpart of the clock is held in the RTCC register. In order to obtainthe
highestpossibleresolution,ORK setstheRTCSpreloadvalueto zero.As a result,the
resolutionof Ada.Real_Time.Clock is the sameasthe SYSCLKperiod,that is 100ns.
Theperiodicinterruptperiod(which is givenby theRTCC preloadvalue)canbeup to
429s ( � 232 � 107). Thesevaluesarevalid for theusualERC32systemclock frequency
of 10 MHz.

In orderto preventtheraceconditionwhich wasmentionedin section3, theClock
function readsthe hardwareclock twice. This arrangementis valid becausethe long
interruptperiodof theRTC preventstheoccurrenceof two interruptsduring two con-
secutive clock readings.This solvestheraceconditionproblem,at thepriceof a slight
performancepenaltyin Ada.Real_Time.Clock functioncalls.Thecodeof this function
is shown in figure2.

MSP Clock : Time := 0;
pragma Atomic (MSP Clock);	
	 pragma Atomic (MSP Clock) is needed because MSP Clock	
	 is updated by Clock Handler.

5

function Clock return Time is
Before, After : constant Time :=

MSP Clock + Time (Kernel.Peripherals.Read Clock);
begin

if After � Before then 10	�	 an interrupt may have occurred while Before was being built
return After;

else	�	 an interrupt has occurred while After was being built
return Before; 15

end if;
end Clock;

Fig.2. ORK implementationof Ada.Real_Time.Clock.



5 Using hardware timers to provide high resolutiontiming

It is very commonto implementsoftwaretimersbasedon thesameperiodicinterrupt
timer that is usedfor the real-timeclock (see,e.g. [14,12]). In order to improve the
resolutionof the softwaretimers,the timer chip canbe programmedto interruptat a
higherfrequency thanstrictly requiredfor keepingtheclock.

Theproblemwith this approachis that theoverheaddueto interrupthandlingmay
raiseto unacceptablelevels for high frequency values.Actually, interruptsneedto be
programmedonly whenthereissometiming eventthathasto besignaled.Thekey point
is that,evenwhena microsecondresolutionis required,thereis no needto havetiming
eventsevery microsecond.What is neededis a mechanismby which timer interrupts
areallowedto occurat any microsecond,but not necessarilyeverymicrosecond.

Single-shottimersprovide just the right kind of supportfor this behavior, where
interruptsaregeneratedondemand,andnotperiodically. However, thiskind of devices
arenotappropriatefor implementingamonotonic,preciseclock(seesection3). There-
fore, thebestarrangementis to usetwo hardwaretimers:a periodicinterrupttimer for
the high resolutionclock, anda single-shottimer for softwaretimers.The single-shot
timer is reprogrammedon demandevery time analarmis setsothat it interruptswhen
thealarmexpires.Thisarrangementprovideshighresolutionsoftwaretimerswith alow
overhead.Many real-timekernels,suchasRT-Linux [2], KURT [9], Linux/RK [15],
JTK [16], andORK [5, 6] follow this approach.

6 Implementing absolutedelays

Theimplementationof absolutedelays(delay until in Ada) is basedon softwaretimers.
Timing eventsarekeptin adelayqueueorderedby expirationtime.A single-shottimer
is programmedto interruptat theexpiration time of thefirst pendingdelay. Whenthe
interruptoccurs,thefirst eventis removedform thequeueandthetimer is programmed
for thenext delay, andsoon.

Thebestway to storedelayexpiration timesis to useabsolutetime values.Other-
wise, the timer interruptroutinewould have to performadditionaloperationsin order
to maintainthe relative timesof theeventsin thequeue,which would increasethe in-
terrupthandlingoverheadand,evenworse,theworstcaseexecutiontime of thekernel
timing services.However, single-shottimersareprogrammedwith relative times.This
meansthat thetimer interruptroutinehasto readtheclock andsubtractits valuefrom
the absolutetime of the next event, in orderto computethe right presetvaluefor the
timerdown-countregister.

It mustbenoticedthatperiodictimer interruptsmustbeenabledduringtheexecu-
tion of thesingle-shottimer interruptroutine.Otherwise,theinterruptroutinemightget
an erroneousclock valueif a periodictimer interruptwerepending.Sucha situation
would resultin anerrorof almostoneperiodictimer interruptperiodin thesingle-shot
timer interval.Theeasiestwayto preventthiskind of problemsis to configurethetimer
with the lowestinterruptpriority asthesingle-shottimer, andtheotheroneasthepe-
riodic timer. Sometimer chips,however, cannotbeconfiguredin this way, which may
leadto very complex codein thetimer interruptroutines.Luckily enough,theERC32
timershavedifferentprioritieseach,thusmakingthisapproachfeasiblefor ORK.



Thelastpoint to beconsideredis theway to dealwith delayswhicharelongerthan
themaximumtime interval which canbeprogrammedin thehardwaretimer. If only a
single-shottimer is used,thetimerhasto berestartedseveraltimesin orderto getsuch
a long delay. Anotherpossibility is to useboth a single-shotanda periodic timer, in
sucha way that the single-shottimer is only usedwhenthe next eventexpiresbefore
thenext periodictimer interrupt.

Thefirst approachhasonly a smalloverhead,but raisesthe issueof how to model
theadditionalinterruptsfor responsetime analysis.On theotherhand,thesecondap-
proachmay not work properly if the next event occursbeforethe next periodictimer
interrupt,but closeto it. If thecodewhichcalculatestherelativetimefor thenext alarm
and programsthe interval timer takes too long to execute,the single-shottimer can
actuallybe setto interrupt just a little bit after the next periodictimer interrupt.This
possibility hasto be taken into accountwhencodingthe interruptroutines,asit may
give raiseto raceconditionsresultingin alarmsbeinglost or scheduledtwice,depend-
ing ontheactualimplementation.However, thereis a trivial solution,whichis to record
thependingalarmstatusin abooleanflag.It mustbenoticedthatthisflagis alsoneeded
by the low-level delay until procedure,becausea currenttimer expirationmayhave to
becanceledby a new, but closer, delayrequest.

7 Implementation of absolutedelaysin ORK

Following thediscussionof theprevioussection,theORK implementationof absolute
delaysis basedon two timers:a periodic interrupt timer anda single-shottimer. The
first timer is theRTC, which is alsousedto supportAda.Real_Time.Clock (seesection
3, andthesecondoneis theERC32GPT, which is usedto setalarmson demand.This
timer is only usedwhen the next alarm is closerthan the next periodic interrupt.A
booleanflagcalledPending_Alarm is usedto indicatethatthesingle-shottimer is set.

As explainedbefore,the RTC timer musthave a higherinterruptpriority thanthe
GPT. ORK allows the nestingof interruptsin the usualway: high priority interrupt
requestscanpreempttheexecutionof interrupthandlerswith alowerpriority, but lower
priority interruptsaremaskedduring the executionof an interrupthandler. Therefore,
theperiodic(RTC) interrupthandlercanpreempttheexecutionof thesingle-shot(GPT)
interrupt handler. On the other hand,single-shottimer interruptsare not recognized
duringtheexecutionof theperiodicinterrupterhandler.

Thekernelachievesmutualexclusionon its internaldatastructures(e.g.readyand
delayqueues)by meansof a monolithicmonitor[13,7], which is implementedby dis-
abling interrupts,so that interruptrecognitionis postponedwhile a kernelfunction is
beingexecuted[17,16].

Thecodeof theRTC interrupthandleris shown in figure3. TheproceduresKernel.
Threads.Protection.Enter_Kernel and Kernel.Threads.Protection.Leave_Kernel change
the runningpriority in orderto disableandrestoreinterruptsfor mutualexclusion,as
above described.The handlerincrementsthe most significantpart of the monotonic
clock (MSP_Clock) with the clock interruptperiod.The interrupthandleralsochecks
whetherthealarmtimer is set,which is recordedin Pending_Alarm, sothatthecurrent
alarm,if thereis one,is not lost by settinganew one.More in detail,if thealarmtimer



Pending Alarm : Boolean := False;
pragma Atomic (Pending Alarm);

procedure Clock Handler is
Next Alarm : Time; 5

begin
KP.Clear Clock Interrupt;
KT.Protection.Enter Kernel;
MSP Clock := MSP Clock + KPA.Clock Interrupt Period;
if not Pending Alarm then 10

Next Alarm := KT.Queues.Get Next Alarm Time;	�	 if the head of the alarm queue is scheduled before the next clock	�	 interrupt
if Next Alarm 
 MSP Clock + KPA.Clock Interrupt Period then	�	 set alarm 15

KP.Set Alarm (To Safe Timer Interval (Next Alarm 	
MSP Clock 	 Time (KP.Read Clock)));

Pending Alarm := True;
end if;

end if; 20

KT.Protection.Leave Kernel;
end Clock Handler;

Fig.3. ORK RTC interrupthandler.

is set thennothingis done,asan alarmtimer interrupt is comingsoon.Otherwise,it
checksthealarmqueueandsetsthealarmtimer if thenext alarmis closerthanthenext
clock interruptThefunctionKT.Queues.Get_Next_Alarm_Time returnsTime’Last when
the alarmqueueis empty. The timer is programmedby the procedureKP.Set_Alarm,
which takesthe relative delayto thealarmasa parameter. Theclock valuecanbeex-
plicitly evaluatedfrom its components(MSP_Clock + Time (KP.Read_Clock)) because
the clock interruptsaredisabledduring the executionof the clock handler. The func-
tion To_Safe_Timer_Interval is usedto avoid possiblenegativevaluesof thenext alarm
causedby delaysin thecodeexecution.

Thecodeof thealarmtimerhandleris shown in figure4. Thehandlerwakesup all
the taskswhoseexpiration timeshave alreadybeenreached.It thenchecksthe alarm
queueandsetsthealarmtimer if needed.Theclock is readagainafterwakingup the
tasksin order to avoid an excessive jitter. It mustbe noticedthat the alarminterrupt
priority mustbe restored(thus leaving the kernelmonitor) in order to prevent an in-
correcttime valueto bereadbecauseof a pendingclock interruptrequest.Thekernel
is requestedto executethedispatchingroutinesoasto enablea newly awakentaskto
preemptthepreviously runningtaskif it hasahigherpriority.



procedure Alarm Handler is
Now, Next Alarm : Time;
begin	
	 Pending Alarm must be true
KP.Clear Alarm Interrupt; 5

Now := Clock;
KT.Protection.Enter Kernel;
while KT.Queues.Get Next Alarm Time 
 = Now loop	�	 extract the tasks that were waiting on the alarm	�	 queue and insert them into the ready queue. 10

KT.Queues.Insert At Tail (KT.Queues.Extract First Alarm);
end loop;
Next Alarm := KT.Queues.Get Next Alarm Time;	
	 the dispatcher is now called.
KT.Protection.Dispatch; 15

KT.Protection.Leave Kernel;	
	 if the head of alarm queue is closer than the next clock interrupt
if Next Alarm 
 MSP Clock + KPA.Clock Interrupt Period then	�	 set alarm but read clock again to avoid an excessive jitter

KP.Set Alarm (To Safe Timer Interval (Next Alarm 	 Clock)); 20

else
Pending Alarm := False;

end if;
end Alarm Handler;

25

Fig.4. ORK GPTinterrupthandler.

It couldbearguedthat theheadof the alarmqueuemight changeafterwakingup
all thetaskswith expiredalarms,but it canbeeasilyshown thatsuchasituationcannot
happenundertheRavenscarprofile, for which ORK hasbeendesigned.Only sporadic
taskswhich arewakenup by higherpriority interruptscanpreemptthealarmhandler,
andsuchtaskscannotexecutea delay until statementdueto the single invocationre-
striction.Sincetheexecutionof a delay until statementis the only way to put tasksin
the alarmqueueunderthe Ravenscarprofile restrictions,it canbe concludedthat the
alarmqueuecannotchange.

8 Conclusions

Hardwaretimersprovidethelow-level functionalityrequiredto supporttimefeaturesof
real-timekernels.A numberof differentapproachesfor implementingtheAdareal-time
clockandabsolutedelayson topof thiskind of hardwaredeviceshavebeenintroduced
in thepaper, andsomeproblemsrelatedto theaccuracy andefficiency of theimplemen-
tationhavebeendiscussed.As anexample,representativepartsof theOpenRavenscar



Kernelimplementationfor ERC32computershave beendescribedin detail.Unfortu-
nately, thesesolutionsarenotof generalnaturebecauseof thediversityof timerdevice
arrangementsin computers.

As wehaveshown, a hardwarereal-timeclockprovidesthesimplestandmoreeffi-
cient implementationof a clock.Unfortunately, this solutioncannotbeusedwith most
currenthardwaretimers,whichhaveonly 32bitsor less.Timerswith countingregisters
up to 64 bits wide, suchastheonesthatcanbefoundin Pentiumprocessors[10], pro-
videtherequiredaccuracy with anextendedtimerange,andthereforearemoresuitable
for real-timeapplications.An advantageof hardware-onlyclocks is that thereareno
raceconditionsor inconsistenciesasthetimer registersarereador written in anatomic
fashion.

An efficientandeffectiveimplementationof sharedtimersneedssomehelpfromthe
software,though.It is not reasonableto forcethehardwareto maintaina list of pending
timers.Therefore,this function hasto be provided by the software,with a hardware
supportbasedon anefficient anda high resolutionmechanismfor programmingtimer
interrupts.This mechanismcanbebasedon a single-shotinterrupttimer with a 64 bit
counter.
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