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Abstract— Giotto provides an abstract programmer’'s model
for the implementation of embeddedcontrol systemswith hard
real-time constraints. A typical control application consists of
periodic software tasks together with a mode-switching logic
for enabling and disabling tasks Giotto specifiestime-triggered
sensor readings, task invocations, actuator updates, and mode
switches independent of any implementation platform. Giotto
can be annotated with platform constraints such as task-to-
host mappings, and task and communication schedules. The
annotations are dir ectives for the Giotto compiler, but they do
not alter the functionality and timing of a Giotto program.
By separating the platform-independent from the platform-
dependentconcems, Giotto enablesa great deal of flexibility in
choosingcontrol platforms aswell as a great deal of automation
in the validation and synthesisof control software. The time-
triggered nature of Giotto achievestiming predictability, which
makesGiotto particularly suitable for safety-critical applications.

Keywords—Programming languages,real-time systems,con-
trol systems embeddedsoftware.

I. INTRODUCTION

Giotto provides a programmingabstractionfor hard real-
time applicaions that exhibit time-periodic and multimodd
behaior, as in autanotive, aerospae, and manuaduring
control.

Traditiond control designhappensat a mathematical level
of abstractionwith the cortrol engireer manipuating differ-
ential equdions and modeswitchinglogic usingtools suchas
Matlab or MatrixX. Typical actiities of the cortrol engneer
includemodding of theplantbehaior anddisturbanes,deriv-
ing and optimizing control laws, and validating functiondity
andperformane of themodé through analysisandsimulation.
If the validaed designis to be implemented in software, it
is then handel off to a software engireer who writes code
for a particular platform (we use the word “platform” to
standfor a hardware corfiguration togethe with a real-time
operatingsystem).Typical actuities of the software engneer
include decanposing the ne@ssarycomputational actvities
into periodc tasks,assigningtasksto CPUsand settingtask
priorities to meetthe desiredhard real-timecorstraintsunde
the given schaluling mechanismand hardware performare,
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and acheving the desireddegree of fault tolerane throuch
replicationand error correction.While limited autonation for
these actvities is availade in the form of code-geneation
tools, the software engneer has final authority over putting
theimplemenation togethe throughan often iterative process
of cocke integration, testing,and optimization

Giotto provides an intermediatdevel of abstractionwhich
(i) permits the software engineer to commnunicate more ef-
fectively with the control engneer and (ii) keeps the im-
plemenation and its propertiesmore closely aligned with
the mathematical model of the cortrol design. Speifically,
Giotto defires a software archited¢ure of the implementéon
which specifiesits functiondity andtiming. Fundionality and
timing aresufiicient andnee@ssaryfor ensuringthattheimple-
mentationis consistentwith the mathematical model. On the
other hand Giotto abstractsaway from the realizationof the
softwarearchitectureon a specificplatform, andfreesthe soft-
ware engneer from worrying abaut issuessuch as hardware
performane andschedling mechaismwhile communicating
with the control enginer. After writing a Giotto program the
secondtask of the software enginer remainsof courseto
implementthe programon the given platform. In Giotto, this
secondtask, which requiresno interactionwith the cortrol
enginer, is effectively decaipled from the first, and canin
large partsbe automatd by increasingly powerful compilers.
Giotto complation guarateesthe preseration of functionality
andtiming, andthusremovesthe nedl for atediows anderror
proneiteration of code evaluationand optimization

The Giotto designflow is shavn in Figurel. The separation
of logical correctressconarns(functionality andtiming) from
physical realization conerns (mapping and schediling) has
the addedberefit that a Giotto programis entirely platform
indepandent andcanbe comgled on different,even heterge-
neots, platforms.

Motivating example. Giotto is desigred specifcally for em-
beddd cortrol applicaions. Conside a typicd fly-by-wire
flight cortrol system[1], [2], which consistsof threetypesof
interconrectedcomponerts (seeFigure 2): sensorsCPUsfor
compuing control laws, and actudors. The sensorsinclude
an inertial measurema unit (IMU), for measuringlinear
accderation and angular velodty; a global positioning sys-
tem (GPS),for measuringposition; an air datameasurenet
system, for measuringsuch quantities as air pressure;and
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the pilot’s controls,suchasthe pilot’s stick. Eachsensorhas
its own timing properties:the IMU, for exanple, outputsits
measuremet 1,000timesper secondwherea the pilot’s stick
outpus its measurementonly 500 times per second Three
separateontrollaws —for pitch, lateral,andthrottle cortrol—
needto be computed. The systemhasfour actudors: two for
the ailerons,onefor thetailplane,andonefor therudder The
timing requiremats on the control laws and actudor tasks
are alsoshown in Figure 2. The readermay wonder why the
actudor tasksneedto run more frequerly than the cortrol
laws. The reasonis that the actudor tasksare resposible for
the stabilizationof quickly moving mecdanica hardware,and
thus needto be an order of magnitué more responsie than
the cortrol laws.

We have just describedone operatioml mode of the fly-
by-wire flight control system nanely the cruisemode.There
arefour addtional modes:the take-off, landing,autopilot,and
degradedmodes.In eachof thesemocdes, additiond sensing
tasks,control laws, and actuding tasksneedto be executed
as well as someof the cruise tasksremored For example,

in the take-of mode the landing gear must be retracted.In
the autopilot mode, the cortrol systemtakes inputs from a
supervisoryflight planrer, insteadof from the pilot's stick.
In the degraded mode some of the sensorsor actudors
have sufereddamaye; the cortrol systemcompesatesy not
allowing mareuvers which areasaggressie asthosepermitted
in the cruisemode

The Giotto abstraction. Giotto provides a programner’s
abstractionfor specifying control systemsthat are structured
like the previous fly-by-wire example. The basic functioral
unit in Giotto is the task which is a periodically executel
piece of, say C code Several conairrent tasks make up a
mode Taskscanbe addel or removed by switchingfrom one
modeto anothe. Tasks commnunicatewith eachother aswell
as with sensorsand actuators, by so-calleddrivers, which is
codethat transportsand corvertsvalues betweenports While
a taskrepresentgapgication-level compuation that consumes
anonngligible amour of CPUtime, adriveris bourdedcode
that canbe executedessentiallyinstantaneosly on the system
level, with ervironment interrupts disabled (more precisely
drivers satisfy the syndirony assumptior{3], thatthey canbe
executedbeforethe ervironmentstatecharges). In this way,
the Giotto abstractiorintegratesschedled computation(tasks)
and synchromus communication (drivers). The periodicinvo-
cation of tasks,the readirg of sensorvalues, the writing of
actuato values, and the mode switching are all triggeredby
realtime. For example,onetaskt; maybeinvoked every 2 ms
andreada sensowalue uponeachinvocaion;? anotter taskt,
may be invoked every 3 ms andwrite an actudor value upon
eachcompletion and a mode switch may be contenplated
every 6 ms. This time-triggeredsemanticsenalbes efficient
reasoningabaut the timing behaior of a Giotto program,in
particular whetherit conformsto the timing requiremets of
a mathemécal (e.g., Matlab) model of the control design

A Giotto programdoesnot specify where, how, and when

1Since drivers cannot dependon each other no issuesof fixed-point
semanticsarise.

2While ary choiceof time unit is possible we usemillisecondsthroughout
the paper



tasks are schedled. The Giotto programwith taskst; and
t, can be compiled on platforms that have a single CPU
(by time sharingthe two tasks)aswell ason platformswith
two CPUs (by parallelism);it can be comgled on platforms
with preemptve priority schediling (such as most real-time
operatingsystemspswell ason truly time-triggeredplatforms
(such as the time-triggeredarchtecture [4]). All the Giotto
comiler need to ensures thatthe sematics of the program
—i.e., functiondity and timing— is presered. To this end
the conmpiler nedls to solve a possiblydistributed schedling
problem. This can be difficult, and to make the job of the
comiler easier a Giotto program can be anndated with
comgler directives in the form of platform corstraints A
platform constraintmay map a particulartaskto a particular
CPU, assign a particular priority to a particular task, or
schedle a particular comrunication event between tasksin
a particulartime slot. Such anndations, however, in no way
modify the functiondity and timing of a Giotto program
they simply aid the conmpiler in realizingthe semanticf the
program.

Outline of the paper. We first give an informal introdudion
to Giotto in Sectionll, followed by a formal definition of the
languagein Sectionlll. In SectionlV, we define an abstract
versionof the schedlling problem that neals to be solved by
the Giotto comgiler, and we illustrate how a progam canbe
anndatedto guide distributed codegenerion. In SectionV,
we give pointersto currentGiotto implemenationsandrelate
Giotto to the literature.

Il. INFORMAL DESCRIPTION OF GIOTTO

Ports. In Giotto all datais commuicatedthrough ports. A

port represents typed variable with a unique locdion in a
globdly sharedhamespace We usethe globalnamespacefor

portsasa virtual coneptto simplify the definition of Giotto.

An implemernation of Giotto is not requiredto be a shared-
memorysystem.Every port is persistenin the sensethat the
port keepsits value over time, until it is updated. Thereare
mutually disjoint setsof sensorports, actudor ports,andtask
ports in a Giotto program The sensorports are updated by

the environment; all other ports are updated by the Giotto

program.Thetaskportsareusedto communicatedatabetwea

conaurrenttasks.Task ports can also be usedto transferdata
from one mock to the next: task ports can be designatd as
modeportsof a given mode, and assigneda value every time

the modeis entered

Tasks. A typical Giotto task ¢ is shavn in Figure 3. The
task ¢t has a set In of two input ports and a set Out of
two output ports, all of which are depictedby bullets. The
input ports of ¢ aredistinct from all otherportsin the Giotto
program. The outpu ports of ¢ may be sharedwith other
tasksaslong asthe tasksare not invoked in the samemode
In gereral, a task may have an arbitrary number of input
and outpu ports. A task may also maintain a state, which
can be viewed as a set of private ports whose values are
inacessible outside the task. The state of ¢ is deroted by
Priv. Finally, the taskhasa functionf from its input portsand
its currentstateto its outputportsandits next state.The task
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Fig. 4. An invocationof taskt.

functionf is implemened by a sequatial program,andcanbe
written in an arbitrary programminglanguage. It is important
to notethatthe execution of f hasno internal synchraization
points and camot be terminatedprematurely in Giotto all
synchrotization is specifiedexplicitly outsideof tasks.For a
given platform, the Giotto conpiler will neel to know the
worst-caseaxecuion time of f on eat available CPU.

Task invocations. Giotto tasks are periodic tasks:they are
invoked at regularly spacedpointsin time. An invocdion of

a task ¢ is shavn in Figure 4. The task invocdion has a

frequeng w;.s, given by a non-zeo natual numter; the real-

time frequeny will be determine later by dividing the real-

time periodof the currentmodeby w,,s;. The taskinvocaion

specifieaadriver d which providesvalues for theinput portsin.

The first input port is loaded with the value of some other
port p, and the secom input port is loadel with the constant
value . In gereral, a driver is a function that corverts the

values of sensorports and mode ports of the current mode

to values for the input ports, or loads the input ports with

constants.Drivers can be guarded: the guard of a driver is

a prediate on sensorand mode ports. The invoked task is

executedonly if the driver guard evaluatesto true; otherwise,
the task execution is skipped.

The time line for an invocation of the task ¢ is shavn in
Figure 5. The invocation starts at sometime 74, With a
communication phasein which the driver guardis evaluated
and the input-port values are loadel. The Giotto sematics
prescribeghat the commnunicationphase—i.e., the execttion
of the driver d— is performedin logically zeo time In other
words, a Giotto driver is an atomic unit of computation that
canrot be interrupted.The synchronouscommunication phase
is followed by a schedled computation phase.The Giotto
semanticsprescribesthat at time 7, the stateand output
portsof ¢ areupdatedto the (deterministic)resultof f apgied
to the state and input ports of ¢ at time 7,,+. The length
of the interval betwee@ 7.+ and 7y, is determinedby the
frequeny wq,.;. We say that the task ¢ is logically running
from time 744,+ t0 time 7,,,. The Giotto logicd abstraction
doesnot specify when, where,and how the actual computa-
tion of f is physically performedbetween 74+ and 7s0p.
However, the time at which the task output ports are updated
is determinel, and therefore,for ary given real-timetrace of
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sensowvalues,all valuesthatarecommunicatedbetwea tasks
and to the actudor ports are determind [5]. Instantaneus
communication and time-deterministiccomputation are the
two essentialingrediens of the Giotto logical abstraction A

comigler mustbe faithful to this abstractionfor example,task
inputs may be loadel after time 7.,,+, and the execution of

f may be preenpted by othe tasks,aslong as at time 7,y

the values of the task outpu ports are thosespecifia by the
Giotto semantics.

Modes. A Giotto progam consistsof a set of modes,eah
of which repeatsthe invocation of a fixed set of tasks.The
Giotto programis in one modeat a time. Possibletransitions
from a modeto other modesare specifed by mode switches.
A modeswitch canremove sometasks,and add others.

Formdly, a modeconsistsof a period,a setof modeports,
a setof taskinvocations,a setof actudor updates,and a set
of mode switches.Figure 6 shavs a modem which contans
invocaions of two tasks,t; and t,. The period = of m is
10 ms; thatis, while the programis in modem, its execution
repeatshe samepatternof taskinvocatiors every 10 ms. The
task t; hastwo input ports,i; and iy, two output ports, oo
andos, a statePrivy, anda function f,. Thetaskt, is defined
in a similar way. Moreover, thereis one sensorport, s, one
actudor port, a, anda modeport, o1, which is not updded by
ary taskin modem. The value of o, staysconstamhwhile the
programis in modem; it canbe usedto transfera valuefrom
a previous modeto modem. In addtion to oy, all output ports
of tasksinvoked in the mode—o», 03, 04, and os— are, by
default, alsomodeports;they mustbeinitialized upan entering
modem. The modeports are visible outsidethe scopeof m,
asindicated by the dashedines. A modeswitch may copy the
values at theseportsto modeports of a successomode.The
invocaion of taskt; in modem hasthe frequeny w;, = 1,
which means that ¢; is invoked once every 10 ms while the
programis in modem. Theinvocdion of ¢; in modem hasthe
driver d;, which copiesthe value of the modeport o, into i,
andthevalue of the output porto, of ¢5 into io. Theinvocdion
of task ¢, hasthe frequerty ws = 2, which mears that ¢, is
invoked onceevery 5 msaslong asthe programis in modem.
The invocation of ¢ty hasthe driver dy, which comectsthe
outpu portos of t; to i3, thesensomport s to i4, andthe output
portos of t5 to i5s. Themodem hasoneactudor update,which
is a driver d3 thatcopes the value of the outpu port o, of ¢,
to the actuwator port a with the actudor frequency w,e: = 1;
thatis, once every 10 ms.
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Fig. 6. A modem.

Figure 7 shavs the exact timing of a single round of
mode m, which takes 10 ms. As long as the programis in
mode m, one suchround follows andher. The round begins
at the time instant ; with an instantaneus commurication
phasefor the invocaions of taskst; and ¢2, during which
the two driversd; andd, areexecuted The Giotto sematics
doesnot specify how the computationsof the task functions
f1 andfy are physically schedlled; they could be schediled
in ary orderon a single CPU, or in parallelon two CPUs.
The Giotto semanticsspecifes only that after 5 ms, at time
instantry, the resultsof the schedied computationof f, are
madeavailable at the outpu portsof . The secoml invocdion
of to beginswith andherexecttion of driver ds, still attime
which samplesthe mostrecen value from the sensorport s.
However, the two invocatiors of ¢, startwith the samevalue
atinput port iz, becaisethe value storedin o3 is not updated
until time instant» = 10 ms, no matter whether or not f;
finishesits actua computation before ;. According to the
Giotto semanticsthe outputvalues of theinvocaion of t; must
not be availabe beforer,. Any implemenation thatschediles
the invocdion of t¢; befae the first invocation of ¢, must
thereforekegy available two setsof valuesfor the outpu ports
of ¢1. Theroundis finishedafter writing the outputvalues of
theinvocationof ¢; andof the secoml invocationof ¢, to their
outputportsat time 7, and after updaing the actuatorport a
at the sametime. The baginning of the next round shows that
theinput port iz is loadedwith the new valueprodu@d by ;.

Mode switches.In orderto give an example of modeswitch-
ing we introdue a secom mocke m’, shavn in Figure8. The
main differencebetweenm and m/’ is that m’ replacs the
taskt, by anew taskts, which hasafrequerty ws of 4in m/.
Notethat¢; hasa new outpu port, og, but alsousesthe same
outputport o4 ast,. Moreover, t3 hasa new driver dy, which
conrectsthe outpu portos of ¢; to theinput portig, thesensor
port s to iy, andthe output port og of 3 to ig. Thetaskt; in
modem’ hasthe samefrequeny and usesthe samedriver as
in mode m. The periodof m’, which determins the length of
eachround,is again 10 ms. This means thatin mode m/, the
taskt; is invoked once perround every 10 ms;thetaskts is
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invoked 4 times per round every 2.5 ms; and the actudor a
is updaed onceperround every 10 ms.

A mode switch describeghe transitionfrom one modeto
anotter mode For this purpose, a mode switch specifies a
switch frequeng, a targetmode anda driver. Figure9 shawvs
a mode switch  from modem to target mode m’ with the
switch frequemrty wg.iscn = 2 andthe driver ds. The guardof
thedriver is calledthe exit condtion, asit determine whethe
or not the switch ocaurs. The exit condtion is evauated
periodicdly, as specifed by the switch frequeng. As usual,
the switch frequency of 2 meansthat the exit condtion of ds
is evaluatedevery 5 ms, in the middle and at the end of eadh
round of mode m. The exit condtion is a boolea-valued
condtion on sensorports and the mode ports of m. If the
exit condition evaluatesto true, then a switch to the tamget
modem’ is performed The modeswitch hagpensby executing
the driver ds, which providesvaluesfor all modeportsof m/’;
specifially, ds loadsthe corstantx into oy, the value of the
mode port o5 into og, and ensuresthat o2, o3, and oy kee
their values (this is omitted from Figure 9 to avoid clutter).
Like all drivers, mode switchesareperformedn logicdly zero

01 02 03 04 O5

Wswitch = 2

Fig. 9. A modeswitch  from modem to modem’.

time.

Figure 10 shows the time line for the mode switch n
performedat time ;. The programis in mode m until =
andthenentersmodem’. Note thatuntil time 7; thetime line
correspond to the time line shovn in Figure 7. At time 74,
first the invocaion of task ¢, is conpleted, then the mode
driver ds is executal. This finishes the mode switch. All
subsequet actionsfollow the semanticsof the target mocde
m/ independertly of whethe the programenteredn’ just now
througha mode switch, at 5 ms into a round, or whethe it
startedthe current roundalreadyin modem’. Spedfically, the
driver for the invocationof taskts is executed still attime 7.
Note that the outputport og of ¢3 hasjust receved the value
of the outputport o5 from task¢, by the modedriver ds. At
time 7, taskts is invoked a secand time, and at time 73, the
round is finished becaise this is the earliesttime after the
modeswitch at which a completenew round of modem’ can
begin. Now the input port 7; of task ¢; is loaded with the
constantx from the mode port o;. In this way, task¢; can
detectthat a mode switch occured.

A mode switch may ocaur while a taskis logically running;
in this casewe saythatthe modeswitchlogically interruptsthe
taskinvocation For amodeswitchto belegal, thetargetmode
is constrainedsothatall taskinvocaionsthatmay belogically
interruptedby a mode switch can be cortinued in the tamget
mode.In our exanple, the mode switch n canocaur at 5 ms
into aroundof modem, while thetaskt, is logically running.
Hencethetargetmodem’ mustalsoinvoke ¢;. Moreover, since
the period of m’ is 10 ms, as for mode m, the frequerty
of ¢; in m’ must be identical to the frequery of ¢; in m,
namely 1. If, alternatvely, the periodof m’ were20 ms,then
the frequeng of ¢; in m’ would have to be 2.

[Il. FORMAL DEFINITION OF GIOTTO
A. Syriax

Rather than specifying a concree syntax for Giotto, we
formally define the componerts of a Giotto programin a more
abstractway. In practice,Giotto programscanbe written in a
conaete, C like syntax.

A Giotto program corsist of the following comppnents:

1) A set of port dedarations A port declaation

(p, Type, init) consistsof a port namep, a type Type,
and an initial value init € Type. We require that all
port namesare uniquely declaed; that is, if (p,-,-)
and (p', -, -) aredistinct port declaations,thenp # p'.
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2)

3)

4)

The set Ports of declaed port nanes is partitioned
into a set SensePorts of sensorports, a set ActPorts

of actuaor ports a setInPorts of task input ports a
set OutPorts of task output ports and a set PrivPorts

of task private ports Given a port p € Ports, we use
notationsuchas Type|[p| for thetype of p, andinit[p] for
theinitial value of p. A valuadion for asetP C Ports of
portsis a function that mapsead portp € P to avalue
in Type[p]. We write Vals[P] for the set of valuations
for P.

A set of task dedarations A task dedaration
(t,In,Out, Priv, f) corsiss of atasknane ¢, a setin C

InPorts of input ports, a setOut C OutPorts of output

ports, a set Priv C PrivPorts of private ports and a
task function f: Vals[In U Priv] — Vals[Out U Priv]. If

(t,In, Out, Priv,-) and (¢, In’, Out’, Priv’, -) aredistinct
task dedarations, then we require that ¢ # ¢ and
In N In" = PrivN Priv’ = (). Tasksmay shareoutput

ports as long as the tasksare not invoked in the same
mode seebelown. We write Tasks for the setof dedared
task names.

A set of driver declaations A driver dedaration
(d, Src, g, Dst, h) consistf adriver named, asetSrc C

Ports of source ports, a driver guard g: Vals[Src] — B,

a set Dst C Ports of destinationports and a driver
functionh: Vals[Src] — Vals|Dst]. Whenthe driver d is
called the guardg is evaluated,andif the resultis true,
thenthefunctionh is executed. We requirethatall driver

names are uniquely declaed, and we write Drivers for

the setof dedareddriver names.

A setof modededarations A modededaration (m, m,

ModePorts, Invokes, Updates, Switches) consistsof a
mode nane m, a positive modeperiod 7 € Q, a set
ModePorts C OutPorts of mode ports, a set Invokes

of taskinvocdions a setUpdates of actuata updaes

anda setSwitches of moce switches We requirethatall

modenames areuniquely declaredandwe write Modes

for the setof dedared mode names.

a) Ead task invocation (wiesk,t,d) € Invokes[m]

b)

c)

corsiss of a task frequency w5 € N, a task
t € Tasks such that Out[t] € ModePorts[m],
and a task driver d € Drivers suchthat Src[d] C
ModePorts[m| U SensePorts and Dst[d] = In[t].

The invoked taskt¢ only updates modeand private
ports;thetaskdriver d readsonly modeandsensor
ports,andupdatestheinputportsof ¢. If (-, ¢,-) and
(-,t’,-) aredistincttaskinvocationsin Invokes|[m)],

thenwe requirethat Out[t] N Out[t'] = §; thatis,

taskssharingoutput ports must not be invoked in

the samemode.

Ead actudor update (wqet, d) € Updates|m] con-
sists of an actudor frequeng w,.; € N, andan
actuator driver d € Drivers such that Src[d] C

ModePorts[m| and Dst[d] C ActPorts. The actua-
tor driver d readsonly modeports,no sensomports,
andupdaesonly actudor ports.If (-,d) and(-,d’)

are distinct actwuator updats in Updates[m], then
we require that Dst[d] N Dst[d’] = 0; thatis, in

eath mode an actudor canbe updaed by at most
onedriver.

Each modeswitch (wswyitch, m’, d) € Switches[m]

corsists of a mode-swith frequery wsyiten € N,

a target moce m’ € Modes, and a mode driver

d € Drivers suchthat Src[d] C ModePorts[m] U

SensePorts and Dst[d] = ModePorts[m/]. The
mocke driver d readsonly mode and sensorports,
andupdate the modeportsof the taget modern’.

If (,-,d) and(-,-,d’) aredistinct mode switches
in Switches[m], then we require that for all val-

uatiors v € Vals[Ports] either g[d](v) = false or

g[d'](v) = false. It follows thatall modeswitches
are deteministic.

5) A start modestart € Modes.

The programis well-timedif for all modes m € Modes,
all task invocaions (wiask, t,) € Invokes[m], and all mode
switcheS(wswiten, M, -) € Switches[m|, if Wiask /Wswiten € N,



then there exists a task invocation (w}, ., t,-) € Invokes[m’]
with 7[m|/wiesy, = m[M']/w}, .. The well-timedness cordi-
tion ensureshat mode switchesdo not terminatetasks:if a
modeswitch ocaurs whena taskis logically running,thenthe
sametask mustbe presentalsoin the target mode.

B. Sematics

A program confguration C' = (m, 4, v, 0 getive, T) CONSIStS
of a modem € Modes, a modetime § € Q, a valuaion v €
Vals[Ports] for all ports,a seto,.ive C Tasks Of activetasks
and a time stampr € Q. The seto,.ve C Tasks contans
all tasksthat are logically running whether or not they are
physically runningby expendng CPUtime. Thenumbe § > 0
measureghe amouwnt of time that has elapsedsince the last
modeswitch, unlesssometaskswerelogicdly runningatthe
time of the lastmodeswitch, in which cased “datesback the
modeswitchto the closestiime instantbeforethe modeswitch
whenthe currert modecoud have startedfrom its beginning
with all its tasks.For a programcorfiguration C' and a set
P C Ports, we write C[P] for the valuation in Vals[P] that
agreeswith C' on the values of all portsin P.

Themodefrequenciesof amodem € Modes include (i) the
task frequendes wy,s;, for all task invocaions (wiask, *, ) €
Invokes[m], (ii) the actuaor frequenées w,; for all actuaor
upddes (wqct,-) € Updates[m], and (iii) the mode-switch
frequerties wgyier, for all mode switches (wsyitch, <) €
Switches[m]. Let wyqq[m] be the leastcommonmultiple of
the mode frequerties of m. During an execution, as long
as the programis in mode m, the program configurationis
updaed every 7[m]/wmqz[m] time units. Eachupdate results
from a sequace of five typesof events: first, sometasksare
comgeted (i.e., removed from the active set); secoml, some
actudors are updated; third, somesensorsare read;fourth, a
modeswitch may ocaur; fifth, somenew tasksare activated.

Let us be more precise.Corsider a programconfiguration
C = (m,8,v,04ctiwe, 7). We ned the following auxliary
defintions:

A taskinvocaion (wigsk,t, -) € Invokes[m] is compleed
at configuration C' if t € o40440e, @nd 4 is an integer
multiple of w[m]/wsask -

« An actudor updde (wgct,d) € Updates[m] is evalu-
ated at configuration C' if ¢ is an integer multiple of
m[m]/wact.

o A mode switch (wsyitch, -, d) € Switches[m] is evalu-
ated at configuration C' if § is an integer multiple of
'/T[m] /Wswitch-

o A task invocdion (wigsk,,d) € Invokes[m] is evalu-
ated at configuration C' if ¢ is an integer multiple of
W[m] /Wtask-

The actuatorupdate (wq.¢, d), modeswitch (wswiten, -, d), OF
taskinvocaion (wy.sk, -, d) is enabled at configurationC' if it
is evaluatedat C' and g[d](v) = true.

The program configuration C,,.. is a succesor confgu-
ration of C if C,,.. resultsfrom C by the following nine
steps,called Giotto micro steps Theseare the stepsa Giotto
programperformswherever it is invoked, initially with § = 0,
Cactive = 0, andT = 0:

1)

2)

3)

4)

5)

6)

[Update task output and private ports] Let o ompicted
be the setof taskst suchthat a task invocationof the
form (-,t,-) € Invokes[m| is compleéed at corfigura-
tion C. Considera port p € OutPorts U PrivPorts. If
p € Out[t] U Priv[t] for sometaskt € ocompicted, then
defire vi.s1(p) = f[t](ClIn[t] U Priv[t]])(p); otherwise,
defire vies:(p) = v(p). This gives the new values of
all task output and private ports. Note that ports are
persistenin the sensethatthey keeptheir vauesunless
they are modified. Let C,,, be the corfiguration that
agreeswith vy, onthevauesof OutPortsU PrivPorts,
and otherwiseagree with C.

[Update actuator ports] Corsidera portp € ActPorts.
If p € Dst[d] for some actuate updae (-,d) €
Updates[m] thatis enalted at configurationC},s, then
defire v,et(p) = h[d](Ciask[Src]d]])(p); otherwise,de-
fine v,ee(p) = v(p). This gives the new values of all
actudor ports.Let C,.; bethe configurationthatagrees
with v,.; on the values of ActPorts, and otherwise
agreeswith Cigp.

[Update sensorports] Considera port p € SensePorts.
Let vsense(p) be ary value in Type[p]; thatis, sensor
ports change nondeterministically This is not done by
the Giotto program,but by the ervironment. All other
parts of a corfiguration are updated deteministically,
by the Giotto program Let C,.,.. be the configuration
thatagrees with v, 0nthevaluesof SensePorts, and
otherwiseagrea with C,;.

[Update mode If a mode switch (-, mtarget;) €
Switches[m] is enaled at configuration Cs.ps., then
defire m’ = myarger; Otherwise,defire m’ = m. This
determinsif thereis a mode switch. Recallthatat most
one mode switch can be enabl@ at ary configuration.
Let Ciarger be the configuration with mode m’ that
otherwiseagrea with Clpse-

[Update mode ports] Corsidera port p € OutPorts. If
p € Dst[d] for somemodeswitch (-, -, d) € Switches[m)]
that is enalbed at corfiguration C.,s., then defire
Umode(P) = h[d](Ctarget[Srcld]])(p); otherwise,defire
Umode(P) = Cltarget|OutPorts](p). This gives the new
values of all mode ports of the tamget mode. Note that
modeswitchingupdaesalsothe output portsof all tasks
t that are logically running This does not affect the
execution of t. Whent comgetes,its output ports are
again updated, by ¢. Let Cp,0q4c be the configuration
that agreeswith v,,,,4. on the values of OutPorts, and
otherwiseagres with Cigrget.

[Update modetime] If no mode switchin Switches[m]
is enabled at configuration Cs.,s., then definre &' = 4.
Otherwise supsethata modeswitchis enatbed at con-
figurationCscpse to thetagetmodem'. Let o rynning =
aactive\acompleted- If Orunning — (01 thendefire ' = 0.
Otherwise et v be the leastcommon multiple of the set
{m[m]/wiask | (Wtask,t,-) € Invokes[m] for somet €
Orunning ; Of taskperiods for runningtasks;then- is the
time it takesduring a round of modem to completeall
running taskssimultaneouslyLet ¢ be the leastinteger
multiple of v suchthate > §; thene — § is the time



sensor

port si type R

port sz type {0,1}
actuator

port a type R init 0
input

port i1 type R

port iz type R

port i3 type R
output

port o1 type R init 0

port o2 type R init 0
private

port p; type R init 0

port p2 type R init 0

port p3 type R init 0

task ¢1 input %; output o: private p; function f1
task t2 input iz output 02 private ps function fo
task t3 input i3 output 02 private p3 function f3

Fig. 11. The abstractsyntaxof a Giotto programwith two modes.

until the next simultaneos completion point. Define
8" = w[m'] — (e — 0). Thus a modeswitch alwaysjumps
ascloseas possibleto the end of a round of the target
mode Let C),.,; be the configurationwith mode time
0’ that otherwiseagree with C,,,oq4c.

7) [Update task input ports] Conside a portp € InPorts.
If p € Dstld] for some task invocaion (-,-,d) €
Invokes[rn/] thatis enalbed at corfiguration Cj,.q;, then
define vinput(p) = h[{d](Ciocar[Src[d]])(p); otherwise,
define vinput(p) = v(p). This gives the new values
of all taskinput ports. Let C;,,.: be the configuration
that agreeswith v;,,;,: on the values of InPorts, and
otherwiseagrea with Cjycq;-

8) [Update active taskg Let o.,.0.4 b€ the setof tasks
t such that a task invocdion of the form (-,¢,-) €
Invokes[m/] is enaled at configurationC),.,;. The new

setof active tasksis 07, ;.. = (Tactive \ Tcompleted) U

Oenabled- L€t Cucrive b€ the corfiguration with the set

o ive OF active tasksthatothewise agreeswith Cippas .

9) [Advancetime] Let d,,.. betheleastinteger multiple of
T [M] Wimaz [M'] suchthatds,.. > §; thisis thetime of
the next event(taskinvocation actuaor updde, or mode
switch) in modem’. The next time instantat which the
Giotto programis invoked is dg,.. — ¢’ time units in
the future; animplementéion may usea timer interrupt
for this. Let Toyee = T + dspeec — 0. Let Cyyee be the
corfigurationwith modetime ¢ .. andtime stampr,,.
that otherwiseagres with C . ¢ive-

An execuion of a Giotto program is an infinite se-
querce Cy, C1, Cs, . . . of programconfigurationsC; suchthat
(i) Co = (start,0,v,0,0) with v(p) = init[p] for all ports
p € Ports, and (ii) C;,, is a successocorfiguration of C;
for all # > 0. Note that there can be a mode switch at the

driver d;

source 02 guard g1 destination 41 function hi
driver ds

source s; guard g1 destination ¢ function ho
driver ds

source s; guard g; destination i3 function hs
driver d4

source 01 guard ¢g; destination a function ha
driver ds

source s2 guard g5 destination 01, 02 function hs

mode m; period 6 ports o1, 02
frequency 1 invoke ¢; driver d;
frequency 2 invoke t» driver d»
frequency 1 update ds
frequency 2 switch my driver ds

mode ma2 period 12 ports o1, 02
frequency 2 invoke t; driver d1
frequency 3 invoke t3 driver ds
frequency 2 update ds
frequency 3 switch m; driver ds

start my

starttime of the program but there can never be two moce
switchesin a row without ary time passing.

C. Example

We usethe simple Giotto prog-am from Figure 11 to illus-
trate Giotto’s semantics.This program contans two modes,
my and my. Mode m; hasa period of 6 ms, and invokes
two tasks,t; andt,, with frequenciesof 1 and2, respectiely.
Mode m, hasa period of 12 ms, andinvokes ¢; andthe task
t3, with frequencies of 2 and 3, respectiely. The tasksis
and t3 both read the sensorport s; and write to the same
outputport o,. This is possiblebecaiset, andt; areinvoked
in different modes. The task t; readso, and writes to the
outputport o1, which is readby the actudor driver d, to write
the actuate port a. In both modes the actuate update occus
every 6 ms. Mode m; evaluatesa possiblemode switch to
modems every 3 ms; my contemplatesswitchingbad to m;
every 4 ms. These modeswitchesare cortrolled by the driver
ds, which readsthe sensorport so. A modecharge occus if
sy cortains the value 1. Both mode switches,when enalted,
write the portso; ando,. We assumehat with the exception
of g5, the guardsg, of all othe drivers are always true. The
initial values of the sensorand input ports are omitted from
the figure, asthey arewritten befare being read.

To illustrate the sematics of this program, conside an
execution E = Cy, C1, Cs, . .. that begins with the following



Fig. 12. Thetime line for an executionof the programfrom Figure 11.

programconfigurations:
CO = (mlaoa ) wao)
C1 = (mg,2,-,{t1,13},2)
Cy = (mg,4,-,{t1,13},4)
CB = (mQ, 6, °y {tl, tg}, 6)
C(4 = (m27 87 ) {tla t3}a 8)
Cs = (mla 3, {tl}a 9)
CG = Em1a6a Y {t17t2}7 12)

Cr = mi,9,-, {t17t2}7 15)

TheexecutionE startsin modem, but switchesimmediately
to modke m,. At configurationCy, the execution switchesbadk

to modem; (note that a mode switch in a configuration C;

is reflectedonly in the successorconfiguration C;.1). The
execution remainsin modem; until corfiguration C’.

Figure 12 shaws an initial sgmert of the time line for £.
At 0 ms, the port o, is usedto updde the actuatorport a. The
sensorport so is readby the modedriver ds. The guard of
ds evaluatesto true, indicating a mode change, and thus the
port o5 is updaed (port o; is alsoupdatel but not used,and
thereforeomitted in the figure). Port oo provides the input
to task t;. The sensors; provides the input to task ¢3. At
4 ms, task t3 comgetes;the sensorport s, is updaed, but
no mode change ocaurs; and the sensors; provides input to
a new invocationof taskts. At 6 ms, taskt; comgetes;the
actudor port a is updaed using the output of ¢;; anda new
invocdion of task?; starts.At 8 ms,taskt; comgetes;sensor
so is update; andthe guardof the modedriver ds evaluates
to true, indicatinga switchto modem; andupdding portso;
and oy (neitherport is used,and thereforeboth are omittedin
the figure). At 9 ms, sensors, is updaed again, but no mode
charge ocaurs; sensors; is updated;andaninvocaion of task
to begins. At 12 ms, both taskst; and ¢, comgete; a, ss,
ands; areall updated;andnew invocdions of ¢, andit, start.
Note that at the time of the mode switch at 8 ms, the mode
time of the tagetmode m, is 2 ms, becaisetaskt; hasbeen
logically runningfor 2 ms. For the durationof 1 ms, task ¢,
is the only running task, until at mode time 3 ms (real time
9 ms), an invocation of taskt, is addel. At mode time 6 ms
(real time 12 ms), the partial round of modem; is finished

anda new round begins.

IV. PLATFORM CONSTRAINTS FOR GIOTTO

In orderto comple a Giotto program,the compler needs
two addtional piecesof information: (i) a platform specifca-
tion, which definesthe numbe andtopdogy of hosts(CPUSs),
andworst-caseexecution timesfor all Giotto actwvities (tasks,
drivers,andsensotreadings)and(ii) ajitter tolerance, which
specifieshow much the actua timing can deviate from the
Giotto semanticsThejitter tolerane is neeatd becaiseit may
be impossibleto implement the Giotto semanticsexactly. For
example, if accading to Giotto semanticsseveral actudors
are written at the samepoint 7 in time, and there is only
one host, then the actud writes camot all occu exactly
at time 7. The Giotto compler takes a Giotto program a
platform specificaéion, and a jitter tolerance and if possible,
geneatesplatform code that lies within the jitter tolerane of
Giotto semantics.Spedfically, for every programexecution,
the compilermustattemptto produe a schedle thatindicates
when and where the Giotto actvities are performed.Sud a
schedle maynot exist, be@usethe schedling problemcanbe
overconstrainedAn overconstrainedschedling problen may
became solvade without changing the Giotto program,by a
combiration of the following: increasethe numter of hosts,
decreae the worst-casesxecution times, or increasethe jitter
tolerance

A. Sdeduding Giotto

We define an abstiact Giotto schedling problem. The
problemis abstractaswe include only schedling constraints
that need to be met by all Giotto implementations. Any
particular corcrete implementéion may have to take into
accaunt additiona schedling constraints.

Jobs. Let G be a Giotto progran. A job of GG is a pair j[k]
consistingof a job action j anda job instancek € Z, chcsen
from someindex setZ. We distinguishbetwee conputation
jobsandcommunicationjobs Theactionof a computationjob
is eithera taskt¢ € Tasks, or true(d) or false(d) for a driver
d € Drivers, or read(s) for asensomort s € SensePorts. The



actiont executesthe task¢; the actionstrue(d) and false(d)
representhe execution of driver d in casesvherethe outcane
of the driver guardis true or false, respetively; the action
read(s) loadsa new sensorvalueinto the port s. We write

Jobs = Tasks U
{true(d), false(d) | d € Drivers} U

{read(s) | s € SensePorts}

for the set of compuation actions. For every compuation
actionj € Jobs, the setr(j) C Ports of read ports and the
setw(j) C Ports of written ports are defired asfollows:

o If j =t for t € Tasks, thenr(j) = In[t] U Priv[¢] and
w(j) = Out[t] U Priv[t].

o If j = true(d), thenr(j) = Src|d] andw(j) = Dst][d].

o If j = false(d), thenr(j) = Src[d] andw(j) = 0.

o If j =read(s), thenr(j) =0 andw(j) = {s}.

The actionof a conmunicationjob hasthe form send(p), for
a port p € Ports, andits purposeis to broadastthe value of
p over anetwork to all hostsof the platform. Othermodds of
communication are possible,but not addressedhere.

Let £ = Cy,C1,Cs, ... be an execution of GG. For eah
positon7 > 0 and1 < ¢ < 9, we write C;, for the
program configuration obtaned from C; by performing the
Giotto micro stepsl through/, asdefiredin Sedion IlI-B. The
execution £ gives rise to a set Jr of computation jobs. For
thesejobs we usetheindex setZg = (NU{0}) x {1,...,9},
wheretheindex (i, £) refersto the programcorfigurationC; ;.
We write < for the lexicographic order on Zg; that is,
(i1,41) < (i2,42) if eitheriy < iy, or bothi; = iy and
{1 < 5. The setJg is the smallestsetof jobs cortaining the
following:

« [Taskjobd If (-, t,-) is ataskinvocationthatis compleed
at corfiguration C;, thent[i, 1] € Jg.

« [Actuator jobg If (-,d) is an actudor updde that is
enalted at corfiguration C; 1, then true(d)[i,2] € Jg.
If (-,d) is evaluated but not enaled at C;,, then
false(d)[i,2] € Tg.

« [Sensojobg If (-, -, d) is amode switchthatis evaluated
at configuration C; 3, or (-,-,d) is a taskinvocaion that
is evaluated at corfiguration C; g, and s € Src[d] for a
sensorport s € SensePorts, then read(s)[i, 3] € Jg.

o [Mode-driverjobg If (,-,d) is a mode switch that is
enalbed at corfiguration C; 3, then true(d)[i, 4] € Jg. If
(+,-,d) is evaluatedbut not endled at corfigurationC; s,
then false(d)[i, 4] € JT&.

o [Task-driverjobg If (-,-,d) is a taskinvocdion that is
enalted at corfiguration C; s, then true(d)[i,7] € Jg.
If (-,-,d) is evaluated but not enalled at C;¢, then
false(d)[i,7] € Tg-

The jobs in Jg are called the comptation jobs inducel by
the exeaution E' of the program@G.

Theinteractionbetweenthe jobsin 7z constrainghe order

in which thesejobs can be performed:if job J; suppies a
valueto job J, via a port, then J; mustfinish before J> can
begin. For two jobs J; = ji[k1] and J> = ja[ks] in Jr and
a port p € Ports, we saythat J; writes p to J> (in symbols,
Ji <L Jo)if (i) p € w(jr)Nr(j2) andky < k2, and(ii) thereis
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no job Js = jslks] in Jg suchthatp € w(js) andk; < k3 <
k. Wewrite J; <g J> if thereis someport p suchthat./; <%,
Jo. Note from the definition of Jg that a taskjob ¢[i, 1] is
addel to 7z with ¢ setto the corfigurationnumter of thejob’s
compléion in orderto make the relation < captue the fact
thatthe output portsof ¢ arewritten whenthe taskcompldes.
Figure 13 shaws the preceénceconstraintsbetween the jobs
in JE.

Platform specificdions. A Giotto programcan in principle
be run on a single sufiiciently fast CPU, independet of the
numbe of modes and tasks. However, taking into acount
performane constraintsthetiming requiremets of a program
may or may not be achievable on a single CPU. We therefore
considerdistributed platforms. For simplicity, we restrict our
attentionto platformsthat comect a set of hoststhrougha
broadast chamel, called the netwak; for exanple, all hosts
may be on a common bus. A platform specificagion for the
program( is atriple H = (Hosts, wcet, wect):

« Hosts is afinite setof hosts which representhe process-
ing elemes onwhich compuationjobsmayexecute We
write Hostsy = HostsU{ NV} for the setof hoststogether
with the network, which is deroted V.

e wcet: Jobs x Hosts — QT is a function that assignsto
ead pair (4, h), wherej is a compuation actionand i
is a host, a worst-caseexeaition time, which represents
an upper bound on the time requiredfor processing a
job of the form j[-] on host h. For driver jobs of the
form true(d)[-,], the worst-caseexecution time takes
into accaunt both the guardandthe function of driver d;
for driver jobs of the form false(d)[-,-], only the driver
guad. Methads for obtainirg worst-caseexecution times
canbe found, for exanple, in [6], [7].

« wecct: Ports — Q7 is a function that assigngo ead port
p a worst-casecommunicationtime, which represets an
upper bourd on the time requiredfor broadtastingthe
value of p over the network.

Jitter tolerance. A jitter tolerane ¢ € QT is a positive
rationalnumbe. Intuitively, ¢ represets the maximd tolerable
differencebetween the actual time of an actuato write (or
sensorread), and the time at which the write (or read) is
supposedto occu accading to the Giotto semantics.In
particular if Giotto specifiesan actwator write at 12 ms, then
an implemernation that conforms with the jitter tolerancee
must write the actuator in the intenal [12 — ¢,12]; and if
Giotto specifies a sensorread at 12 ms, then a confarming
implementéion mustreadthe sensoiin theintenal [12, 12+¢]
(cf. Figure 13).

Schelules. A schedile specifies a possibletiming for the
jobs that are induced by a program execttion. Formdly, a
schedule of the progran G on the set Hosts is a function
S: R x Hostsy — J that mapsevery time 7 € R and
host h € Hostsy (including the network) to a job in some
set 7. An elementin J may representa computation or
commuicationjob of GG, or a non-Giottoactivity. \We require
thatjobs do not migratebetweea hosts:if S(r,h) = S(7',h’),
then h = h’. We also require that schedles are finitely
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Fig. 13. The precedencandtiming constraintsfor computationjobs.

varying: for all h € Hostsy, thereis no boundd infinite
sequepe ; < T < 73 < --- Of realssuchthat S(r;, h) #
S(ra h) # S(r3.h) # .

Given aschedile S andjob J € 7, we saythatJ ocaursin
S if thereexist 7 € R andh € Hostsy suchthat S(r, h) = J;
in this case,we defire hosts(J) = h andthe following:

» Thestart time starts(J) of thejob J in the schedlle S
isinf {r € R | S(r,-) = J}. Thestarttime may be —cc.
o Thefinishtime fing(.J) of thejob .J in the schelule S is
sup{T € R | S(r,-) = J}. Thefinish time may be +oc.
« Theexectuion time ezecs(J) of thejob J in theschedle
_S |s fte{-reR|S(‘r,-):J} 1. The execution time may be
infinite.
Let £ be an execution of the program G, andlet H be
a platform specifiation for G. The schedle S realizesthe
program execuion E on a platform spedfied by H if the
following condtions hold:

« [Computationjobg Every job J € Jg occusin S and
hosts(J) # N. Secmd, if J = j[-] and hostg(J) = h,
then execs(J) = weet(j, k). Third, for all jobs J, J; €
Jg, it J1 <g Jo and hosts(J1) = hosts(J2), then
fing(J1) < starts(Ja).

« [Communiationjobg Forall jobs.Jy, J> € Jg, if J; <%
Jy and hosts(J1) # hosts(Jz), thenthereexists a com-
municationjob J = send(p)[J1] suchthat (i) J ocaurs
in S and hosts(J) = N, (i) execs(J) = wect(p), and
(iii) fing(J1) < starts(J) andfing(J) < startg(Jz2). In
this case we saythat J is a commuitation prede@ssor
of Js.

Notethatbecase S is a schedle, ratherthanan actud run of
the Giotto program,it allocaesthe worst-casesxecution time
for eadr compuation job, and the worst-casecommunication
time for eachcommunication job. The schedle S corforms
to the jitter tolerane ¢ if the following condtions hold:

« [Actuatortiming] For every actuatorjob J = true(d)|i, 2
or J = false(d)[i, 2] in Jg, where d is anactuatordriver,
we have 1; —e < startg(J) andfing(J) < 7. Herer; is
the time stampof the i-th configurationof the program
execution E.

« [Sensortiming] For every sensorjob J = read(s)], 3]
in Jg, wheres is a sensomort, we have 7; < startg(J)
andfing(J) < 7; +e.

Given a Giotto program GG, a platform specificéion H,

and a jitter tolerances, a scheduling function S mapsevery
execution E of G to a schedle Sg that realizesE on H in
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conformance with . The schedilling function S is feasibleif
for any two executions £ and £’ thatagrees onthe valuesof all
sensotportsup to time 7, the schedillesSg andSg: areiden-
tical up to time 7; morepreciselyif £ = Cy,C1,Cs,... and
E' = C},C1,CY, ... and C;[SensePorts] = C[SensePorts]
for all i < k, thenSg(r,h) = Sg/(r,h) for all 7 < 7,
andall h € Hosts, where 7, is the time stampof configura-
tion C. Feasibility rulesout clairvoyant schedling functions,
which can predict future sensorvalues. The abstiact Giotto
scheduling problem asks,given G, H, ande, if there exists
a feasible schedlling function If not, then the schedling
problem(G, H, ¢) is overconstrained

The schedling constraints presentedin this section are
intendel to capture a minimal setof constraintsprece@nces,
sensorandactuator timing, and execution and commurication
times. Theseconstraintsare necessaryfor ary implementéion
of Giotto, but they may not be sufficient. For exanple, a par
ticular implementéion may restrict the amoun of information
on which a schedler can baseits dedsions (acording to
our defintions, a schedilling decisionmay depend on all past
sensorvalues),or it may bound the buffer size for storing
previous values of a port (accading to our defintions, a
schedle may sendary numker of values of a port over the
network beforeary of the valuesis used),or it may require
thetransmissiorof modechang messagebetwee hosts etc.
By corsidering the constraintsof concree implementations,
the abstractGiotto schedling problemcan be refined into a
numbe of differentcorcreteschediling problems.

B. Giotto anndations

An ideal conpiler mustsolwe a Giotto schedling problem
by prodwcing a feasible schedling function or determinig
that the given problem instanceis overconstrained How-
ever, for distributed platforms,the abstractGiotto schedling
problemis NP-hard(it is a genealization of multiprocessor
scheduling [8]). Algorithms and heuristicsfor solving similar
distributedschedling problens canbe found for example, in
[9], [10], [11], [12]. In practice a compilerwill have a third
outcone, namdy, that it succeds neithe in gereratingcode
nor in proving nontscheduldility. In orderto aid the comgler
in finding a feasibleschedling functionin difficult situations,
we introducethe corceptof Giotto anndations.

ThemostbasicGiotto annotaion is the mappng anndation.
A particular applicgion may require that tasks be located
on specific hosts, e.g., close to the physical processeghat
the taskscontrol, or on processorsparticularly suitedfor the
operatiors of the tasks.A mappinganndation can be used
to express such constraints,and also to redue the size of
the spacein which the comgler must look for a feasible
schedling function. Let G be a Giotto program,and let H
be a platform specifiation for G. A mappng anndation for
G on H is a partial function host: Jobs < Hosts thatassigns
a hostof H to somecomputationactionsof G. The mappirg
anndation is complée if the function host is total. Consider
a schedle S that realizesan execution E of G on H. The
schedle S corforms to the mappng anrotation host if for
all jobs J € Jg, if J = j[-] and host(j) is defired, then
hostg(J) = host(j).



A more detailedGiotto anrotationis the schedlling anne
tation. The exad form of schedling anndationsdependson
the platform: a schedling annotaion specifestaskpriorities,
relatve deallines, or time slots, dependirg on whethe the
undelying real-time opeating systemusesa priority-driven,
deadine-driven, or time-triggeredschedler. We chomse an
uncanmplicatedplatform—with preenptive priority schedling
of tasks,and round-robintime-slice schedlling of message
on the network— in order to demastrate that a predse
defintion of schedling anndationsis possible;more elab-
orate annotaéions would requre longe definitions, but not
a fundametal charge in appoach. One can define partial
schedling anrptations, which leave some decisionsto the
systemschedier, but for simplicity, we define only acomgete
form of schedling anrotation. To be precise,a schedding
anndation for the programG on a platform specifiel by H
is a tuple (host, priority, slot, §):

o [Mapping The function host: Jobs — Hosts is a com-

plete mappng anndation for G on H.

« [Taskpriorities] Thefunctionpriority: Tasks — N assigns
a priority to every task.

o [Communiation timeg For simplicity, we assumethat
all communication proceels in rounds,with eachround
providing a time slot to every port. The value of a port p
canbebroacdastonceperround in theslot providedto p.
Let P = |Ports| be the numler of ports. The function
slot: Ports — {0, 1,..., P — 1} is abijectionthatassigns
aslot numkberto every port. The positive rationald € Q+
is the durationof eachtime slot. We assumehatonly one
broadastis possibleper time slot; thatis, wect(p) = §
for all portsp € Ports.

Conside a schedle S that realizesan execution £ of G
on H. The schedlle S conformsto the schedling anndation
(host, priority, slot, §) if S corformsto themagping anndation
host andthe following conditiors hold:

« [Task priorities] Conside a job J that ocaurs in the
schedle S. The job J is conpletedin S at time 7 if
fing(J) < 7. The job J is enaled in S at time 7 if
for all jobs J’ thatoccu in S, if J/ <g J or J' is a
commurication predeessorof J, then J’ is complaed
at 7. For all times 7 € R, all hostsh € Hosts, and
all taskjobs J; = t1[i1, 1] and Jo = t3[iz, 1] In Jg, if
S(r,h) = Jy andhost(t2) = h and J; is endledin S
attime 7, then priority(t;) > priority(tz).

o [Communiation timed For every communication job
J = send(p)[-] that ocaurs in S, there exists a round
numbe n € NU {0} suchthaté - (n - P + slot(p)) <
starts(J) and fing(J) <6 - (n- P+ slot(p) + 1).

A Giotto programwith anndationsis aformal refinenentof
the program:the Giotto semanticsasdefiredin Sectionlll- B,
is not changedby the anndations,but the numbe of feasible
schedling functiors may be reducel. The annotated Giotto
scheduling problemasks givena Giotto programd, aplatform
specifiation H, ajitter tolerances, anda (mappingor schedil-
ing) anrotation A, if thereis a feasibleschedlling function
S suchthat for every execution E of G, the schedle Sg
conformsto theanndation A. If theabstracGiotto schedling
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problem (G, H, e) hasa solution, but the anrotatedproblem
(G, H, e, A) does not, thenthe anndation A is invalid. Invalid
anndations constrainthe programin a way that rules out all
feasibleschedling functions.

Mapping and schedling annotdions, as defined above,
provide only one example of how a Giotto progran can
be mappe onto a particular kind of platform. According
to the definitions, mapping anndations occu strictly prior
to schedlling anndations. In gereral, we believe that it is
adwantageusto arrangeGiotto anndationsin multiple levels.
Sucha structuredview suppats the incrementarefinementof
a Giotto programinto an execuableimage.The multilayered
appro@h suggstsa modula architectue for the Giotto com-
piler with separatenodues for, say mapping and schedling.
The compilermay attemptto solve the schediling problemon
ary anrotation level, andif it fails to do so, it may ask for
more detailedanrotationsat a lower level. At every level, the
anndationmustbe chedkedfor validity, thatis, for consisteng
with the anrotationsat the highe levels and with the Giotto
semantics.Such a comgler can be evaluated along sereral
dimensions{(i) how mary anrotationsit requiresto geneate
code and (ii) wha the costis of the gereratedcoce. For
instance,a comgler can use a cost function that minimizes
jitter of the actuato updaes.

C. Example

To illustrate the flexibility afforded to the Giotto commpiler,
we presentsereral possibleschedles for an execution of the
Giotto programfrom Figure 11. The platform spedfication
H = (Hosts, wcet, weet) corsiss of a single host (Hosts =
{h}) andthe following worst-caseexecution times:

weet(read(s1), h) = 0.25

weet(read(sz2), h) = 0.25
weet(ty, h) = 0.25
weet(ta, h) = 0.5
weet(ts, h) = 1.0
weet(true(dy), h) = 0.25
weet(true(ds), h) = 0.5
weet(true(ds),h) =1
weet(true(dy),h) =1

weet(true(ds), h) = weet(false(ds), h) = 0.5

SinceHosts is a singletonset, we neednot define wect. The
jitter toleran@ is ¢ = 1.

Considerthe sample execution E pictured in Figure 12.
In E, sensorarereadandactudors arewritten at preciselythe
time instantsspecifiedby the Giotto sematics. This precision
is clearly impossibleto attain if sensorreadsand actuator
writes take a non-negligible amour of time. Further in E,
the secom invocdion of task ¢; executes betwesn 6 and
12 ms.Thisrequiremat maybetoo strict, andif insistedupan
would prevent someGiotto prograns from beingschedilable.
Instead,what is requiredis that the secondinvocaion of ¢,
executesafterall its input port values areavailable, andbefore
ary job that need its output port values.

Figure 14 shaws the constraintson timing and prece@nces
for the conputationjobs thatareinduced by the execution £;



true(ds)[0,4]
true(dy)[0,7] true(dy)[3,7]
t [6*1}
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true(ds)[0,7] true(ds)[2,7] true(ds)[5,7] t2[6,1]

Fig. 14. Theprecedencandtiming constraintfor the programexecutionof Figure12. Here R; is anabbreiation for read(s1)[0, 3]. Similarly, Ra, . ..

are, respectiely, abbreiationsfor read(s2)[0, 3], read(s1)[2, 3], read(s2)[2, 3], read(s2)[4, 3], read(s1)[5, 3], and read(s2)[5, 3].

read(sz2)[4,3]

true(ds)[0,2] true(dy)[3,7] true(ds)[4,4]
read(s1)0,3] t1(6,1] read(s1)[5,3]
read(s2)[0,3] read(s1)[2,3] read(sz2)[5,3]
true(ds)[0,4] read(s2)[2,3)] false(ds)[5,4]
true(dy)[0,7] false(ds)[2,4] true(dy)[5,7]
true(ds)[0,7] true(dy)(3,2] t5[6,1]
‘ n 3,1] ‘ t‘rue(dg)[Q,ﬂ t‘rue(d4)[6,2]
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Fig. 15. A scheduléefor the programexecutionof Figure 12.

t1[3,1] read(ss)[4,3]
true(dy)[3,7] true(ds)[4,4]
true(dy)[0,2] t1[6,1] read(s;)[5,3]
read(s1)[0,3] read(s1)[2,3] read(ss2)[5,3]
read(s2)[0,3] read(s2)[2,3] false(ds)[5,4]
true(ds)[0,4] false(ds)[2,4] true(dy)[5,7]
true(dy)[0,7] true(dy)|3,2] t2[6,1]
t‘rue(dg)[o,ﬂ t‘T‘Ue(dg)[Q,ﬂ t‘rue(d4)[6,2]

I gl 11 1 1

\ \ \ \ \ \ \ \ \ \ \ \ \ \
-1 0 1 2 3 4 5 6 7 8 9 10 11 12

Fig. 16. A secondschedulefor the programexecutionof Figure 12.
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read(s2)[0,3]

true(ds)[0,4]

true(ds)[0,7]

t3[2,1]

true(d;)[0,7]

t1(3,1]

t3[2,1]

true(dy)[3,7]

t16,1]

read(s1)[2,3]
read(s2)[2,3]

false(ds)[2,4]
true(dy)|(3,2]

14

read(s2)[4,3]
true(ds)[4,4]
read(s1)[5,3]
read(ss2)[5,3]
false(ds)[5.4]
true(ds)[5,7]
t2[6,1]

true(ds)[2,7] true(dy)[6,2]
|

T T T

Fig. 17. A third scheduléefor the programexecutionof Figure 12.

theseare the constraintsthat appear in the definition of the
realizationof an execution, and in the defirition of confor
mane with the jitter toleran@. Boxes with a dowble borde
representsensorand actuatorjobs. These jobs are special,
becaise their execttion is corstrainedto happ& at specific
times. The remainingboxes arejobs that execute tasks,mode
drivers,andtaskdrivers. Thesejobs may executeat ary time,
provided they meetall prece@nceconstraints.For example,
read(s1)[0, 3] precalestrue(ds)[0, 7], beausethe sensorjob
read(s1)0, 3] providesthe sensorvalueto the task-driver job
true(ds)[0,7]. Not also that in Figure 14 jobs of the form
false(d;)[-,-] do not prece@ other jobs, as a driver doesnot
write ary portsif its guardevaluatesto false.

Figure 15 shavs a schedle that realizesthe execution
E on a platform specifiedby A and corforms to the jitter
toleranceé = 1. To undestandwha Figure 15 represents,
conside the interval from —1 to 3.5. First the actuatorjob
true(dys)[0, 2] executes;this job updatesthe actudor port a.
Thenthesensoijobs read(s1)[0, 3] andread(s2)[0, 3] execute
these jobs updde the sensorports s; and s;. Next, the
modedriver job true(ds)[0,4] executes, indicating a mode
charge, followed by the task-drver jobs true(dy)[0,7] and
true(ds)[0, 7]. Finally, the task jobs ¢1[3, 1] andt3[2, 1], cor
respondhg to the first invocaions of taskst; andts, execute
Note that the driver job for the secondinvocation of task
t1, namely true(dy)[3, 7], as well as the task itself, ¢,[6, 1],
execute in adwane of 6 ms. This is permissible,becaise
true(dy)[3, 7] neels only the value of port o, produed by
the first invocation¢3[2, 1] of task ¢3, which is complde at
3.5 ms. The schedile of Figure 15 conformsto a schedling

\ \ \ \ \ \
11 12

anndation with priority(t1) > priority(t3); for example, at
2.25 ms #1[3,1] and ¢3]2,1] are both enalted, but ¢;[3,1]
executes.

Figure 16 shaws a secom schedle that realizesthe exe-
cution £ on a platform specifed by A and corforms to the
jitter toleranceé = 1. The schedle of Figure 16 corforms
to a schedling anndation with priority(t3) > priority(¢1).
Figure 17 shavs a third schedle for the same execution,
conforming to a schedling anndation with priority(¢;) >
priority(¢3). In this schedle, task ¢; is preemptd at 2.5 ms
by the driver for task¢; andthenby taskt; itself.

V. DISCUSSION

While mary of theindividual elementof Giotto arederived
from the literature,we believe that the study of strictly time-
triggeredtask invocaion togethe with strictly time-triggered
modeswitchingasa possibleorganizing principle for abstract,
platform-indepaden real-time programmingis an important
step towards separatingreactivity from scheduability. The
termreactvity expressesvhatwe meanby cortrol-systemsas-
pects:ithe systems functiorality, in particular the controllaws,
andthe systems timing requiremats. The term schedilability
expressesvhat we meanby platform-depedentaspectssuch
asplatformperformane, platformutilization (schedling), and
fault tolerane. Giotto decomposesthe development process
of embelded control software into high-level real-time pro-
grammingof reactvity andlow-level real-timeschedling of
compuation and communication. Programmingin Giotto is
real-timeprogrammirg in termsof the requiremets of cortrol
designs,.e., their reactvity, not their schedlability.



The strict separationof reactvity from schedlability is
achievedin Giotto throughtime- andvalue determinismygiven
a real-timetraceof sensoraluaions, the correspading real-
time traceof actudor valudions produ@d by a Giotto program
is uniquely determiné [5]. The separatiorof reactvity from
schedlability has several importart ramificaions. First, the
reactve (i.e., functiond and timing) propertiesof a Giotto
program may be subject to formal verification agginst a
mathenatical model of the control design[13]. Secod, a
Giotto programspecifies reactvity in amodularfashionwhich
facilitates the exchange and addtion of functiorality. For
example, functiorality code (i.e., tasksand driver functions)
can be paclagedas software compneris and reused.Third,
as increasinglypowerful Giotto compilersbemme available,
the embealdedsoftware development effort is significantly
reducel. The tediows programmingof schedling code is
replacel by compilation which eliminatesa comma source
of errors. Fourth, Giotto is compdible with ary schedling
stratgyy, which thereforebecanesa paramete of the Giotto
comgler. There are essentiallytwo reasos why even the
best Giotto compiler may fail to gererate executable code
(i) notenaugh platform utilization, or (ii) notenowh platform
performane. Then independently of the programs reactvity,
utilization can be improved by a better schedling module
and performare can be improved by fasteror more parallel
hardware or leanerfunctiorality code.

A. Current Giotto implemetations

We briefly review the existing Giotto implemertations.The
firstimplementationof Giotto wasa simplified Giotto run-time
systemon a distributed platform of Lego Mindstormsrobots.
Therobotsusedinfraredtranscerers for communication.Then
we implemerteda full Giotto run-timesystemon a distributed
platform of Intel x86 robots running the real-time operating
systemVxWorks. The robotsusedwirelessEthernetfor com-
municdion. We also implemented a Giotto programrunning
on five robots, three Lego Mindstorms and two x86-based
robots,to demorstrateGiotto’s applicaility for heterogaeeots
platforms. The communicationbetweenthe Mindstormsand
the x86 robots was done by an infrared-Ethenet bridge
implemerted on a PC. For an informal discussionof these
implemenations,and embealdedcortrol-systemsdevelopment
with Giotto in geneal, canbe foundin [14].

In collabaation with Marco Sarvido and Walter Schadel-
berger at ETH Zirich, we built a high-performane imple-
mentationof a Giotto systemon a single StrongARM SA-
110 processorthat controls an autonanously flying modé
helicoper [15]. We startedfrom an existing implemernation of
the helicoper cortrol system[16], which included a custom-
designé real-time operating systemcalled HelyOS and con
trol software written in a subsetof Oberon[17] suited for
embealdedreal-time systemsWe reimplemeied the existing
software as a combination of a Giotto programand Oberon
codethat implemants the task and driver functions.Much of
the existing functiondity code could be reused.The Giotto
programfor the helicopter corsist of six Giotto modes suchas
“take-off” and“hover” Thehover mode,for example,contans
a 40 Hz cortroller taskand a 200 Hz data-fusiontask.
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For this projed, we developeal a Giotto comgler thattargets
avirtual real-timemachire, calledthe EmbeldedMachine [5].
Embedied Machine code, also called E code, superviseshe
timing of functiondity code, which can be written in ary
conventiond programmilg languae suchas C. An Embed-
ded Machire-basedGiotto run-time system consistsof an
implementéion of the Embedled Machine togethe with the
schedler of a real-time operatingsystem.While E code is
interpretedby the Embalded Machine functiondity codeis
native code that is schedled for execution by the system
schedler. For E codethatis geneatedfrom a Giotto source
program, the schediling problem is more corstrainedthan
the abstractGiotto schedling problemdefinedin SectionlV-
A, but still independent of ary particular systemschedler;
it is only required that the schedler be compdible with
the schedilability test of the Giotto compler [18]. E code
produed by the conmpiler can be executed on ary platform
for which an Embedied Machine implemenationis available.
For the helicoper project, we implemened the Embedied
Machineon top of HelyOS.

We also implemente a Giotto-basedelectroric throttle
controller on a single Motorola MPC-5% processorunning
the real-timeopeating systemOSEKWbrks. For this purpose,
we portedthe Embedied Machineto OSEKWorks, which is
widely usedin the automotve industry In addtion to these
real-time versionsof the Embedied Machine, non-re&time
implementéions of the Embalded Machine are available for
Linux and Windows.

B. Relatal work

Giotto is inspired by the time-triggered architecure
(TTA) [4], whichfirst realizedthe time-triggeredparadigmfor
meetinghardreal-timeconstraintsn safety-criticaldistributed
settings.However, while the TTA enconpassesa hardware
architectureand communicationprotocds, Giotto provides a
hardware-inceperdent and protocd-indeperment abstractpro-
grammers modd for time-triggeredapplicdions. Giotto can
be implemened on ary platform that provides suficiently
accuate clock primitives or supportsa clock synchraization
scheme.The TTA is thus a natura platform for Giotto pro-
grams.

Giotto is similar to archite¢ure desciption languages
(ADLs) [19]. Like Giotto, ADLs shift the programner’s
perspectie from small-grainedfeaturessuchaslines of code
to large-graired featuressuch as tasks, modes, and inter
compaent commuication, and they allow the compglation
of schediling codeto connet taskswritten in corventioral
programmindanguages.Thedesignmethoalogy for the Mars
system,a predeessorof the TTA, distinguishesn a similar
way “programmingin the large” from “progranming in the
small” [20]. Theintertaskcommuncation semanticof Giotto
is particulaly similar to the MetaH languaye [21], [22], which
is designedfor real-time, distributed avionics apgications.
MetaH supportsperiodic real-time tasks,multimodal cortrol,
and distributed implemenations. Giotto can be viewed as
capturinga time-triggeredfragmentof MetaH in an abstract
andformal way. Unlike MetaH, Giotto does not constrainthe
implementéion to a particularschedling scheme



The goal of Giotto —to provide a platform-indepedert
programmiig abstractionfor real-time systems—is shared
alsoby the synchronousreactve programminglanguages|3],
such as Esterel [23], Lustre [24], and Signd [25]. While
the synchronousreactie languages aredesigné arourd zero-
delay value propagtion, Giotto is basedon the formally
wealer notion of unit-delay value propagation, becaise in
Giotto, schedled conmputation (i.e., the execttion of tasks)
takes time, and synchrommus conputation (i.e., the execu
tion of drivers) consistsonly of indeendent, non-interating
processes.This decision shifts the focus and the level of
abstractionin essentialways. In particular for analysisand
comglation, the burden for the well-defiredness of values
is shifted from logical fixed-point consideationsto physical
schedling constraints(in Giotto all values are, semanticHy,
alwayswell-definad). Thus, Giotto can be seenasidentifying
a classof synchromusreactive programsthat supporttypicd
real-timecortrol applicaionsandefficient codegereration[5].
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