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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 fr om the platform-
dependentconcerns, Giotto enablesa great deal of flexibility in
choosingcontrol platforms as well as a great deal of automation
in the validation and synthesis of control software. The time-
triggered nature of Giotto achieves timing predictability, which
makesGiotto particularly suitable for safety-critical applications.

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

I . INTRODUCTION

Giotto provides a programmingabstractionfor hard real-
time applications that exhibit time-periodic and multimodal
behavior, as in automotive, aerospace, and manufacturing
control.

Traditional control designhappensat a mathematical level
of abstraction,with the control engineer manipulating differ-
ential equations andmode-switchinglogic usingtools suchas
Matlab or MatrixX. Typical activities of the control engineer
includemodeling of theplantbehavior anddisturbances,deriv-
ing and optimizing control laws, and validating functionality
andperformanceof themodel through analysisandsimulation.
If the validated designis to be implemented in software, it
is then handed off to a software engineer who writes code
for a particular platform (we use the word “platform” to
standfor a hardware configuration together with a real-time
operatingsystem).Typical activities of the software engineer
include decomposing the necessarycomputational activities
into periodic tasks,assigningtasksto CPUsand settingtask
priorities to meetthe desiredhardreal-timeconstraintsunder
the given scheduling mechanismand hardware performance,
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and achieving the desireddegree of fault tolerance through
replicationanderror correction.While limited automation for
theseactivities is available in the form of code-generation
tools, the software engineer has final authority over putting
the implementation together throughanoften iterative process
of code integration,testing,andoptimization.

Giotto providesan intermediatelevel of abstraction,which
(i) permits the software engineer to communicate more ef-
fectively with the control engineer, and (ii) keeps the im-
plementation and its propertiesmore closely aligned with
the mathematical model of the control design.Specifically,
Giotto defines a software architecture of the implementation
which specifiesits functionality andtiming. Functionality and
timing aresufficient andnecessaryfor ensuringthattheimple-
mentationis consistentwith the mathematical model.On the
other hand, Giotto abstractsaway from the realizationof the
softwarearchitectureon a specificplatform,andfreesthesoft-
ware engineer from worrying about issuessuchas hardware
performance andscheduling mechanismwhile communicating
with the control engineer. After writing a Giotto program, the
secondtask of the software engineer remainsof courseto
implementthe programon the given platform. In Giotto, this
secondtask, which requiresno interactionwith the control
engineer, is effectively decoupled from the first, and can in
large partsbe automated by increasingly powerful compilers.
Giotto compilation guaranteesthepreservationof functionality
andtiming, andthusremovestheneed for a tedious anderror-
proneiterationof code evaluationandoptimization.

TheGiotto designflow is shown in Figure1. Theseparation
of logical correctnessconcerns(functionalityandtiming) from
physical realizationconcerns (mappingand scheduling) has
the addedbenefit that a Giotto programis entirely platform
independent andcanbe compiled on different,even heteroge-
neous, platforms.

Moti vating example. Giotto is designed specifically for em-
bedded control applications. Consider a typical fly-by-wire
flight control system[1], [2], which consistsof threetypesof
interconnectedcomponents (seeFigure2): sensors,CPUsfor
computing control laws, and actuators. The sensorsinclude
an inertial measurement unit (IMU), for measuringlinear
acceleration and angular velocity; a global positioning sys-
tem (GPS),for measuringposition; an air datameasurement
system,for measuringsuch quantities as air pressure;and
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Fig. 2. A fly-by-wire flight control system.
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Fig. 1. Giotto-basedcontrol-systemsdevelopment.

the pilot’s controls,suchas the pilot’s stick. Eachsensorhas
its own timing properties:the IMU, for example, outputsits
measurement 1,000timespersecond, whereas thepilot’s stick
outputs its measurementonly 500 times per second. Three
separatecontrollaws—for pitch, lateral,andthrottlecontrol—
needto be computed.The systemhasfour actuators: two for
the ailerons,onefor the tailplane,andonefor the rudder. The
timing requirements on the control laws and actuator tasks
arealsoshown in Figure2. The readermay wonder why the
actuator tasksneedto run more frequently than the control
laws. The reasonis that the actuator tasksareresponsible for
the stabilizationof quickly moving mechanical hardware,and
thus needto be an order of magnitude more responsive than
the control laws.

We have just describedone operational mode of the fly-
by-wire flight control system,namely the cruisemode.There
arefour additional modes:the take-off, landing,autopilot,and
degradedmodes.In eachof thesemodes, additional sensing
tasks,control laws, and actuating tasksneedto be executed,
as well as someof the cruise tasksremoved. For example,

in the take-off mode, the landing gearmust be retracted.In
the autopilot mode, the control systemtakes inputs from a
supervisoryflight planner, insteadof from the pilot’s stick.
In the degraded mode, some of the sensorsor actuators
have suffereddamage; the control systemcompensatesby not
allowing maneuverswhichareasaggressiveasthosepermitted
in the cruisemode.

The Giotto abstraction. Giotto provides a programmer’s
abstractionfor specifyingcontrol systemsthat are structured
like the previous fly-by-wire example. The basic functional
unit in Giotto is the task, which is a periodically executed
piece of, say, C code. Several concurrent tasks make up a
mode. Taskscanbe added or removed by switchingfrom one
modeto another. Tasks communicatewith eachother, aswell
as with sensorsand actuators,by so-calleddrivers, which is
codethat transportsandconvertsvalues betweenports. While
a taskrepresentsapplication-level computation that consumes
anon-negligible amount of CPUtime,adriver is boundedcode
thatcanbeexecutedessentiallyinstantaneously on thesystem
level, with environment interrupts disabled(more precisely,
driverssatisfy the synchrony assumption[3], that they canbe
executedbeforethe environmentstatechanges1). In this way,
theGiottoabstractionintegratesscheduledcomputation(tasks)
andsynchronouscommunication(drivers).The periodic invo-
cation of tasks,the reading of sensorvalues, the writing of
actuator values, and the mode switching are all triggeredby
realtime.For example,onetask�_� maybeinvoked every 2 ms
andreada sensorvalue uponeachinvocation;2 another task ���
may be invoked every 3 ms andwrite an actuator valueupon
each completion; and a mode switch may be contemplated
every 6 ms. This time-triggeredsemanticsenables efficient
reasoningabout the timing behavior of a Giotto program,in
particular, whetherit conformsto the timing requirements of
a mathematical (e.g.,Matlab) modelof the control design.

A Giotto programdoesnot specify where, how, and when

1Since drivers cannot dependon each other, no issues of fixed-point
semanticsarise.

2While any choiceof time unit is possible,we usemillisecondsthroughout
the paper.
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tasksare scheduled. The Giotto programwith tasks ��� and
��� can be compiled on platforms that have a single CPU
(by time sharingthe two tasks)as well as on platformswith
two CPUs(by parallelism);it can be compiled on platforms
with preemptive priority scheduling (such as most real-time
operatingsystems)aswell ason truly time-triggeredplatforms
(such as the time-triggeredarchitecture [4]). All the Giotto
compiler needs to ensureis that the semantics of the program
—i.e., functionality and timing— is preserved. To this end,
the compiler needs to solve a possiblydistributedscheduling
problem. This can be difficult, and to make the job of the
compiler easier, a Giotto program can be annotated with
compiler directives in the form of platform constraints. A
platform constraintmay map a particulartask to a particular
CPU, assign a particular priority to a particular task, or
schedule a particular communication event between tasksin
a particular time slot. Such annotations,however, in no way
modify the functionality and timing of a Giotto program;
they simply aid the compiler in realizingthe semanticsof the
program.

Outline of the paper. We first give an informal introduction
to Giotto in SectionII, followed by a formal definition of the
languagein SectionIII. In SectionIV, we define an abstract
versionof the scheduling problem that needs to be solved by
the Giotto compiler, and we illustrate how a program can be
annotatedto guidedistributedcodegeneration. In SectionV,
we give pointersto currentGiotto implementationsandrelate
Giotto to the literature.

I I . INFORMAL DESCRIPTION OF GIOTTO

Ports. In Giotto all data is communicatedthrough ports. A
port representsa typed variable with a unique location in a
globally sharednamespace.We usetheglobalnamespacefor
portsasa virtual concept to simplify the definition of Giotto.
An implementation of Giotto is not requiredto be a shared-
memorysystem.Every port is persistentin the sensethat the
port keepsits value over time, until it is updated.Thereare
mutually disjoint setsof sensorports,actuator ports,andtask
ports in a Giotto program. The sensorports are updated by
the environment; all other ports are updated by the Giotto
program.Thetaskportsareusedto communicatedatabetween
concurrent tasks.Taskportscanalsobe usedto transferdata
from one mode to the next: task ports can be designated as
modeportsof a given mode, andassigneda value every time
the modeis entered.

Tasks. A typical Giotto task � is shown in Figure 3. The
task � has a set � � of two input ports and a set ����� of
two output ports, all of which are depictedby bullets. The
input portsof � aredistinct from all otherports in the Giotto
program. The output ports of � may be sharedwith other
tasksas long as the tasksarenot invoked in the samemode.
In general, a task may have an arbitrary number of input
and output ports. A task may also maintain a state,which
can be viewed as a set of private ports whose values are
inaccessibleoutside the task. The state of � is denoted by���<�D�

. Finally, the taskhasa function � from its input portsand
its currentstateto its outputportsandits next state.The task

� � � ���!�
���<�D��

Fig. 3. A task � .
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Fig. 4. An invocationof task � .

function � is implementedby a sequential program,andcanbe
written in an arbitraryprogramminglanguage.It is important
to notethat the execution of � hasno internalsynchronization
points and cannot be terminatedprematurely; in Giotto all
synchronization is specifiedexplicitly outsideof tasks.For a
given platform, the Giotto compiler will need to know the
worst-caseexecution time of � on each available CPU.

Task invocations. Giotto tasks are periodic tasks: they are
invoked at regularly spacedpoints in time. An invocation of
a task � is shown in Figure 4. The task invocation has a
frequency ³µ´m¶�·<¸ given by a non-zero natural number; the real-
time frequency will be determined later by dividing the real-
time periodof thecurrentmodeby ³ ´m¶�·<¸ . The taskinvocation
specifiesadriver ¹ whichprovidesvalues for theinput ports � � .
The first input port is loaded with the value of someother
port º , and the second input port is loaded with the constant
value » . In general, a driver is a function that converts 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 predicate on sensorand mode ports. The invoked task is
executedonly if the driver guard evaluatesto true; otherwise,
the taskexecution is skipped.

The time line for an invocation of the task � is shown in
Figure 5. The invocation starts at some time ¼
·<´m¶�½¾´ with a
communication phasein which the driver guard is evaluated
and the input-port values are loaded. The Giotto semantics
prescribesthat the communicationphase—i.e., the execution
of the driver ¹ — is performedin logically zero time. In other
words, a Giotto driver is an atomic unit of computation that
cannot be interrupted.The synchronouscommunicationphase
is followed by a scheduled computation phase.The Giotto
semanticsprescribesthat at time ¼�·<´?¿<À the stateand output
portsof � areupdatedto the (deterministic)resultof � applied
to the stateand input ports of � at time ¼
·<´m¶�½<´ . The length
of the interval between ¼
·<´?¶�½¾´ and ¼
·<´m¿<À is determinedby the
frequency ³s´m¶�·9¸ . We say that the task � is logically running
from time ¼�·<´?¶�½¾´ to time ¼
·<´m¿<À . The Giotto logical abstraction
doesnot specify when, where,and how the actual computa-
tion of � is physically performedbetween ¼
·<´m¶�½¾´ and ¼�·9´m¿<À .
However, the time at which the taskoutputportsareupdated
is determined, and therefore,for any given real-timetraceof
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Fig. 5. The time line for an invocationof task � .

sensorvalues,all valuesthatarecommunicatedbetween tasks
and to the actuator ports are determined [5]. Instantaneous
communication and time-deterministiccomputation are the
two essentialingredients of the Giotto logical abstraction.A
compiler mustbefaithful to this abstraction;for example,task
inputs may be loaded after time ¼
·<´?¶�½¾´ , and the execution of
� may be preempted by other tasks,as long as at time ¼�·<´m¿<À
the values of the task output ports are thosespecified by the
Giotto semantics.

Modes. A Giotto program consistsof a set of modes,each
of which repeatsthe invocation of a fixed set of tasks.The
Giotto programis in onemodeat a time. Possibletransitions
from a modeto othermodesarespecified by modeswitches.
A modeswitch canremove sometasks,andaddothers.

Formally, a modeconsistsof a period,a setof modeports,
a set of task invocations,a set of actuator updates,and a set
of mode switches.Figure6 shows a mode í which contains
invocations of two tasks, �_� and �&� . The period î of í is
10 ms; that is, while the programis in mode í , its execution
repeatsthe samepatternof taskinvocations every 10 ms.The
task �_� has two input ports, ï^� and ï&� , two output ports, ðñ�
and ð�ò , a state

���<�D� � , anda function �¾� . The task ��� is defined
in a similar way. Moreover, there is one sensorport, ó , one
actuator port, ô , anda modeport, ðd� , which is not updatedby
any taskin mode í . The value of ðd� staysconstant while the
programis in modeí ; it canbeusedto transfera valuefrom
a previousmodeto modeí . In addition to ð�� , all output ports
of tasksinvoked in the mode— ð�� , ð�ò , ð�õ , and ð�ö — are,by
default,alsomodeports;they mustbeinitializedupon entering
mode í . The modeportsarevisible outsidethe scopeof í ,
asindicated by thedashedlines.A modeswitchmaycopy the
values at theseports to modeportsof a successormode.The
invocation of task �_� in mode í has the frequency ³s�ø÷úù ,
which means that ��� is invoked onceevery 10 ms while the
programis in modeí . Theinvocation of ��� in modeí hasthe
driver ¹
� , which copiesthe value of the modeport ð�� into ï^�
andthevalue of theoutput port ð�õ of ��� into ï&� . Theinvocation
of task ��� hasthe frequency ³b�û÷ýü , which means that �&� is
invoked onceevery 5 msaslong astheprogramis in modeí .
The invocation of �&� has the driver ¹_� , which connects the
output port ð�ò of �_� to ï[ò , thesensorport ó to ï[õ , andtheoutput
port ðñö of ��� to ï[ö . Themodeí hasoneactuator update,which
is a driver ¹�ò that copies the valueof the output port ð�� of �_�
to the actuator port ô with the actuator frequency ³µ¶ñþ&´ÿ÷úù ;
that is, once every 10 ms.
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Fig. 6. A mode ( .

Figure 7 shows the exact timing of a single round of
mode í , which takes 10 ms. As long as the programis in
mode í , one suchround follows another. The round begins
at the time instant ¼*) with an instantaneous communication
phasefor the invocations of tasks �_� and ��� , during which
the two drivers ¹�� and ¹_� areexecuted. The Giotto semantics
doesnot specify how the computationsof the task functions
�¾� and �m� are physically scheduled; they could be scheduled
in any order on a single CPU, or in parallel on two CPUs.
The Giotto semanticsspecifies only that after 5 ms, at time
instant ¼�� , the resultsof the scheduled computationof �?� are
madeavailable at theoutput portsof �&� . Thesecond invocation
of ��� beginswith anotherexecution of driver ¹�� , still at time ¼�� ,
which samplesthe most recent value from the sensorport ó .
However, the two invocations of ��� startwith the samevalue
at input port ï[ò , becausethe value storedin ð�ò is not updated
until time instant ¼��"÷�ù,+ ms, no matter whether or not �¾�
finishes its actual computation before ¼
� . According to the
Giottosemantics,theoutputvaluesof theinvocation of �_� must
not beavailable before¼�� . Any implementation thatschedules
the invocation of ��� before the first invocation of ��� must
thereforekeep available two setsof valuesfor theoutput ports
of �_� . The round is finishedafter writing the outputvalues of
the invocationof �_� andof thesecond invocationof ��� to their
outputportsat time ¼�� , andafter updating the actuatorport ô
at the sametime. The beginning of the next roundshows that
the input port ï[ò is loadedwith thenew valueproducedby ��� .
Mode switches.In orderto give an example of modeswitch-
ing we introduce a second mode í.- , shown in Figure8. The
main differencebetweení and í.- is that í/- replaces the
task ��� by a new task �&ò , which hasa frequency ³bò of 4 in í.- .
Note that ��ò hasa new output port, ð�0 , but alsousesthe same
outputport ð�õ as �&� . Moreover, ��ò hasa new driver ¹�õ , which
connectstheoutput port ð�ò of �_� to theinputport ï10 , thesensor
port ó to ï�2 , andthe output port ð�0 of ��ò to ï13 . The task �_� in
mode í.- hasthe samefrequency andusesthe samedriver as
in mode í . Theperiodof í.- , which determines the lengthof
eachround,is again 10 ms. This means that in mode í.- , the
task �_� is invoked once per round, every 10 ms; the task �&ò is
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invoked 4 times per round, every 2.5 ms; and the actuator ô
is updated onceper round, every 10 ms.

A modeswitch describesthe transitionfrom one modeto
another mode. For this purpose, a mode switch specifies a
switch frequency, a target mode, anda driver. Figure9 shows
a modeswitch p from mode í to target mode í.- with the
switch frequency ³s·
qsr ´mþ�tÅ÷ ü andthe driver ¹_ö . The guardof
thedriver is calledtheexit condition, asit determines whether
or not the switch occurs. The exit condition is evaluated
periodically, as specified by the switch frequency. As usual,
the switch frequency of 2 meansthat the exit condition of ¹_ö
is evaluatedevery 5 ms, in the middle andat the endof each
round of mode í . The exit condition is a boolean-valued
condition on sensorports and the mode ports of í . If the
exit condition evaluates to true, then a switch to the target
modeí - is performed.Themodeswitchhappensby executing
thedriver ¹_ö , which providesvaluesfor all modeportsof í.- ;
specifically, ¹_ö loadsthe constant » into ðd� , the value of the
mode port ð�ö into ð�0 , and ensuresthat ð�� , ð�ò , and ð�õ keep
their values (this is omitted from Figure 9 to avoid clutter).
Like all drivers,mode switchesareperformedin logically zero

u.v
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� v�

� ���

u
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Fig. 9. A modeswitch � from mode ( to mode (�n .

time.
Figure 10 shows the time line for the mode switch p

performedat time ¼
� . The program is in mode í until ¼��
andthenentersmodeí.- . Note thatuntil time ¼
� the time line
corresponds to the time line shown in Figure 7. At time ¼
� ,
first the invocation of task ��� is completed, then the mode
driver ¹_ö is executed. This finishes the mode switch. All
subsequent actions follow the semanticsof the target mode
í.- independently of whether theprogramenteredí.- just now
througha modeswitch, at 5 ms into a round, or whether it
startedthecurrent roundalreadyin modeí.- . Specifically, the
driver for the invocationof task ��ò is executed, still at time ¼�� .
Note that the outputport ð�0 of ��ò hasjust received the value
of the outputport ð�ö from task ��� by the modedriver ¹�ö . At
time ¼_� , task ��ò is invoked a second time, andat time ¼�ò , the
round is finished, because this is the earliest time after the
modeswitch at which a completenew roundof mode í�- can
begin. Now the input port ï^� of task �_� is loaded with the
constant » from the mode port ðd� . In this way, task �_� can
detectthat a modeswitch occurred.

A mode switchmayoccur while a taskis logically running;
in thiscasewesaythatthemodeswitchlogically interruptsthe
taskinvocation. For a modeswitchto belegal, thetargetmode
is constrainedsothatall taskinvocationsthatmaybelogically
interruptedby a modeswitch can be continued in the target
mode.In our example, the modeswitch p can occur at 5 ms
into a roundof modeí , while thetask �_� is logically running.
Hencethetargetmodeí.- mustalsoinvoke �_� . Moreover, since
the period of í/- is 10 ms, as for mode í , the frequency
of �_� in í/- must be identical to the frequency of �_� in í ,
namely, 1. If, alternatively, the periodof í.- were20 ms, then
the frequency of � � in í - would have to be 2.

I I I . FORMAL DEFINITION OF GIOTTO

A. Syntax

Rather than specifying a concrete syntax for Giotto, we
formally definethecomponents of a Giotto programin a more
abstractway. In practice,Giotto programscanbe written in a
concrete,C like syntax.

A Giotto program consists of the following components:

1) A set of port declarations. A port declaration� º��,�����s��� � � � �,� consistsof a port name º , a type �����s� ,
and an initial value

� � � � �¡�¢���s� . We require that all
port namesare uniquely declared; that is, if

� º��*£��*£¤�
and

� º¥-
�*£~��£¦� are distinct port declarations,then º¨§÷ º©- .
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The set
�ÈÇ�� ��É of declared port names is partitioned

into a set Ê:�^�©ÉË� �ÈÇ�� ��É of sensorports, a set ÌÎÍ^� �ÈÇ�� ��É
of actuator ports, a set � � �ÈÇ�� ��É of task input ports, a
set ����� �¥Ç�� ��É of task output ports, and a set

���<� ���ÈÇ�� ��É
of task private ports. Given a port ºÏ� �ÈÇ�� ��É , we use
notationsuchas �¢�����ÑÐ º¥Ò for thetypeof º , and

� � � �,Ð º¥Ò for
the initial value of º . A valuation for a set

�ÔÓ �ÈÇ�� ��É of
ports is a function that mapseach port ºÔ� � to a value
in �¢�����ÑÐ º¥Ò . We write Õ×ÖÙØ�ÉÚÐ � Ò for the set of valuations
for
�
.

2) A set of task declarations. A task declaration� �Û��� �s���Ù�!�Ë� ���<�D� ����� consists of a taskname � , a set � � Ó
� � �ÈÇ�� ��É of input ports, a set ����� Ó ����� �¥Ç�� �¸É of output
ports, a set

���<�D��Ó ���<�D���¥Ç�� ��É of private ports, and a
task function � : ÕÜÖÙØ�ÉÚÐ/� ��Ý ���<�D� Ò�ÞßÕ×ÖÙØ ÉÛÐ �Ù�!�àÝ ���<�D� Ò . If� �Û��� �s���Ù�!�Ë� ���<�D� �*£¦� and

� �1-
��� � - ������� - � ���<� � - �*£¤� aredistinct
task declarations, then we require that �á§÷ �1- and
� �ãâ � � - ÷ ���<�D� â ���<� � - ÷åä . Tasksmay shareoutput
ports as long as the tasksare not invoked in the same
mode; seebelow. We write ��Ö�ÉËæÙÉ for thesetof declared
tasknames.

3) A set of driver declarations. A driver declaration� ¹¥�,Ê � ÍÙ�,çs�Ñè×É��é�,ê:� consistsof adriver name¹ , aset Ê � Í Ó�ÈÇ�� ��É of source ports, a driver guard ç : ÕÜÖÙØ�ÉÚÐ Ê � Í�Ò]Þìë ,
a set è×É�� Ó �ÈÇ�� ��É of destinationports, and a driver
function ê : Õ×ÖÙØ�ÉÚÐ Ê � Í,ÒÜÞíÕ×ÖÙØ ÉÛÐîè×É��{Ò . Whenthe driver ¹ is
called, the guard ç is evaluated,andif the result is true,
thenthefunction ê is executed. We requirethatall driver
names are uniquely declared, and we write è �<�D� � � É for
the setof declareddriver names.

4) A setof modedeclarations. A modedeclaration(í , î ,ïðÇÈñ � �ÈÇ�� ��É , � � ��Ç æ��ÛÉ , ò�� ñ Öx���ÛÉ , Ê�ó � ��ÍÛê¥�ÛÉ ) consistsof a
modename í , a positive modeperiod îô�Ïõyö , a setïðÇÈñ � �ÈÇ�� ��É Ó ����� �¥Ç�� �¸É of modeports, a set � � ��Ç æ��ÛÉ
of task invocations, a set ò÷� ñ Ö����*É of actuator updates,
anda set Ê�ó � ��ÍÛê¥�ÛÉ of mode switches. We requirethatall
modenames areuniquely declared, andwe write

ï?Ç¥ñ �ÛÉ
for the setof declaredmodenames.

a) Each task invocation
� ³ ´m¶�·<¸ �&�Û�^¹s�¨� � � ��Ç æ��ÛÉÛÐ í/Ò

consists of a task frequency ³s´m¶�·<¸ô�ùø , a task
�ú�û��ÖÙÉ�æÑÉ such that �����,Ð ��Ò ÓüïðÇÈñ � �ÈÇ�� ��ÉÚÐ í.Ò ,
and a task driver ¹��ýè �<�D� � � É such that Ê � ÍÑÐ ¹�Ò ÓïðÇ¥ñ � �ÈÇ�� ��ÉÚÐ í/ÒàÝþÊ��^�¥É�� �ÈÇ�� ��É and è×É��,Ð ¹�Ò�÷ � �HÐ ��Ò .
The invoked task � only updates modeandprivate
ports;thetaskdriver ¹ readsonly modeandsensor
ports,andupdatestheinputportsof � . If

� £��[�Û�*£¤� and� £��[��-
�*£¤� aredistinct taskinvocationsin � � ��Ç æ*�*ÉÚÐ í.Ò ,
then we requirethat �����,Ð ��Ò¢â �Ù�!�,Ð �1-¦ÒR÷ÿä ; that is,
taskssharingoutput ports must not be invoked in
the samemode.

b) Each actuator update
� ³µ¶�þ�´1�^¹s�Î� ò÷� ñ Öx���ÛÉÚÐ í/Ò con-

sists of an actuator frequency ³s¶�þ�´ �ôø , and an
actuator driver ¹ô� è �<�D� � � É such that Ê � ÍÑÐ ¹*Ò ÓïðÇ¥ñ � �ÈÇ�� ��ÉÚÐ í/Ò and è×É��,Ð ¹�Ò Ó ÌÎÍ�� �¥Ç�� ��É . The actua-
tor driver ¹ readsonly modeports,no sensorports,
andupdatesonly actuator ports.If

� £��^¹s� and
� £~�^¹*-1�

are distinct actuator updates in ò�� ñ Öx���ÛÉÚÐ í.Ò , then
we require that è×É��,Ð ¹�Ò â�è×É��,Ð ¹�-¦Ò	÷åä ; that is, in
each mode, an actuator canbe updated by at most
onedriver.

c) Each modeswitch
� ³s·
qsr ´?þ�t©�&í - �^¹s� � Ê�ó � ��Í*ê©�ÛÉÛÐ í/Ò

consists of a mode-switch frequency ³s·
qsr ´?þ�t ��ø ,
a target mode í/-ã� ïðÇÈñ �*É , and a modedriver
¹þ� è �<� � � � É such that Ê � ÍÑÐ ¹�Ò Ó ïðÇ¥ñ � �ÈÇ�� ��ÉÚÐ í/Ò]Ý
Ê��^�¥É�� �ÈÇ�� ��É and è×É��,Ð ¹�Ò ÷ ïðÇÈñ � �ÈÇ�� ��ÉÚÐ í�-¦Ò . The
mode driver ¹ readsonly modeand sensorports,
andupdates themodeportsof the targetmodeí�- .
If
� £~�*£��^¹s� and

� £��*£��^¹*-�� are distinct modeswitches
in Ê�ó � ��ÍÛê¥�ÛÉÚÐ í.Ò , then we require that for all val-
uations � �%Õ×ÖÙØ ÉÛÐ �ÈÇ�� ��É�Ò either ç:Ð ¹�Ò � � �Å÷ �������
	 or
ç:Ð ¹�-¦Ò � � ��÷ �������
	 . It follows that all modeswitches
aredeterministic.

5) A start mode É���Ö � �à� ïðÇÈñ �ÛÉ .
The programis well-timed if for all modes í � ïðÇÈñ �ÛÉ ,

all task invocations
� ³s´?¶�·<¸Ñ�[�Û�*£¤� �ú� � ��Ç æ��ÛÉÚÐ í.Ò , and all mode

switches
� ³s·
qsr ´?þ�t©�&í.-
�*£¤�Î�/Ê�ó � ��ÍÛê¥�ÛÉÚÐ í.Ò , if ³s´m¶�·<¸���³s·
qsr ´mþ�tÔ§��ø ,
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then thereexists a task invocation
� ³à- ´m¶�·<¸ �[�Û�*£¤� � � � ��Ç æ��ÛÉÛÐ í/-¦Ò

with î Ð í/Ò���³s´m¶�·<¸ ÷ î Ð í.-¦Ò���³à- ´m¶�·<¸ . The well-timedness condi-
tion ensuresthat modeswitchesdo not terminatetasks:if a
modeswitchoccurs whena taskis logically running,thenthe
sametaskmustbe presentalso in the target mode.

B. Semantics

A program configuration � ÷ � íþ���Ú� � ���K¶�þ�´�r������&¼×� consists
of a mode í � ïðÇÈñ �*É , a modetime ���þõ , a valuation � �
ÕÜÖÙØ�ÉÚÐ �ÈÇ�� ��É¸Ò for all ports,a set � ¶�þ�´¦r���� Ó �¢ÖÙÉËæÙÉ of activetasks,
and a time stamp ¼���õ . The set �Q¶�þ�´¦r���� Ó ��ÖÙÉ�æÑÉ contains
all tasksthat are logically running, whether or not they are
physically runningby expending CPUtime.Thenumber ��� +
measuresthe amount of time that haselapsedsince the last
modeswitch, unlesssometaskswere logically runningat the
time of the lastmodeswitch,in which case� “datesback” the
modeswitchto theclosesttime instantbeforethemodeswitch
whenthe current modecould have startedfrom its beginning
with all its tasks.For a programconfiguration � and a set�CÓ �ÈÇ�� ��É , we write �?Ð � Ò for the valuation in ÕÜÖÙØ�ÉÚÐ � Ò that
agreeswith � on the valuesof all ports in

�
.

Themodefrequenciesof a modeí � ïðÇ¥ñ �ÛÉ include (i) the
task frequencies ³s´?¶�·<¸ for all task invocations

� ³s´?¶ñ·9¸Ñ�*£��*£¤�?�
� � ��Ç æ��*ÉÚÐ í.Ò , (ii) the actuator frequencies ³µ¶ñþ&´ for all actuator
updates

� ³s¶�þ�´1�*£¤�A� ò�� ñ Öx���ÛÉÚÐ í.Ò , and (iii ) the mode-switch
frequencies ³s·
qsr ´?þ�t for all mode switches

� ³s·
qsr ´?þ�t©��£~��£¦�%�
Ê�ó � ��ÍÛê¥�ÛÉÚÐ í.Ò . Let ³���¶��¢Ð í.Ò be the leastcommonmultiple of
the mode frequencies of í . During an execution, as long
as the programis in mode í , the programconfiguration is
updated every î Ð í/Ò���³�� ¶���Ð í/Ò time units. Eachupdateresults
from a sequenceof five typesof events: first, sometasksare
completed (i.e., removed from the active set); second, some
actuators are updated;third, somesensorsare read;fourth, a
modeswitch may occur; fifth, somenew tasksareactivated.

Let us be more precise.Consider a programconfiguration� ÷ � íþ���Ú� � ���K¶�þ�´¦r������[¼ � . We need the following auxiliary
definitions: A task invocation

� ³s´m¶�·9¸Ñ�[�Û�*£¤�Î� � � ��Ç æ��ÛÉÚÐ í.Ò is completed
at configuration � if ���!�K¶�þ�´¦r���� , and � is an integer
multiple of î Ð í.Ò���³s´?¶�·<¸ . An actuator update

� ³µ¶ñþ&´��^¹s� � ò�� ñ Öx���ÛÉÚÐ í/Ò is evalu-
ated at configuration � if � is an integer multiple of
î Ð í.Ò���³s¶�þ�´ . A mode switch

� ³ ·
qsr ´?þ�t �*£~��¹s�Ô� Ê�ó � ��ÍÛê¥�ÛÉÚÐ í/Ò is evalu-
ated at configuration � if � is an integer multiple of
î Ð í.Ò���³s·
qsr ´?þ�t . A task invocation

� ³µ´m¶�·<¸Ù��£~��¹È��� � � ��Ç æ��ÛÉÛÐ í/Ò is evalu-
ated at configuration � if � is an integer multiple of
î Ð í.Ò���³s´?¶ñ·9¸ .

The actuatorupdate
� ³µ¶�þ�´1��¹È� , modeswitch

� ³s·{q�r ´?þ�t©��£~�^¹s� , or
taskinvocation

� ³µ´m¶�·<¸Ù��£~��¹È� is enabled at configuration � if it
is evaluatedat � and ç:Ð ¹�Ò � � � ÷#"
$
% 	 .

The program configuration ��·�&^þ<þ is a successor configu-
ration of � if ��·�&^þ<þ results from � by the following nine
steps,called Giotto micro steps. Theseare the stepsa Giotto
programperformswhenever it is invoked,initially with ��÷�+ ,�K¶�þ�´�r���� ÷Cä , and ¼p÷�+ :

1) [Update task output and pri vate ports] Let �Qþ<¿'�KÀ�( ��´���)
be the set of tasks � suchthat a task invocationof the
form

� £��[�Û�*£¤�/� � � ��Ç æ*�*ÉÚÐ í.Ò is completed at configura-
tion � . Considera port ºC� ���!� �ÈÇ�� ��É Ý ���<�D���ÈÇ�� ��É . If
º �"�����,Ð ��Ò¢Ý ���<�D� Ð ��Ò for sometask � �*�Kþ9¿+�QÀ�( ��´���) , then
define � ´m¶�·<¸ � º���÷ ��Ð ��Ò � ��Ð#� �HÐ ��Ò]Ý ���<�D� Ð ��Ò¦Ò�� � º�� ; otherwise,
define � ´m¶�·<¸ � º��û÷ � � º�� . This gives the new values of
all task output and private ports. Note that ports are
persistentin the sensethat they keeptheir valuesunless
they are modified. Let ��´m¶�·<¸ be the configuration that
agreeswith � ´m¶�·<¸ on thevaluesof ����� �ÈÇ�� ��ÉÈÝ ���<�D���¥Ç�� ��É ,
andotherwiseagrees with � .

2) [Update actuator ports] Considera port ºÔ�/ÌàÍ^� �ÈÇ�� ��É .
If º � è×É��,Ð ¹�Ò for some actuator update

� £~��¹È�å�
ò÷� ñ Öx���ÛÉÛÐ í/Ò that is enabled at configuration �s´m¶�·<¸ , then
define � ¶�þ�´ � º�� ÷úêHÐ ¹�Ò � ��´?¶ñ·9¸©Ð Ê � ÍÑÐ ¹�Ò¦Ò¸� � º�� ; otherwise,de-
fine � ¶�þ�´ � º��	÷ � � º�� . This gives the new values of all
actuator ports.Let �Ù¶�þ�´ be the configurationthat agrees
with � ¶�þ�´ on the values of ÌÎÍ^� �ÈÇ�� ��É , and otherwise
agreeswith ��´?¶�·<¸ .

3) [Update sensorports] Considera port ºÔ�/Ê:�^�©É�� �ÈÇ�� ��É .
Let � ·���,_·�� � º�� be any value in ���*���ÑÐ º¥Ò ; that is, sensor
ports change nondeterministically. This is not doneby
the Giotto program,but by the environment. All other
parts of a configuration are updated deterministically,
by the Giotto program. Let ��·���,_·�� be the configuration
thatagrees with � ·���,�·�� on thevaluesof Ê��^�¥É�� �ÈÇ�� ��É , and
otherwiseagrees with ��¶�þ�´ .

4) [Update mode] If a mode switch
� £��[í ´m¶�½ -.��´��*£¤� �

Ê�ó � ��Í*ê©�ÛÉÛÐ í/Ò is enabled at configuration �s·���,_·�� , then
define í.-ÿ÷ í ´?¶�½ -.��´ ; otherwise,define í/-ÿ÷ í . This
determines if thereis a mode switch.Recallthatat most
one modeswitch can be enabled at any configuration.
Let ��´m¶�½ -.��´ be the configuration with mode í.- that
otherwiseagrees with ��·���,_·�� .

5) [Update mode ports] Considera port ºÔ� ����� �¥Çx� ��É . If
ºÔ� è×É��,Ð ¹�Ò for somemodeswitch

� £��*£��^¹s�Î�/Ê�ó � ��ÍÛê¥�ÛÉÚÐ í.Ò
that is enabled at configuration ��·���,_·�� , then define� ��¿�)'� � º�� ÷ùê:Ð ¹�Ò � ��´m¶�½ -.�&´éÐ Ê � ÍÑÐ ¹�Ò¦Ò¸� � º�� ; otherwise,define� ��¿�)'� � º�� ÷/��´m¶�½ -.��´ËÐ ����� �ÈÇ�� ��É�Ò � º�� . This gives the new
values of all modeports of the target mode. Note that
modeswitchingupdatesalsotheoutput portsof all tasks
� that are logically running. This does not affect the
execution of � . When � completes, its output ports are
again updated, by � . Let �0��¿�)'� be the configuration
that agreeswith � � ¿�)'� on the values of ����� �ÈÇ�� ��É , and
otherwiseagrees with ��´m¶�½ -.��´ .

6) [Update mode time] If no mode switch in Ê:ó � ��ÍÛê©�*ÉÚÐ í.Ò
is enabled at configuration ��·��1,�·�� , then define ��-s÷2� .
Otherwise,supposethatamodeswitchis enabledatcon-
figuration ��·���,_·�� to the targetmodeí.- . Let �K½3&�,.,�r�,�-û÷�K¶�þ�´¦r����546�Kþ<¿'�QÀ�( ��´���) . If �K½3&�,.,�r�,�-û÷Cä , thendefine ��- ÷ + .
Otherwise,let 7 bethe leastcommonmultiple of theset8 î Ð í.Ò���³s´m¶�·9¸:9 � ³s´m¶�·<¸Ù�&�Û�*£¤� � � � ��Ç æ��ÛÉÚÐ í/Ò for some����K½3&�,.,�r�,�-<; of taskperiods for runningtasks;then 7 is the
time it takesduring a roundof mode í to completeall
running taskssimultaneously. Let = be the leastinteger
multiple of 7 such that =:�>� ; then =@?A� is the time
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B.C+DEB.F�GH F�GJILK�MNIJO H CQPH F�GJILK'RSIJO H CUT1VXWZY�[\�]�I_^`\�I�F�GH F�GJI0abIJO H CcPedZDEd+I�VdZD H ^�IH F�GJI0f M IJO H C0PH F�GJI0f�RgIJO H C0PH F�GJI0f1hiIJO H C0PF'^�I H ^�IH F�GJI0j M IJO H C0PedZDEd+I0VH F�GJI0j R IJO H C0PedZDEd+I0VH G`d+k�\�I�CH F�GJI0l M IJO H CcPmdZDEd�I0VH F�GJI0lnRSIJO H CcPmdZDEd�I0VH F�GJI0lEhgIJO H CcPmdZDEd�I0V
I�\�B'ocp M dZD H ^�Icf M F'^�I H ^�IQj MqH Grd+k�\�I�C�l Mts ^JDE]+Ird.F'Dbu MI�\�B'ocp
R0dZD H ^�Icf�R�F'^�I H ^�IQjrR H Grd+k�\�I�C�lER s ^JDE]+Ird.F'Dbu'RI�\�B'ocp
hcdZD H ^�Icf1h0F'^�I H ^�IQj R H Grd+k�\�I�C�l`h s ^JDE]+Ird.F'DbuZh

v Grd+k�C�GcwxMB.F'^�Gr].Cij Riy ^`\�G v0z M v C�B+Ird'D`\�Ird.F'D{f�M s ^JDE]+Ird.F+D}|EMv Grd+k�C�GcwXRB.F'^�Gr].C~K M y ^`\�G vcz M v C�B+IrdZD`\_Ird.F'D�f1R s ^JDE]+Ird.F'Db|�Rv Grd+k�C�GcwnhB.F'^�Gr].C~K M y ^`\�G vcz M v C�B+IrdZD`\_Ird.F'D�f h�s ^JDE]+Ird.F'Db| hv Grd+k�C�Gcw`�B.F'^�Gr].Cij M y ^`\�G v0z M v C�B+Ird'D`\�Ird.F'D{a s ^JDE]+Ird.F'Db|_�v Grd+k�C�Gcwn�B.F'^�Gr].C~KZR y ^`\�G vcz � v C�B+IrdZD`\_Ird.F'D�j M
� j`R s ^JDE]+Ird.F'D�| �
� F v Ci��M H C�Grd.F vL� H F�GJIrBSjrM � j Rs G�C_��^`C'Dn]+OLY~dZD�krF+orCip
M v Grd+k�C_Gcw<Ms G�C_��^`C'Dn]+OL�~dZD�krF+orCip1R v Grd+k�C_GcwnRs G�C_��^`C'Dn]+OLY0^ H v \�I�Ciw��s G�C_��^`C'Dn]+OL�~B'�`d�Ir]Z��� R v Grd+k�C_GcwE�� F v Ci� R H C�Grd.F v Y.� H F�GJIrBij�M � j Rs G�C_��^`C'Dn]+OL�~dZD�krF+orCip M v Grd+k�C_Gcw Ms G�C_��^`C'Dn]+OL�~dZD�krF+orCip h v Grd+k�C_Gcw hs G�C_��^`C'Dn]+OL�0^ H v \�I�Ciw �s G�C_��^`C'Dn]+OL�~B'�`d�Ir]Z��� M v Grd+k�C_Gcw �
B+I�\�GJIc� M

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

until the next simultaneous completion point. Define��-b÷ î Ð í.-¦Ò�? � =t?���� . Thus a modeswitchalwaysjumps
as closeas possibleto the end of a round of the target
mode. Let �0( ¿�þ<¶'( be the configurationwith mode time��- that otherwiseagrees with �0� ¿�)'� .

7) [Update task input ports] Consider a port º � � � �¥Ç�� ��É .
If º � èÜÉ��,Ð ¹�Ò for some task invocation

� £��*£��^¹s� �
� � ��Ç æ��ÛÉÚÐ í.-¦Ò that is enabled at configuration ��( ¿�þ<¶'( , then
define � r�,�À�&^´ � º�� ÷ßê:Ð ¹�Ò � �0( ¿&þ<¶'(
Ð Ê � ÍÑÐ ¹�Ò�Ò�� � º÷� ; otherwise,
define � r�,�À�&^´ � º�� ÷ � � º÷� . This gives the new values
of all task input ports. Let �yr�,�À�&^´ be the configuration
that agreeswith � r�,�À�&^´ on the values of � � �ÈÇ�� ��É , and
otherwiseagrees with �0( ¿�þ<¶'( .

8) [Update active tasks] Let ����,_¶'��( ��) be the set of tasks
� such that a task invocation of the form

� £��[�Û�*£¤�¨�
� � ��Ç æ��ÛÉÚÐ í.-¦Ò is enabled at configuration ��( ¿�þ<¶'( . The new
set of active tasksis ��- ¶�þ�´¦r���� ÷ � �K¶�þ�´¦r����i4c�Kþ<¿'�KÀ�( ��´���)È�ÜÝ����,_¶'��( ��) . Let ��¶�þ�´¦r���� be the configuration with the set��- ¶�þ�´¦r���� of active tasksthatotherwiseagreeswith �yr�,�À�&^´ .

9) [Advancetime] Let �_·�&^þ<þ betheleastinteger multipleof
î Ð í - Ò���³ ��¶�� Ð í - Ò suchthat � ·�&^þ<þ�� � - ; this is the time of
thenext event(taskinvocation, actuator update,or mode
switch) in mode í.- . The next time instantat which the
Giotto programis invoked is �_·�&^þ<þQ?���- time units in
the future; an implementation may usea timer interrupt
for this. Let ¼
·�&^þ<þ ÷ ¼����_·�&^þ<þ�?A��- . Let ��·�&^þ<þ be the
configurationwith modetime �_·�&^þ<þ andtimestamp¼
·�&^þ<þ
that otherwiseagrees with ��¶�þ�´¦r���� .

An execution of a Giotto program is an infinite se-
quence � )©�����Ú��� �©���_��� of programconfigurations �q� suchthat
(i) � ) ÷ � É���Ö � �Ë�Ë+�� � �*äÑ��+�� with � � º÷��÷ � � � �,Ð º¥Ò for all ports
ºÏ� �ÈÇ�� ��É , and (ii) �N� ö � is a successorconfiguration of �N�
for all ï�� + . Note that there can be a mode switch at the

start time of the program, but therecan never be two mode
switchesin a row without any time passing.

C. Example

We usethe simpleGiotto program from Figure11 to illus-
trate Giotto’s semantics.This programcontains two modes,
í � and í � . Mode í � has a period of 6 ms, and invokes
two tasks,�_� and ��� , with frequenciesof 1 and2, respectively.
Mode í�� hasa periodof 12 ms, andinvokes �_� andthe task
��ò , with frequencies of 2 and 3, respectively. The tasks ���
and ��ò both read the sensorport óx� and write to the same
outputport ð�� . This is possiblebecause ��� and ��ò areinvoked
in different modes. The task ��� reads ð�� and writes to the
outputport ðd� , which is readby theactuator driver ¹_õ to write
the actuator port ô . In both modes the actuator updateoccurs
every 6 ms. Mode í � evaluatesa possiblemode switch to
modeí�� every 3 ms; í�� contemplatesswitchingback to í �
every 4 ms.Thesemodeswitchesarecontrolled by the driver
¹_ö , which readsthe sensorport ó�� . A modechange occurs if
óH� contains the value 1. Both mode switches,when enabled,
write the ports ðd� and ð�� . We assumethat with the exception
of �dö , the guards� � of all other drivers are always true. The
initial values of the sensorand input ports are omitted from
the figure, as they arewritten before beingread.

To illustrate the semantics of this program, consider an
execution �� ÷�� )©�����Ú��� �©���_��� that begins with the following
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Fig. 12. The time line for an executionof the programfrom Figure11.

programconfigurations:

� ) ÷ � í �Ú��+:�*£��*äÑ��+������÷ � í �©��ü:�*£�� 8 ���Ú�&��òr;Ñ��ü��� � ÷ � í �©��®:�*£�� 8 ���Ú�&��òr;Ñ��®��� ò ÷ � í �©��¯:�*£�� 8 ���Ú�&��òr;Ñ��¯��� õ ÷ � í �©��°:�*£�� 8 ���Ú�&��òr;Ñ��°��� ö ÷ � í �Ú��±:�*£�� 8 ����;Ñ��²��� 0 ÷ � í �Ú��¯:�*£�� 8 ���Ú�&���r;Ñ�_ù�ü��� 2 ÷ � í �Ú��²:�*£�� 8 ���Ú�&���r;Ñ�_ù'³��
Theexecution �� startsin modeí � , but switchesimmediately
to mode í � . At configuration � õ , theexecutionswitchesback
to mode í � (note that a modeswitch in a configuration �q�
is reflectedonly in the successorconfiguration �N� ö � ). The
execution remainsin mode í � until configuration � 2 .

Figure12 shows an initial segment of the time line for �� .
At 0 ms,theport ð!� is usedto update theactuatorport ô . The
sensorport óH� is read by the mode driver ¹�ö . The guard of
¹�ö evaluatesto true, indicating a modechange,and thus the
port ð�� is updated (port ðd� is also updated but not used,and
thereforeomitted in the figure). Port ð�� provides the input
to task �_� . The sensor óx� provides the input to task ��ò . At
4 ms, task ��ò completes; the sensorport ó�� is updated, but
no modechange occurs; and the sensoró � provides input to
a new invocationof task ��ò . At 6 ms, task �_� completes; the
actuator port ô is updated using the output of ��� ; and a new
invocation of task �_� starts.At 8 ms,task ��ò completes;sensor
óH� is updated; and the guardof the modedriver ¹�ö evaluates
to true, indicatinga switch to modeí � andupdating ports ðd�
and ð�� (neitherport is used,and thereforeboth areomitted in
the figure).At 9 ms,sensoróH� is updated again, but no mode
changeoccurs;sensoróx� is updated;andan invocation of task
��� begins. At 12 ms, both tasks �_� and ��� complete; ô , ó�� ,
and ó�� areall updated;andnew invocationsof ��� and ��� start.
Note that at the time of the modeswitch at 8 ms, the mode
time of the target mode í � is 2 ms,becausetask �_� hasbeen
logically running for 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 task �&� is added. At mode time 6 ms
(real time 12 ms), the partial round of mode í � is finished,

anda new round begins.

IV. PLATFORM CONSTRAINTS FOR GIOTTO

In order to compile a Giotto program,the compiler needs
two additional piecesof information: (i) a platform specifica-
tion, which definesthenumber andtopology of hosts(CPUs),
andworst-caseexecution timesfor all Giotto activities (tasks,
drivers,andsensorreadings);and(ii) a jitter tolerance, which
specifieshow much the actual timing can deviate from the
Giotto semantics.Thejitter tolerance is neededbecauseit may
be impossibleto implement the Giotto semanticsexactly. For
example, if according to Giotto semantics,several actuators
are written at the samepoint ¼ in time, and there is only
one host, then the actual writes cannot all occur exactly
at time ¼ . The Giotto compiler takes a Giotto program, a
platform specification, and a jitter tolerance, and if possible,
generatesplatform code that lies within the jitter tolerance of
Giotto semantics.Specifically, for every programexecution,
thecompilermustattemptto produce a schedule that indicates
when and where the Giotto activities are performed.Such a
schedule maynotexist, becausethescheduling problemcanbe
overconstrained. An overconstrainedscheduling problem may
become solvable without changing the Giotto program,by a
combination of the following: increasethe number of hosts,
decrease the worst-caseexecution times,or increasethe jitter
tolerance.

A. Scheduling Giotto

We define an abstract Giotto scheduling problem. The
problemis abstract,aswe includeonly scheduling constraints
that need to be met by all Giotto implementations. Any
particular, concrete implementation may have to take into
account additional scheduling constraints.

Jobs. Let ´ be a Giotto program. A job of ´ is a pair µHÐ�¶ÑÒ
consistingof a job action µ anda job instance¶ ��· , chosen
from someindex set · . We distinguishbetween computation
jobsandcommunicationjobs. Theactionof a computationjob
is eithera task � ����ÖÙÉ�æÑÉ , or ¸�¹'ºn» � ¹s� or ¼.½r¾�¿
» � ¹È� for a driver
¹?� è �<�D� � � É , or ¹1»Z½rÀ � óÑ� for a sensorport óo�/Ê����©É�� �ÈÇ�� ��É . The



10

action � executesthe task � ; the actions ¸�¹'ºn» � ¹s� and ¼.½r¾�¿Z» � ¹s�
representtheexecutionof driver ¹ in caseswheretheoutcome
of the driver guard is true or false, respectively; the action¹Á»Z½rÀ � óÑ� loadsa new sensorvalue into the port ó . We writeÂ�Ç�Ã É ÷ ��ÖÙÉ�æÑÉ Ý8 ¸�¹'ºn» � ¹s���Ä¼.½r¾�¿
» � ¹È�q9�¹�� è �<�D� � � É';¨Ý8 ¹1»Z½rÀ � óÙ�q9�óo�/Ê��^�¥É�� �ÈÇ�� ��É+;
for the set of computation actions. For every computation
action µ � Â�Ç�Ã É , the set Å � µ:� Ó �ÈÇ�� ��É of read ports and the
set Æ � µH� Ó �ÈÇ�� ��É of written ports aredefined as follows: If µ ÷ � for �ã�%�¢ÖÙÉ�æÑÉ , then Å � µ:�Å÷ � �HÐ ��Ò]Ý ���<�D� Ð ��Ò andÆ � µ:��÷ �����,Ð ��ÒHÝ ���<�D� Ð ��Ò . If µ ÷�¸�¹'ºE» � ¹s� , then Å � µ:��÷�Ê � Í�Ð ¹�Ò and Æ � µH��÷ýè×É��,Ð ¹�Ò . If µ ÷�¼J½r¾�¿Z» � ¹s� , then Å � µ:��÷�Ê � Í�Ð ¹�Ò and Æ � µH��÷Cä . If µ ÷�¹1»Z½rÀ � óÑ� , then Å � µH��÷Cä and Æ � µH� ÷ 8 ó�; .
The actionof a communicationjob hasthe form ¿
».Ç<À � º�� , for
a port º�� �ÈÇ�� ��É , and its purposeis to broadcast the valueof
º over a network to all hostsof theplatform.Othermodels of
communicationarepossible,but not addressedhere.

Let
� ÷/� )©�����Ú��� ���_����� be an execution of ´ . For each

position ïÈ� + and ùÊÉÌËÍÉÎ² , we write �N�ÁÏ Ð for the
program configuration obtained from �N� by performing the
Giottomicrosteps1 throughË , asdefinedin Section III-B. The
execution

�
gives rise to a set ÑÓÒ of computation jobs. For

thesejobs we usethe index set ·xÒ ÷ � ø Ý 8 +x;©�6Ô 8 ùÙ�������*��²x; ,
wheretheindex

� ï��ÁË¥� refersto theprogramconfiguration �q�ÁÏ Ð .
We write Õ for the lexicographic order on ·xÒ ; that is,� ï����1Ë!�*��Õ � ï[�©�ÁËñ�È� if either ï��#Õ ï[� , or both ï^� ÷ ï[� andË!�gÕÖËñ� . The set Ñ6Ò is the smallestsetof jobs containing the
following: [Taskjobs] If

� £��[�Û�*£¤� is a taskinvocationthatis completed
at configuration �N� , then ��Ð ï���ù�Ò]�×ÑÓÒ . [Actuator jobs] If

� £��^¹s� is an actuator update that is
enabled at configuration �N�ÁÏ � , then ¸�¹'ºE» � ¹s�ËÐ ï���ü�Ò?�2ÑÓÒ .
If
� £~��¹È� is evaluated but not enabled at �q�1Ï � , then¼.½r¾�¿Z» � ¹È�ËÐ ï���ü�ÒÜ�×ÑÓÒ . [Sensorjobs] If

� £��*£��^¹s� is a mode switch that is evaluated
at configuration �N�ÁÏ ò , or

� £��*£��^¹s� is a task invocation that
is evaluatedat configuration �N�ÁÏ 0 , and ó��%Ê � Í�Ð ¹�Ò for a
sensorport ó��/Ê����©É�� �ÈÇ�� ��É , then ¹1»Z½rÀ � óÙ�ËÐ ï���±�ÒÜ�×ÑÓÒ . [Mode-driver jobs] If

� £��*£��^¹s� is a mode switch that is
enabled at configuration �q�ÁÏ ò , then ¸�¹'ºE» � ¹s�ËÐ ï���®�ÒÜ�×ÑÓÒ . If� £~��£~�^¹s� is evaluatedbut not enabledat configuration �q�ÁÏ ò ,
then ¼J½r¾�¿Z» � ¹s�ËÐ ïÚ��®�Ò]�×Ñ Ò . [Task-driver jobs] If

� £��*£~��¹s� is a task invocation that is
enabled at configuration �N�ÁÏ 0 , then ¸�¹'ºE» � ¹s�ËÐ ï��.Ø�Ò?�2ÑÓÒ .
If
� £~��£~�^¹s� is evaluated but not enabled at �q�1Ï 0 , then¼.½r¾�¿Z» � ¹È�ËÐ ï��.Ø�ÒÜ�×ÑÓÒ .

The jobs in ÑÓÒ are called the computation jobs induced by
the execution

�
of the program ´ .

The interactionbetweenthe jobs in ÑÓÒ constrainstheorder
in which thesejobs can be performed:if job Ù � supplies a
value to job Ù�� via a port, then Ù � mustfinish before Ù�� can
begin. For two jobs Ù ��÷eµ!�*Ð�¶��1Ò and Ù�� ÷eµñ�ÈÐ�¶_�*Ò in ÑÓÒ and
a port º�� �¥Ç�� ��É , we say that Ù � writes º to Ù�� (in symbols,Ù �iÚ0ÛÒ Ù�� ) if (i) ºÔ�bÆ � µ!�*��â�Å � µñ�È� and ¶��gÕ�¶�� , and(ii) thereis

no job Ù�ò ÷Üµñò¥Ð�¶_ò*Ò in Ñ6Ò suchthat ºÔ�bÆ � µñò¥� and ¶��gÕ�¶�ò~Õ¶_� . We write Ù �iÚ0Ò*Ù�� if thereis someport º suchthat Ù �iÚ0ÛÒÙ�� . Note from the definition of Ñ6Ò that a task job ��Ð ï��_ù�Ò is
added to ÑÓÒ with ï setto theconfigurationnumber of thejob’s
completion in order to make the relation Ú�Ò capture the fact
that the output portsof � arewritten whenthe taskcompletes.
Figure13 shows the precedenceconstraintsbetween the jobs
in Ñ6Ò .

Platform specifications. A Giotto programcan in principle
be run on a single sufficiently fast CPU, independent of the
number of modes and tasks. However, taking into account
performance constraints,thetiming requirements of a program
may or may not be achievable on a singleCPU.We therefore
considerdistributed platforms.For simplicity, we restrict our
attentionto platforms that connect a set of hosts through a
broadcast channel, called the network; for example, all hosts
may be on a common bus. A platform specification for the
program ´ is a triple Ý�÷ �'Þ Ç É���É,��ó ÍÛ���Ë�,ó ÍÛÍ��,� : Þ Ç É���É is a finite setof hosts, which representtheprocess-

ing elementsonwhichcomputationjobsmayexecute. We
write

Þ Ç É���É1ß ÷ Þ Ç É���É©Ý 8�à ; for thesetof hoststogether
with the network, which is denoted

à
. ó ÍÛ��� : Â�Ç�Ã ÉQÔ Þ Ç É���É Þ õyö is a function that assignsto

each pair
� µÑ�_á¢� , where µ is a computation action and á

is a host, a worst-caseexecution time, which represents
an upper bound on the time required for processing a
job of the form µHÐ�£ Ò on host á . For driver jobs of the
form ¸�¹'ºE» � ¹s�ËÐ�£~��£ Ò , the worst-caseexecution time takes
into account both the guardandthe function of driver ¹ ;
for driver jobs of the form ¼.½r¾�¿Z» � ¹È�ËÐ�£��*£ Ò , only the driver
guard. Methods for obtaining worst-caseexecution times
canbe found, for example, in [6], [7]. ó ÍÛÍ�� : �ÈÇ�� ��É Þ õ ö is a function that assignsto each port
º a worst-casecommunicationtime, which represents an
upper bound on the time requiredfor broadcastingthe
value of º over the network.

Jitter tolerance. A jitter tolerance =ì�íõyö is a positive
rationalnumber. Intuitively, = represents themaximal tolerable
differencebetween the actual time of an actuator write (or
sensorread), and the time at which the write (or read) is
supposedto occur according to the Giotto semantics.In
particular, if Giotto specifiesan actuator write at 12 ms, then
an implementation that conforms with the jitter tolerance=
must write the actuator in the interval Ðmù�ü�?e=s��ù�ü�Ò ; and if
Giotto specifies a sensorread at 12 ms, then a conforming
implementation mustreadthesensorin theinterval Ð?ù�ü:�_ù�ü6�c=ÙÒ
(cf. Figure13).

Schedules. A schedule specifies a possible timing for the
jobs that are induced by a program execution. Formally, a
schedule of the program ´ on the set

Þ Ç É���É is a functionâ
: ã>Ô Þ Ç É���É1ß Þ Ñ that maps every time ¼å�äã and

host á%� Þ Ç É��¸É�ß (including the network) to a job in some
set Ñ . An element in Ñ may representa computation or
communicationjob of ´ , or a non-Giottoactivity. We require
that jobsdo not migratebetween hosts:if

â � ¼H��á�� ÷ â � ¼:-
��á¥-�� ,
then á ÷åá¥- . We also require that schedules are finitely
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Fig. 13. The precedenceandtiming constraintsfor computationjobs.

varying: for all á¡� Þ Ç É���É1ß , there is no bounded infinite
sequence ¼
�ýÕ ¼_�þÕ ¼_òþÕ £Û£Û£ of realssuch that

â � ¼����_á¢�ã§÷â � ¼_���_á¢� §÷ â � ¼_ò��_á¢� §÷C£Û£Û£ .
Given a schedule

â
andjob Ù �ÜÑ , we saythat Ù occurs inâ

if thereexist ¼���ã and á � Þ Ç É���É1ß suchthat
â � ¼���á¢��÷�Ù ;

in this case,we define ÿ��r¿
¸�� � Ùà� ÷�á and the following: The start time ¿Z¸�½r¹'¸�� � ÙÎ� of the job Ù in the schedule
â

is
��� � 8 ¼���ã�9 â � ¼H��£¦��÷�Ùq; . The starttime may be ?	� . The finish time 
�Ç � � Ùà� of the job Ù in the schedule

â
is� %�� 8 ¼ ��ãe9 â � ¼��*£¤� ÷�Ùq; . The finish time may be �
� . Theexecution time »��n»���� � Ùà� of thejob Ù in thescheduleâ

is ������������� ��� � Ï � �! #"�$ ù . The execution time may be
infinite.

Let
�

be an execution of the program ´ , and let Ý be
a platform specification for ´ . The schedule

â
realizesthe

program execution
�

on a platform specified by Ý if the
following conditions hold: [Computationjobs] Every job Ù��mÑ6Ò occurs in

â
andÿ��r¿
¸�� � Ùà�?§÷ à . Second, if Ù ÷eµ:Ð�£ Ò and ÿ%�r¿Z¸�� � ÙÎ��÷ á ,

then »��n»���� � Ùà�R÷¨ó ÍÛ��� � µ���á¢� . Third, for all jobs Ù �Ú��Ùd���ÑÓÒ , if Ù �mÚ0Ò Ù�� and ÿ��r¿Z¸�� � Ù �*�"÷ ÿ��r¿Z¸�� � Ù��È� , then

�Ç � � Ù �*� É ¿
¸�½r¹'¸�� � Ù��È� . [Communication jobs] For all jobs Ù �Ú��Ù��?�×ÑÓÒ , if Ù �iÚ ÛÒÙ � and ÿ%�r¿Z¸ � � Ù � �y§÷�ÿ%�r¿Z¸ � � Ù � � , thenthereexists a com-
municationjob Ù ÷Í¿
».Ç<À � º��ËÐ�Ù ��Ò such that (i) Ù occurs
in
â

and ÿ��r¿
¸�� � Ùà�Ù÷ à , (ii) »��n»���� � ÙÎ�Ù÷ýó Í*Í^� � º�� , and
(iii ) 
�Ç � � Ù �*�qÉ�¿
¸�½�¹'¸�� � Ùà� and
�Ç � � ÙÎ�qÉ�¿Z¸�½r¹'¸�� � Ù��È� . In
this case,we saythat Ù is a communication predecessor
of Ù�� .

Note thatbecause
â

is a schedule, ratherthananactual run of
the Giotto program,it allocatesthe worst-caseexecution time
for each computation job, and the worst-casecommunication
time for eachcommunication job. The schedule

â
conforms

to the jitter tolerance = if the following conditions hold: [Actuatortiming] For every actuatorjob Ù ÷�¸�¹'ºE» � ¹s�ËÐ ïÚ��ü�Ò
or Ù ÷�¼.½r¾�¿Z» � ¹È�ËÐ ï���ü�Ò in ÑÓÒ , where ¹ is anactuatordriver,
we have ¼ � ?L=@É�¿Z¸�½r¹'¸ � � Ùà� and
�Ç � � ÙÎ�qÉ"¼ � . Here ¼ � is
the time stampof the ï -th configurationof the program
execution

�
. [Sensortiming] For every sensorjob Ù ÷/¹1»
½rÀ � óÑ�ËÐ ïÚ��±�Ò

in ÑÓÒ , where ó is a sensorport, we have ¼J�qÉ�¿Z¸�½r¹'¸�� � ÙÎ�
and 
�Ç � � ÙÎ�qÉ"¼�� ��= .

Given a Giotto program ´ , a platform specification Ý ,
and a jitter tolerance= , a scheduling function & mapsevery
execution

�
of ´ to a schedule &6Ò that realizes

�
on Ý in

conformancewith = . The scheduling function & is feasibleif
for any two executions

�
and

� - thatagree on thevaluesof all
sensorportsup to time ¼ , theschedules &6Ò and &6Ò(' areiden-
tical up to time ¼ ; moreprecisely, if

� ÷�� )©�����Ú��� �©�����_� and� -û÷ä��-) ����- � ����-� ���_��� and �N�ËÐ Ê��^�¥É�� �ÈÇ�� ��É�Ò ÷ä��-� Ð Ê����©É�� �ÈÇ�� ��É�Ò
for all ïÖÉ ¶ , then &6Ò � ¼���á¢� ÷)&6Ò(' � ¼���á¢� for all ¼ É ¼�*
and all á � Þ Ç É���É , where ¼�* is the time stampof configura-
tion �+* . Feasibility rulesout clairvoyantscheduling functions,
which can predict future sensorvalues. The abstract Giotto
scheduling problem asks,given ´ , Ý , and = , if there exists
a feasible scheduling function. If not, then the scheduling
problem

� ´ ��Ýã�1=:� is overconstrained.
The scheduling constraints presentedin this section are

intended to capture a minimal setof constraints:precedences,
sensorandactuator timing, andexecution andcommunication
times.Theseconstraintsarenecessaryfor any implementation
of Giotto, but they may not be sufficient. For example, a par-
ticular implementation mayrestrict theamount of information
on which a scheduler can base its decisions (according to
our definitions, a scheduling decisionmay depend on all past
sensorvalues),or it may bound the buffer size for storing
previous values of a port (according to our definitions, a
schedule may sendany number of values of a port over the
network beforeany of the values is used),or it may require
thetransmissionof mode-change messagesbetween hosts,etc.
By considering the constraintsof concrete implementations,
the abstractGiotto scheduling problemcan be refined into a
number of differentconcretescheduling problems.

B. Giotto annotations

An ideal compiler mustsolve a Giotto scheduling problem
by producing a feasiblescheduling function or determining
that the given problem instance is overconstrained. How-
ever, for distributed platforms,the abstractGiotto scheduling
problem is NP-hard(it is a generalization of multiprocessor
scheduling [8]). Algorithms andheuristicsfor solving similar
distributedscheduling problems canbe found, for example, in
[9], [10], [11], [12]. In practice, a compiler will have a third
outcome, namely, that it succeeds neither in generatingcode
nor in proving non-schedulability. In orderto aid thecompiler
in finding a feasiblescheduling function in difficult situations,
we introducethe conceptof Giotto annotations.

ThemostbasicGiotto annotation is themapping annotation.
A particular application may require that tasks be located
on specific hosts,e.g., close to the physical processesthat
the taskscontrol, or on processorsparticularly suitedfor the
operations of the tasks.A mappingannotation can be used
to express such constraints,and also to reduce the size of
the spacein which the compiler must look for a feasible
scheduling function. Let ´ be a Giotto program,and let Ý
be a platform specification for ´ . A mapping annotation for´ on Ý is a partial function ê Ç É�� : Â�Ç�Ã É-, Þ Þ Ç É���É that assigns
a hostof Ý to somecomputationactionsof ´ . The mapping
annotation is complete if the function ê Ç É�� is total. Consider
a schedule

â
that realizesan execution

�
of ´ on Ý . The

schedule
â

conforms to the mapping annotation ê Ç É�� if for
all jobs Ùì�ÍÑ6Ò , if Ù ÷!µHÐ�£ Ò and ê Ç É�� � µH� is defined, thenÿ��r¿
¸�� � Ùà��÷�ê Ç É�� � µH� .
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A more detailedGiotto annotation is the scheduling anno-
tation. The exact form of scheduling annotationsdependson
the platform: a scheduling annotation specifiestaskpriorities,
relative deadlines, or time slots, depending on whether the
underlying real-timeoperating systemusesa priority-driven,
deadline-driven, or time-triggeredscheduler. We choose an
uncomplicatedplatform—with preemptive priority scheduling
of tasks,and round-robintime-slice scheduling of messages
on the network— in order to demonstrate that a precise
definition of scheduling annotations is possible;more elab-
orate annotations would require longer definitions, but not
a fundamental change in approach. One can define partial
scheduling annotations, which leave some decisionsto the
systemscheduler, but for simplicity, we define only a complete
form of scheduling annotation. To be precise,a scheduling
annotation for the program ´ on a platform specified by Ý
is a tuple

� ê Ç É��Ë��� �<��Ç��<� �{�©�,É�Ø Ç �Ë����� : [Mapping] The function ê Ç É�� : ÂÙÇ�Ã É?Þ Þ Ç É���É is a com-
pletemapping annotation for ´ on Ý . [Taskpriorities] Thefunction � �<��Ç��<� �{� : �¢ÖÙÉ�æÑÉ Þåø assigns
a priority to every task. [Communication times] For simplicity, we assumethat
all communication proceeds in rounds,with eachround
providing a time slot to every port. The valueof a port º
canbebroadcastonceperround, in theslot providedto º .
Let . ÷ 9 �ÈÇ�� ��É'9 be the number of ports. The function
É�Ø Ç � : �ÈÇ�� ��É Þ 8 +:�_ùÙ�������*��.m? ù�; is a bijectionthatassigns
a slot number to every port. Thepositive rational � ��õyö
is thedurationof eachtime slot.We assumethatonly one
broadcast is possibleper time slot; that is, ó ÍÛÍ�� � º÷��÷ �
for all ports ºÔ� �ÈÇ�� ��É .

Consider a schedule
â

that realizesan execution
�

of ´
on Ý . The schedule

â
conformsto the scheduling annotation� ê Ç É��Ë�,� �<��Ç��<� �{����É�Ø Ç �é����� if
â

conformsto themappingannotation
ê Ç É�� and the following conditions hold: [Task priorities] Consider a job Ù that occurs in the

schedule
â

. The job Ù is completed in
â

at time ¼ if

�Ç � � Ùà�bÉ ¼ . The job Ù is enabled in

â
at time ¼ if

for all jobs Ù - that occur in
â

, if Ù - Ú Ò Ù or Ù - is a
communication predecessorof Ù , then Ù¢- is completed
at ¼ . For all times ¼ �>ã , all hosts á � Þ Ç É���É , and
all task jobs Ù �ø÷v�_�*Ð ï�����ù,Ò and Ù�� ÷v���¥Ð ï[�©�_ù�Ò in ÑÓÒ , ifâ � ¼���á¢�ÿ÷2Ù � and ê Ç É�� � ���È�ÿ÷ á and Ù�� is enabled in

â
at time ¼ , then � �<��Ç��<� �{� � ���*�q�Ï� �<��Ç��<� �{� � �&�È� . [Communication times] For every communication jobÙ ÷ ¿
».Ç<À � º��ËÐ�£ Ò that occurs in

â
, there exists a round

number / ��ø¨Ý 8 +x; such that � £ � /�£�.���É�Ø Ç � � º��Ë�~É¿Z¸�½r¹'¸�� � ÙÎ� and 
�Ç � � Ùà� ÉA��£ � /�£0.e�þÉ�Ø Ç � � º�� � ù�� .
A Giotto programwith annotationsis a formal refinementof

theprogram:theGiotto semantics,asdefinedin SectionIII- B,
is not changedby the annotations,but the number of feasible
scheduling functions may be reduced. The annotated Giotto
scheduling problemasks,givenaGiottoprograḿ , aplatform
specification Ý , a jitter tolerance= , anda(mappingor schedul-
ing) annotation 1 , if there is a feasiblescheduling function
& such that for every execution

�
of ´ , the schedule &6Ò

conformsto theannotation 1 . If theabstractGiotto scheduling

problem
� ´ ��Ý �Á=:� hasa solution, but the annotatedproblem� ´ ��Ýã�1=s��1 � does not, thentheannotation 1 is invalid. Invalid

annotationsconstrainthe programin a way that rules out all
feasiblescheduling functions.

Mapping and scheduling annotations, as defined above,
provide only one example of how a Giotto program can
be mapped onto a particular kind of platform. According
to the definitions, mapping annotations occur strictly prior
to scheduling annotations. In general, we believe that it is
advantageousto arrangeGiotto annotationsin multiple levels.
Sucha structuredview supports the incremental refinementof
a Giotto programinto an executable image.The multilayered
approach suggestsa modular architecture for the Giotto com-
piler with separatemodules for, say, mapping andscheduling.
Thecompilermayattemptto solve thescheduling problemon
any annotation level, and if it fails to do so, it may ask for
moredetailedannotationsat a lower level. At every level, the
annotationmustbecheckedfor validity, thatis, for consistency
with the annotationsat the higher levels and with the Giotto
semantics.Such a compiler can be evaluated along several
dimensions:(i) how many annotationsit requiresto generate
code, and (ii) what the cost is of the generatedcode. For
instance,a compiler can use a cost function that minimizes
jitter of the actuator updates.

C. Example

To illustrate the flexibility afforded to the Giotto compiler,
we presentseveral possibleschedules for an execution of the
Giotto program from Figure 11. The platform specification�Ý ÷ �ZÞ Ç É���É,��ó ÍÛ�^�é�,ó ÍÛÍ��,� consists of a single host

�'Þ Ç É���É	÷8 á�;©� and the following worst-caseexecution times:

ó Í*�^� � ¹1»
½rÀ � ó��*���_á¢��÷�+<� ü�³
ó Í*�^� � ¹1»
½rÀ � ó��È���_á¢��÷�+<� ü�³
ó Í*�^� � �_���_á¢� ÷ +X� ü�³
ó Í*�^� � �����_á¢� ÷ +X� ³
ó Í*�^� � ��ò��_á¢� ÷ ùJ� +
ó Í*�^� � ¸�¹'ºE» � ¹��*�1��á¢��÷�+<� ü�³
ó Í*�^� � ¸�¹'ºE» � ¹_�È�1��á¢��÷�+<� ³
ó Í*�^� � ¸�¹'ºE» � ¹_òÈ�1��á¢��÷vù
ó Í*�^� � ¸�¹'ºE» � ¹_õÈ�1��á¢��÷vù
ó Í*�^� � ¸�¹'ºE» � ¹_öÈ�1��á¢��÷�ó ÍÛ��� � ¼J½r¾�¿Z» � ¹_öÈ���_á¢��÷�+<� ³

Since
Þ Ç É���É is a singletonset,we neednot define ó Í*Í^� . The

jitter tolerance is �= ÷vù .
Consider the sampleexecution �� pictured in Figure 12.

In �� , sensorsarereadandactuatorsarewritten at preciselythe
time instantsspecifiedby theGiotto semantics. This precision
is clearly impossible to attain if sensorreadsand actuator
writes take a non-negligible amount of time. Further, in �� ,
the second invocation of task ��� executes between 6 and
12 ms.This requirement maybetoo strict,andif insistedupon
would prevent someGiotto programs from beingschedulable.
Instead,what is requiredis that the secondinvocation of �_�
executesafterall its input port values areavailable,andbefore
any job that needs its output port values.

Figure14 shows the constraintson timing andprecedences
for the computationjobs that areinduced by the execution �� ;
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Fig. 14. Theprecedenceandtiming constraintsfor theprogramexecutionof Figure12. Here e Æ is anabbreviation for f!g�h�ikjml Æonqp r�sItvu . Similarly, exw s;y�y�y�s e{z
are,respectively, abbreviations for f!g�h�ikjml w nqp r�sItvu , f|g�h�i�jmlÙÆ nqp }ks�tdu , f|g�hdikjml w nqp }�sItvu , f!g�h�ikjml w nqp ~�sItvu , f!g�h�ikj_lÙÆ nqp �ks�tdu , and f|g�h�i�jml w nqp ��sItvu .
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Fig. 15. A schedulefor the programexecutionof Figure12.
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Fig. 16. A secondschedulefor the programexecutionof Figure12.
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Fig. 17. A third schedulefor the programexecutionof Figure12.

theseare the constraintsthat appear in the definition of the
realizationof an execution, and in the definition of confor-
mance with the jitter tolerance. Boxes with a double border
representsensorand actuator jobs. These jobs are special,
because their execution is constrainedto happen at specific
times.The remainingboxes arejobs that executetasks,mode
drivers,andtaskdrivers.Thesejobs may executeat any time,
provided they meet all precedenceconstraints.For example,¹Á»Z½rÀ � ó��*��Ð +:��±�Ò precedes ¸�¹'ºE» � ¹_òÈ��Ð +:�.Ø�Ò , becausethe sensorjob¹Á»Z½rÀ � ó � ��Ð +:��±�Ò providesthe sensorvalueto the task-driver job¸�¹'ºE» � ¹_òÈ�ËÐ +:�.Ø�Ò . Not also that in Figure 14 jobs of the form¼.½r¾�¿
» � ¹ � �ËÐ�£~��£ Ò do not precede other jobs, as a driver doesnot
write any ports if its guardevaluatesto false.

Figure 15 shows a schedule that realizes the execution�� on a platform specifiedby �Ý and conforms to the jitter
tolerance �= ÷ ù . To understandwhat Figure 15 represents,
consider the interval from ?�ù to ±<� ³ . First the actuatorjob¸�¹'ºE» � ¹_õÈ�ËÐ +:��ü�Ò executes;this job updatesthe actuator port ô .
Thenthesensorjobs ¹1»
½rÀ � ó��*��Ð +:��±�Ò and ¹1»
½rÀ � óH�È�ËÐ +��
±ÑÒ execute;
these jobs update the sensor ports óx� and óH� . Next, the
mode-driver job ¸�¹'ºn» � ¹�öÈ�ËÐ +��
®ÑÒ executes, indicating a mode
change, followed by the task-driver jobs ¸�¹'ºE» � ¹
�*�ËÐ +:�JØ,Ò and¸�¹'ºE» � ¹_òÈ�ËÐ +:�.Ø�Ò . Finally, the task jobs �_�ÛÐ ±:�_ù�Ò and ��òÈÐ ü���ù,Ò , cor-
responding to the first invocations of tasks��� and ��ò , execute.
Note that the driver job for the secondinvocation of task
�_� , namely ¸�¹'ºE» � ¹��*��Ð ±:�.Ø�Ò , as well as the task itself, ���*Ð ¯:�_ù�Ò ,
execute in advance of 6 ms. This is permissible,because¸�¹'ºE» � ¹��*�ËÐ ±:�.Ø�Ò needs only the value of port ð�� produced by
the first invocation ��òÈÐ ü:�_ù�Ò of task �&ò , which is complete at
3.5 ms. The schedule of Figure 15 conformsto a scheduling

annotation with � �<��Ç��<� �
� � ���*� � � �<��Ç��<� �{� � ��òÈ� ; for example, at
2.25 ms ���*Ð ±:�_ù�Ò and �&òÈÐ ü:�_ù�Ò are both enabled, but ���*Ð ±:�_ù�Ò
executes.

Figure 16 shows a second schedule that realizesthe exe-
cution �� on a platform specified by �Ý and conforms to the
jitter tolerance �= ÷�ù . The schedule of Figure 16 conforms
to a scheduling annotation with � �¾� Ç��<� �{� � �&òÈ� � � �<��Ç��<� �{� � �_�*� .
Figure 17 shows a third schedule for the sameexecution,
conforming to a scheduling annotation with � �<��Ç��<� �
� � ���*� �
� �<��Ç��<� �{� � �&òÈ� . In this schedule, task ��ò is preempted at 2.5 ms
by the driver for task �_� and thenby task �_� itself.

V. DISCUSSION

While many of theindividual elementsof Giotto arederived
from the literature,we believe that the studyof strictly time-
triggeredtask invocation together with strictly time-triggered
modeswitchingasa possibleorganizing principlefor abstract,
platform-independent real-timeprogrammingis an important
step towards separatingreactivity from schedulability. The
termreactivity expresseswhatwe meanby control-systemsas-
pects:thesystem’s functionality, in particular, thecontrollaws,
andthesystem’s timing requirements.Thetermschedulability
expresseswhat we meanby platform-dependentaspects,such
asplatformperformance,platformutilization (scheduling), and
fault tolerance. Giotto decomposesthe development process
of embedded control software into high-level real-time pro-
grammingof reactivity and low-level real-timescheduling of
computation and communication. Programmingin Giotto is
real-timeprogramming in termsof therequirements of control
designs,i.e., their reactivity, not their schedulability.
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The strict separationof reactivity from schedulability is
achievedin Giotto throughtime- andvalue-determinism:given
a real-timetraceof sensorvaluations, the corresponding real-
time traceof actuator valuationsproducedby aGiottoprogram
is uniquely determined [5]. The separationof reactivity from
schedulability has several important ramifications. First, the
reactive (i.e., functional and timing) propertiesof a Giotto
program may be subject to formal verification against a
mathematical model of the control design [13]. Second, a
Giottoprogramspecifiesreactivity in amodular fashion,which
facilitates the exchange and addition of functionality. For
example, functionality code (i.e., tasksand driver functions)
can be packagedas software components and reused.Third,
as increasinglypowerful Giotto compilersbecome available,
the embedded-software development effort is significantly
reduced. The tedious programming of scheduling code is
replaced by compilation, which eliminatesa common source
of errors. Fourth, Giotto is compatible with any scheduling
strategy, which thereforebecomesa parameter of the Giotto
compiler. There are essentially two reasons why even the
best Giotto compiler may fail to generate executable code:
(i) not enoughplatformutilization, or (ii) not enough platform
performance. Then, independently of the program’s reactivity,
utilization can be improved by a better scheduling module,
and performance can be improved by fasteror more parallel
hardware or leanerfunctionality code.

A. Current Giotto implementations

We briefly review the existing Giotto implementations.The
first implementationof GiottowasasimplifiedGiotto run-time
systemon a distributedplatform of Lego Mindstormsrobots.
Therobotsusedinfraredtransceivers for communication.Then
we implementeda full Giotto run-timesystemon a distributed
platform of Intel x86 robots running the real-time operating
systemVxWorks. The robotsusedwirelessEthernetfor com-
munication. We also implemented a Giotto programrunning
on five robots, three Lego Mindstorms and two x86-based
robots,to demonstrateGiotto’s applicability for heterogeneous
platforms.The communicationbetweenthe Mindstormsand
the x86 robots was done by an infrared-Ethernet bridge
implemented on a PC. For an informal discussionof these
implementations,andembeddedcontrol-systemsdevelopment
with Giotto in general, canbe found in [14].

In collaboration with Marco Sanvido and Walter Schaufel-
berger at ETH Zürich, we built a high-performance imple-
mentationof a Giotto systemon a single StrongARM SA-
110 processorthat controls an autonomously flying model
helicopter [15]. We startedfrom anexisting implementationof
the helicopter control system[16], which included a custom-
designed real-timeoperating systemcalled HelyOS and con-
trol software written in a subsetof Oberon [17] suited for
embeddedreal-timesystems.We reimplemented the existing
software as a combination of a Giotto programand Oberon
codethat implements the task and driver functions.Much of
the existing functionality code could be reused.The Giotto
programfor thehelicopterconsistsof six Giottomodessuchas
“take-off ” and“hover.” Thehover mode,for example,contains
a 40 Hz controller taskanda 200 Hz data-fusiontask.

For this project, we developed a Giotto compiler that targets
a virtual real-timemachine,calledtheEmbeddedMachine [5].
Embedded Machine code, also called E code, supervisesthe
timing of functionality code, which can be written in any
conventional programming language such as C. An Embed-
ded Machine-basedGiotto run-time system consistsof an
implementation of the Embedded Machine together with the
scheduler of a real-time operatingsystem.While E code is
interpretedby the Embedded Machine, functionality code is
native code that is scheduled for execution by the system
scheduler. For E codethat is generatedfrom a Giotto source
program, the scheduling problem is more constrained than
the abstractGiotto scheduling problemdefinedin SectionIV-
A, but still independent of any particular systemscheduler;
it is only required that the scheduler be compatible with
the schedulability test of the Giotto compiler [18]. E code
produced by the compiler can be executed on any platform
for which anEmbeddedMachine implementation is available.
For the helicopter project, we implemented the Embedded
Machineon top of HelyOS.

We also implemented a Giotto-basedelectronic throttle
controller on a single Motorola MPC-555 processorrunning
the real-timeoperatingsystemOSEKWorks. For this purpose,
we portedthe Embedded Machineto OSEKWorks, which is
widely usedin the automotive industry. In addition to these
real-time versionsof the Embedded Machine, non-real-time
implementations of the EmbeddedMachineare available for
Linux andWindows.

B. Related work

Giotto is inspired by the time-triggered architecture
(TTA) [4], which first realizedthetime-triggeredparadigmfor
meetinghardreal-timeconstraintsin safety-criticaldistributed
settings.However, while the TTA encompassesa hardware
architectureand communicationprotocols, Giotto provides a
hardware-independent and protocol-independent abstractpro-
grammer’s model for time-triggeredapplications. Giotto can
be implemented on any platform that provides sufficiently
accurateclock primitivesor supportsa clock synchronization
scheme.The TTA is thus a natural platform for Giotto pro-
grams.

Giotto is similar to architecture description languages
(ADLs) [19]. Like Giotto, ADLs shift the programmer’s
perspective from small-grainedfeaturessuchas lines of code
to large-grained featuressuch as tasks, modes, and inter-
component communication, and they allow the compilation
of scheduling code to connect taskswritten in conventional
programminglanguages.Thedesignmethodology for theMars
system,a predecessorof the TTA, distinguishesin a similar
way “programming in the large” from “programming in the
small” [20]. Theinter-taskcommunicationsemanticsof Giotto
is particularly similar to theMetaHlanguage[21], [22], which
is designedfor real-time, distributed avionics applications.
MetaH supportsperiodic real-timetasks,multimodal control,
and distributed implementations. Giotto can be viewed as
capturinga time-triggeredfragmentof MetaH in an abstract
andformal way. Unlike MetaH,Giotto does not constrainthe
implementation to a particularscheduling scheme.
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The goal of Giotto —to provide a platform-independent
programming abstractionfor real-time systems—is shared
alsoby the synchronousreactive programminglanguages[3],
such as Esterel [23], Lustre [24], and Signal [25]. While
the synchronousreactive languages aredesigned around zero-
delay value propagation, Giotto is based on the formally
weaker notion of unit-delay value propagation, because in
Giotto, scheduled computation (i.e., the execution of tasks)
takes time, and synchronous computation (i.e., the execu-
tion of drivers) consistsonly of independent, non-interacting
processes.This decision shifts the focus and the level of
abstractionin essentialways. In particular, for analysisand
compilation, the burden for the well-definedness of values
is shifted from logical fixed-point considerations to physical
scheduling constraints(in Giotto all values are,semantically,
alwayswell-defined). Thus,Giotto canbe seenas identifying
a classof synchronousreactive programsthat supporttypical
real-timecontrol applicationsandefficient codegeneration[5].
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