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Abstract. Giotto is a platform-independent language for specifying soft-
ware for high-performance control applications. In this paper we present
a new approach to the compilation of Giotto. Following this approach, the
Giotto compiler generates code for a virtual machine, called the E ma-
chine, which can be ported to different platforms. The Giotto compiler
also checks if the generated E code is time safe for a given platform, that
is, if the platform offers sufficient performance to ensure that the E code
is executed in a timely fashion that conforms with the Giotto semantics.
Time-safety checking requires a schedulability analysis. We show that
while for arbitrary E code, the analysis is exponential, for E code gen-
erated from typical Giotto programs, the analysis is polynomial. This
supports our claim that Giotto identifies a useful fragment of embedded

programs.
e ha e ad ocated a approach to embedded program
ming ,  the programmer speci es the timing and unctional aspects o the

program, and the compiler checks i the program can be e ecuted as intended
on a particular plat orm in a particular en ironment. esides pro iding the pro
grammer ith an application le el abstraction, and the ob ious bene ts o code
reuse, this approach o ers ma imal e ibilit in the implementation ailure to
compile ma be e uall due to plat orm per ormance C s too slo or too
e and plat orm utilization scheduling scheme inade uate and en ironment
beha ior e ents too re uent , and there ore ma be remedied b addressing
an one or more o these actors. erhaps the most important bene t o the
plat orm independent approach is that it permits a clean separation o timing
and unction. An embedded program ritten in this a , called an ,
consists o a timing part and a unctional part. The isaseto sot

are processes, and the is a control o skeleton that super ises the
in ocation o the sot are processes relati e to e ents. lat orm independence
means that the programmer can think o each sot are process as an atomic

Supported in part by the DA A SEC grant F -C- - , A C GS C
grant -DT- |, AF S U Igrant F - - - , SF grant CC - ,
and a icrosoft esearch Fellowship.



operation on a state that is, as an in nitel ast, terminating program ithout
internal s nchronization points. The programmer s ction o atomicit can be
implemented b nonpreemption, as in the s nchronous reacti e languages . e
pursue ma imal e ibilit in the implementation and permit the s stem sched
uler to preempt so t are processes as long as the compiler can ensure that the
scheduler maintains logical atomicit . An e ecution o the program that main
tains this ction is called . Thus a central task o the compiler is to
check the time sa et o all possible e ecutions o a gi en program on a gi en
plat orm in a gi en en ironment. n other ords, a compiler that checks time
sa et guarantees that the unctional part o an  program can be e ecuted as
speci ed b the timing part.

et us be more precise. The unctional part o an  program consists o
t o kinds o sot are processes. Sot are processes ith nonnegligible C Ts
orst case e ecution times need to be scheduled, and their e ecution can be
preempted. These processes are called . A t pical e ample o a task is a
control la computation. n the other hand, sot are processes ith negligible
C Ts i.e., processes that can al a s be completed be ore the ne t en iron
ment e ent can be e ecuted s nchronousl . These processes are called
A t pical e ample o a dri er is a sensor reading, or an actuator update. oth
tasks scheduled computation and dri ers s nchronous computation are rit
ten in a con entional language, such as C. The timing part o an  program
consists o a set o . ach action is triggered b an e ent, and ma
call a dri er, hich is e ecuted immediatel , or schedule a task, hich is handed
o er to the scheduler o the operating s stem. t is important to note that the
schedule action is independent o the scheduling scheme bet een e ents that
are separated in time, the S allocates scheduled tasks to C s, but ho this is
done, is not speci ed b the program. n this model, time sa et the logical
atomicit o tasks means that during an e ecution, the state o a scheduled
task is not accessed b a dri er or another task until the task completes. e

ha e introduced t o languages or speci ing actions. The isa
irtual machine that e ecutes , hose instructions can speci arbitrar
se uences o  actions. is a structured language or speci ing limited

combinations o actions that occur in t pical control applications, here a
controller ma s itch bet een modes, and ithin each mode, periodicall in
oke a gi en set o tasks and dri ers. rom a iotto source program e generate

code, similar to the a in hich assembl code is generated rom high le el
programming languages. This o ers portabilit , as iotto programs can no be
run on an implementation o the machine.

Time sa et isapropert o anindi idual program e ecution. is
the e istence o a scheduler that guarantees that all e ecutions o a program are
time sa e. Here, e restrict oursel es tosingle C  plat orms. Such a plat orm is
speci edb a C T oreachtask. esol et oschedulabilit problems. irst,

esho that or arbitrar code de ned in Section , schedulabilit checking
is di cult the problem corresponds to a game bet een the en ironment and
the scheduler on an e ponential state space, and is there ore TM



complete Section . Second, e sho that or code that is generated rom
a iotto source program in a speci ¢ a de ned in Section earliest
deadline rst scheduling is ell de ned and optimal. This es the strateg o
the scheduler, and thus reduces schedulabilit checking to a reachabilit problem
on an e ponential state space, hichis S AC complete. ndeed, i e kno
that all modes o a iotto program are reachable, then schedulabilit can be
checked b sol ing a linear utilization e uation or each mode independentl , no
matter ho the program s itches modes. This can be done in almost uadratic
time Section . These results gi e a technical justi cation or our intuition
that iotto captures a natural, idel applicable, and also easil schedulable
ragment o programs. The also pro ide the basis or the iotto compiler

e ha e implemented. The compiler generates code ollo ing the algorithm o
Section , and checks schedulabilit using the method o Section

The  machine is a irtual machine that mediates bet een the ph sical
processes and the so t are processes o an embedded s stem through a control
program ritten in . code controls the e ecution o sot are processes

in relation to ph sical e ents, such as clock ticks, and so t are e ents, such as

task completion. code is interpreted on the machine in real time. n this

paper, e restrict our attention to the programs o the are
, that is, all s nchronous computation is guaranteed to terminate.

The machine super ises the e ecution o and that com
municate ia . A task is application le el code that implements a compu
tation acti it . A dri er is s stem le el code that acilitates a communication
acti it . A port is at ped ariable. i enaset o ports, a is a unc
tion that maps each port to a alue o the appropriate t pe. The set
is partitioned into three disjoint sets a set 0 , a set
0 , and a set o , updated respecti el b the ph sical
en ironment, b tasks, and b dri ers. The en ironment ports include , a

. An is a change o alue at an en ironment or task port,
sa , at a sensor . An input e ent is obser ed b the machine through an
e ent interrupt that can be characterized b a predicate, namel , , here

re ers to the current sensor reading, and  re ers to the most recent pre ious
sensor reading.

All in ormation bet een the en ironment and the tasks o s through dri ers
en ironment ports cannot be read b tasks, and task ports cannot be read b

the en ironment. ormall , a consists o a set o dri er ports,
a set o read en ironment and task ports, and a unction
rom states to states. A consists o a set o task
ports, a set o read dri er ports, and a unction rom

states to states. The machine handles e ent interrupts through triggers.

A consists o a set o monitored en ironment and task



ports, and a predicate , hich e aluates to true or alse o er each pair

0 states. e re uire that e aluates to alse i . The state is the
state o the ports at the time instant hen the trigger is . The state is
the state o the ports at the time instant hen the trigger is . All acti e
triggers are logicall e aluated ith each e ent interrupt. An acti e trigger that
e aluates to true is , and ma cause the machine to e ecute code.
The trigger is a i and has the orm ,
or some positi e integer . A time trigger monitors onl the clock and
speci es an , hich is the number o clock ticks a ter acti ation
be ore the trigger is enabled.

The machine has three non control o instructions. An is
either , oradrier or , or atask or , or
a trigger and an address . The instruction in okes the dri er . The

instruction schedules the task  or e ecution b inserting it into
the read ueue o the S. The instruction marks the code at
address  or possible e ecution at a uture time hen the trigger becomes
enabled. The machine also has t o the conditional
jump instruction , here is a predicate o er the dri er ports , and
is the target address o the jump i is true and the termination instruction
, hich ends the e ecution o code. ormall , an consists
0 a set o ports, a set o dri ers, a set o tasks, a set o triggers, a

set o addresses, an initial address , and or each address , an
or control o instruction , and a successor address . All sets that
are part o an  program are nite. e re uire that code e ecution al a s
terminates, i.e., or each address and all branches o instructions, a
instruction must be reached in a nite number o steps. The program

is i all triggers are time triggers.

e illustrate the semantics o code using a simple program itht o
tasks, and .Thetask ise ecutede er ms it reads sensor alues using
adri er |, processes them, and rites its result to an interconnect dri er . The
task ise ecutede er ms it obtains alues rom dri er the result o ,
computes actuator alues, and rites to an actuator dri er . There are t o
en ironment ports the discrete clock and asensor ,t o task ports or the
results o thet o tasks , and three dri er ports the destinations o the dri ers .
The ollo ing time triggered program implements the abo e beha ior

There are t o blocks o code the block at  is e ecuted initiall . The ma
chine processes each instruction in logical zero time. irst, it calls the dri er



and aits until the e ecution o is nished in logical zero time , and then
proceeds immediatel to the ne t instruction. nce and ha e been called,
all dri er ports are updated. Then the machine schedules the task b adding
it to the read ueue o the operating s stem  hich is initiall empt .As e
assume no particular scheduling scheme, e do not kno the organization o
the read ueue, and maintain the scheduled tasks as a set, called the
A ter inserting  into the task set, the  machine immediatel processes the
ne t instruction and adds  to the task set. e t, it proceeds to the
instruction, hich creates a , here is the
current alue o , and appends it to a ueue, called , 0 acti e
trigger bindings initiall empt . The trigger ueue ensures that the machine
ill e ecute the code block at  as soon as the trigger is enabled.
orno the machine proceeds to the instruction. Since no acti e trig
gers are enabled, the machine relin uishes control to the scheduler o the S,
hich takes o er to schedule the tasks and in the task set. The machine
akes up again hen an input e ent occurs that enables an acti e trigger. n
particular, at  ms the trigger binding is remo ed rom the
trigger ueue, and the code at address  is e ecuted. The e ecution o block
is similar to that o block . The hole process repeats e er ms.
The abo e scenario assumes that the e ecution o a task has completed be ore
it is scheduled again, in other ords, e need that , here
isthe C T o task . This re uirement must be checked b the compiler.
e ill seein the ne t section ho thisre uirement can be deri ed automaticall
and checked staticall .

Thee ecutiono an program ields anin nite se uence o program
con gurations, called . ach con guration tracks the alues o all ports, the
program counter, the task set, and the trigger ueue. ormall , a

consists o a  state , called

an address , called , here the special
s mbol indicates termination a ueue o trigger bindings ,
called , here is a trigger, is an address, and is a state
and a set o triples , called , here is a task, is
a state, and is the , i.e., the amount o time that
the task has run. e assume that C time is gi en in discrete units o the

clock , hich ma represent C ¢ cles. The 0 con guration
are de ned as . The con guration is i
the program counter is the initial address , and the trigger ueue and
task set are empt . A trigger binding is at
i the trigger predicate e aluates to true o er the pair 0 states.
The con guration is i and contains no enabled

trigger bindings other ise, is

The machine runs as long as the program con guration is input disabling.
the program counter is di erent rom , then the instruction is
e ecuted. This updates the current con guratlon to a
ne con guration as ollo s. e onl speci the parts o the con g



uration that are di erent rom i , then the ne
state is , and the ne program counter is i
, then the ne task set is ,

and the ne program counter is i , then the ne
trigger ueue is , and the ne program counter is
i and e aluates to true respecti el , alse o er
then the ne program counter is  respecti el , i ,
then the ne program counter is . ote that the instruction updates the
port state, the instruction updates the task set, and the in
struction updates the trigger ueue. hen a instruction is reached, the
program counter becomes . Consider the con guration .
some trigger binding in is enabled at , then let be the rst such
binding, and de ne to be the con guration that di ers rom in that
the ne program counter is , and the ne trigger ueue results rom b
remo ing . This leads to the e ecution o more instructions. no trigger
binding in is enabled at i.e., isinput enabling , then e ent interrupts
are enabled and the machine relin uishes control o the C to the scheduler
until a ne input e ent enables an acti e trigger binding.  hile the machine

aits or an input e ent, scheduled computation can be per ormed.

A trace is a se uence o con gurations such that rom one con guration to
the ne t, there is either an en ironment e ent, an elapse o one time unit possibl
ollo edb asot aree ent i.e., the completion o a task , or the e ecution o
an instruction o code. An en ironment e ent causes a nondeterministic change
in the alues o some en ironment ports the choice is up to the en ironment.
A time elapse causes a nondeterministic change in the C time o some task
the choice o task is up to the scheduler. the chosen task completes, it also
causes a deterministic change in the alue o the task ports according to the task
unction. The e ecution o code causes a deterministic change as speci ed b

the unction de ned abo e. ormall , gi en an  program ith task
set , a or is a map that assigns to each task
a positi e integer. A o the pair is a nite or in nite se uence o
program con gurations such that the rst con guration is initial and or

an t o adjacent con gurations and , one o the ollo ing holds

is input enabling, and  di ers rom at most in the

alues o en ironment ports other than . n this case, e rite

is input enabling, and results rom b incre
menting the clock . n this case, e rite

is input enabling, and  results rom b in
crementing the clock . n addition, there is a task such that the task
set o contains a triple o the orm , and either and
the task set o results rom b replacing ith or

and the task set o results rom b remo ing , and

the state o is . n this case, e rite

is input disabling, and



ote that e consider onl traces here all task in ocations consume their ull
C Ts thisis a orst case assumption necessar or schedulabilit anal sis. A

o is a se uence o con gurations such that

the rst con guration is initial and or an t o adjacent con gurations
and , either or or is
input enabling, the task set o is empt , and results rom b incrementing
the clock or is input enabling, the task set o  contains
a triple o the orm , the task set 0 results rom b remo ing ,
and the stateo  is . natrace ith atomic task e ecution, all tasks

are e ecuted in zero time.

An program e ecutes as intended onl i the plat orm o ers su cient per or
mance so that the computation o a task al a s nishes be ore dri ers access
task ports o , and be ore another in ocation o is scheduled. A trace that sat
is es these conditions is called time sa e, because the outcomes o instructions
cannot be distinguished rom a trace ith atomic task e ecution. ormall , a con
guration ith program counter is i either ,Or ore er
read tast , the instruction that is e ecuted at obe s the ollo ing
t o conditions i , then and and
i , then . one o theset o conditions is
iolated, then e sa that the con guration the task . A trace
is i it contains onl time sa e con gurations.
i en a nonempt nite trace , let be the nal con guration o
A is a unction that maps e er nonempt nite trace
hose mnal con guration is input enabling, either to meaning that
no task is scheduled , or to some read task . An in nite trace
is an o the scheduling strateg i or all nonempt nite
pre es o ,i is input enabling, then either
or . The program is or the C T map
i there e ists a scheduling strateg such that all in nite traces o
that are outcomes o are time sa e. The or code asks,
gi enan program anda C Tmap or i is schedulable or
To sol e the schedulabilit problem e need to eliminate some possible
sources o in nit . An  program  is i it satis es the ollo ing
conditions all ports o e cept the clock  are boolean or all dri ers
o , ehae and or all triggers o , either , or
is a time trigger. As time sa et implies that a task must nish be ore it can be
in oked again, along a time sa e trace, the size o the task set is al a s bounded
b the number o tasks. Ho e er, the size o the trigger ueue ma gro un

bounded . A con guration is , or a positi e integer , 1
the trigger ueue o  contains at most  trigger bindings. A trace is
i it contains onl  bounded con gurations. The problem

asks, gi en an program ,a C T map or , and a bound , 1



there is a scheduling strateg such that all in nite traces o that are
outcomes o are both time sa e and bounded.

Schedulabilit can be sol ed as a sa et game on the

con guration graph . A consists
o a niteset o ertices, a relation o edges, a set o initial
ertices, and a set o sae ertices. The ertices are partitioned into
and . The game is turn based and proceeds in rounds. or , hen the
game is in ,pla er mo esto such that . The goal o pla er is
to sta inside the sa e set . A is an in nite se uence
o ertices in  such that or all A or pla er , ith
, is a unction such that ore er nite se uence
and erte , ehae . orapla er strateg , a pla er
strateg , and a state , the is a source
run such that or all , or , i , then .
The outcome is or pla er i or all . The
strateg is or pla er i or all initial ertices and all
pla er strategies , the outcome is inning or pla er

et be a propositional  program ith ports
tasks , triggers , and addresses . et bea C T map or , and
let . e de ne the as ollo s. laer is
the scheduler it chooses during time elapses hich task to run on the C
The en ironment is pla er it chooses en ironment e ents. The actions o the
machine hen e ecuting code are deterministic, so it does not matter to
hich pla er e attribute them e choose pla er . rom each con guration
0 e obtain its as ollo s re
mo e the alue o rom the port state , and or each time trigger , replace
each trigger binding in b . Hence, or each acti e
time trigger, the clock abstraction  tracks onl the number o clock ticks since
the trigger as acti ated. A con guration o i
or each triple in the task set o . et be the set o clock ab
stractions or all bounded con gurations o that con orm ith . As is
propositional, the set is nite. Speci call , the size o is bounded
b , here ma ,
and is the greatest enabling time or all time triggers in
The ertices o the schedulabilit game are , here
the second component indicates hich pla er can choose the ne t mo e, that is,
the second component de nes the subsets and . The initial ertices are
those o the orm , here is the initial address o . There are
three t pes o edges. The en ironment chooses ne  alues or the en ironment
ports other than or all con gurations and ith , there
are t o edges and . The machine e ecutes
code in input disabling con gurations i is input disabling, then there is
an edge . The scheduler assigns the C to tasks or all
con gurations and ith , there is an edge A



erte , or , is in the sae set i the con guration is time
sa e. The objecti e o the scheduler is to ensure that the game al a s remains
in .A inning strateg o the scheduler prescribes a scheduling strateg or the
program  that guarantees time sa et and boundedness under the C T
assumption ,no matter hat the en ironment does. Con ersel ,i the scheduler
does not in, then b the determinac o the saet game , there is an
en ironment strateg that orces the game into a time sa et or boundedness

iolation, no matter hat the scheduler does. Since sa et games can be sol ed
in linear time , this gi es an e ponential upper bound or checking bounded
schedulabilit .

The bounded schedulabilit problem is hard or TM b are
duction rom alternating linear space Turing machines. et  be an alternating
Turing machine that uses tape cells or inputs o length , and makes bi
nar e istential and uni ersal choices. or an input o length , e construct
a propositional — program ith the C Ts o all tasks being such
that is t o bounded schedulable i does not accept . or each control
state o , and each tape head position , the program has an
address that begins a block o code. eha e task ports to keep the
tape contents. The initial block o code rites ollo ed b blanks to these
ports, and jumps to , here is the initial control stateo . e encode
the e istential mo es o as choices made b the en ironment, that is, i is
an e istential control state, then the program reads an en ironment port and
goes to one or the other successor con guration o . or uni ersal mo es, the
program schedules t o tasks, each ith C T . ach task triggers an e ent
upon completion. This e ent rites the identit o the task to a special port
The scheduler chooses hich task to run rst, and this choice determines the

order in hich the tasks nish, and thus the alue o a ter time units. The
program reads the ne  alue o and goes to the corresponding successor
con gurationo . er step o the simulation gi es rise to a sol able schedul

ing problem. inall , as soon as the Turing machine reaches an accepting state,
the  program goes to an address that sets up an unsol able scheduling prob
lem. The trigger ueue contains at an time at most t o trigger bindings, and
all numbers are bounded b a small constant.

iotto is a programming language or time triggered applications. igure
sho s an e ample o a iotto program. The iotto compiler generates time
triggered code rom a iotto program. e demonstrate code generation based



. A Giotto program with two modes

on the abstract s nta o a program, rather than its concrete s nta , and e use
the program rom igure as a running e ample.

A begins ith declarations o a set 0 sensor
ports, a set o actuator ports, and a set o task output ports.
The set o all program ports also includes the set o task input
ports and the set o task pri ate ports, hich are declared or each
task separatel . A sensor or actuator port re uires the declaration o a de ice
dri er . or e ample, the sensor port uses the de ice dri er
to read ne sensor alues. A task output port re uires the declaration o an
initialization dri er and a cop dri er . ach task output port is
double bu ered, that is, it is implemented b t o copies, a cop that is used
b the task onl , and a cop that is accessible to the rest o the program.
The initialization dri er initializes the local cop the cop dri er copies data
rom the local cop to the global cop . The second part o a iotto program are

the task declarations. A has a set o input ports, a
set o output ports, a set o pri ate ports,
and a task unction rom the input and pri ate ports to the pri ate and
output ports. n the e ample, the task has an input port , an output
port ,apri ate port , and the task unction . 1i ate

ports ha e initialization dri ers similar to task output ports. ach task unction
is implemented as an  machine task. The third part o a iotto program are



the dri er declarations. iotto dri ers transport data bet een ports and initiate
mode changes. A has a set 0 source ports,
an optional dri er guard , hich is e aluated on the source ports
and returns a boolean, a set o destination ports, and a dri er
unction rom the source to the destination ports. The dri er guard
is implemented as a branching condition o the machine the dri er unction,
as an  machine dri er. The dri er is a that transports
data rom the port to the input port o the task. The
dri er is an that updates the port ith data
rom the port. The dri er is a that initiates
a mode change hene er the dri er guard e aluates to
true. Moreo er, the dri er unction ma update the

and ports hen changing mode.

The nal part o a iotto program declares the set o modes and the
start mode . n the e ample, there are t o modes, and
, the ormer being the start mode. A has a period , aset
o mode ports, a set o task in ocations,
a set o actuator updates, and a set o mode s itches.
or e ample, the mode period o the mode is ms, and its
mode ports are and . or simplicit , e use milliseconds though
another unit o time is possible. A
consists o a task re uenc relati e to the mode period, a task |,
and a task dri er , hich loads the task inputs. or e ample, the mode
in okes the task ith the task dri er and a period o  ms i.e.,
once per mode period as ell as the task ith the task dri er
and a period o ms. An consists o
an actuator re uenc , and an actuator dri er . or e ample, the
mode updates the port e er ms using the dri er.
A consists o amode s itch re uenc
, a target mode ,and a mode dri er , hich go erns the
mode change. or e ample, the mode ma change to the mode
e er  ms using the dri er.

A iotto program is i or all modes , all task
in ocations , and all mode s itches
,i , then there e ists a task in ocation
ith . ell timedness ensures that mode
changes do not terminate tasks i a mode change occurs hen a task ma not
be completed, then the same task must be present also in the target mode. The
iotto program in igure is ell timed, because the task, hich ma
be preempted b a mode change, runs in both modes ith the same period.
All non ell timed iotto programs are rejected as ill ormed. A complete list
o s ntactic criteria or the ell ormedness o a iotto program, such as the
condition that the ports o di erent tasks be disjoint, is gi en in

or a mode , the least common multiple o the task, actuator, and mode
s itch re uencies o is called the number o 0 , and is denoted



or e ample, is , and is . Thus a unit

in the mode is e ui alent to ms, and a unit in the mode
is e ui alent to ms. e use an integer as the
or a mode . 1 en a mode and a unit ith

, eneed the ollo ing au iliar operators or code generation

{ }
{ }
{ }
{ }
{ }
{ }
}
{ }
{ }
{ }
Consider the operator. or e ample,
returns , because the task is the onl task that
is in oked at unit in the mode. At unit the operator returns the
in ocations o both the and the task. All other operators ork
in a similar a , e cept the operator, hich returns the

periods o the tasks that are preempted, not in oked, at the speci ed unit.

Algorithm  generates  code that implements the logical semantics o a ell
timed iotto program, as it is speci ed in . The command generates

code instructions. The ke programmer s abstraction in iotto is that the
computation o a task takes e actl as long as its period. Thus the outputs
o a task are logicall made a ailable at the end o its period, not at the end
o its computation. The compiler begins generating code b emitting
instructions to the initialization dri ers o all task output and pri ate ports.
Then an absolute is emitted to the rst instruction o the start mode.
Since this instruction is unkno n at this point, e use a s mbolic re erence

- . The s mbolic re erence ill be linked to the rst instruction

o the code that implements mode at unit . inall , Algorithm is called
to generate code or all modes and units. or the iotto program rom igure |,
the ollo ing code is generated b Algorithm

call
call
call
call
ump _

The instruction ump  is shorthand for i



call
ump -
invoke Algorithm for mode

The iotto program compiler

link _ to the address of the next free instruction cell
call
call
call
call
i _
ump _

link - to the address of the next free instruction cell
compute the unit  to which to ump in the target mode and
compute the time before new tasks in the target mode can be scheduled
t
ump to the beginning of if all tasks in mode  are completed

s
compute the hyperperiod of the preempted tasks in units of mode
lem
compute the time to finish the hyperperiod
mod
compute the time to wait for the unit  in the target mode  to begin
mod
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The iotto mode compiler




Algorithm  generates three t pes o code blocks or each unit o a
mode . The duration o a unit is denoted b . The rst t pe o code
block, labeled _ , takes care o updating task output ports,
updating actuators, reading sensors, and checking mode s itches. The compiler
generates instructions to the appropriate dri ers and an instruction or
each mode s itch. The block is terminated b a instruction to a block
that deals ith task in ocations see belo . The is onl reached i none
o the mode s itches is enabled. The second t pe o code block implements
the mode change to a target mode ith a gi en mode dri er . e use the
s mbolic re erence _ to label thist peo  code block.

pon a mode change, the mode dri er is called and then control is trans ered
to the appropriate  code block o the target mode. The compiler computes the
destination unit  as close as possible to the end o the target mode s period. e
distinguish the t o cases o hether the duration o either or is a multiple

o the other, or not.  so, then the compiler generates a instruction to
the code o the target mode or . not, then the time to ait or is
computed and generated as part o a instruction. The trigger

is a time trigger ith enabling time  that is, it speci es the trigger predicate
, hich e aluates to true a ter ms elapse. The third t pe o
code blocks handles the in ocation o tasks and the uture in ocation o the
machine or the ne t unit. The label or these blocks is _ .
e ore scheduling the tasks, the task dri ers are called in order to load the task
input ports ith ne data. The nal instruction makes the  machine
ait or the duration o and then e ecute the code or the ne t unit.
ote that the resulting code is time triggered. , along a trace, the code
generated or and is e ecuted consecuti el  ithout mode change or all
units ith , then the trace contains a o mode
igure sho s the code generated or the mode o the iotto
program rom igure . The code or the mode is not sho n. The
mode has a period o ms and t o units o  ms length each. At the
ms unit, the and tasks are in oked at the ms unit, onl the
task is in oked. The mode s itch to the mode is checked at both
units. Consider the mode s itch at unit hen the task is preempted
ater ms o logical computation time. n Algorithm the number o units in
the mode until the task completes is . Thus the time to complete the
task is  ms. The time to ait or the ne t unit in the mode is
ms, because the duration o a unit in the mode is  ms. The closest
unit  to the end o the mode s period is . ithin one more unit o
ms the end o the period ill be reached. Thus the task has e actl
ms time to complete e en hen the mode is changed to the mode.

or special classes o programs, schedulabilit can be checked e cientl . or
e ample, aset o tasks can be scheduled i it satis es the utilization



. E code generated for the mode of the Giotto program from Figure

test, i.e., the processor utilization > , here isthe C T time
and is the period o task , isless than or e ual to . or programs that
are generated rom t pical iotto source programs namel , iotto programs
here each mode ma be e ecuted or a ull period e ha e a similarl simple
schedulabilit test. More precisel , a mode o a iotto program  is
i there e ists a trace ith atomic task e ecution o that contains
a ull period o mode . ote that the de nition o ull reachabilit does not
depend on time sa et , as it assumes atomic task e ecution. i ena ell timed
iotto program , e rite or the program that is generated rom
b Algorithm . The iotto program  is or the C T map
i the program is schedulable or . The or
iotto asks, gi en a iotto program and a C T map or , 1 is
schedulable or

2

Assuming that all modes are ull reachable, Theorem gi es a pol nomial time
algorithm or checking the schedulabilit o a iotto program the utilization
e uation can be checked in time no more than , here is the
size o the iotto program. This test sho s, ore ample, that the iotto program
rom igure is schedulable or the C Ts , ,
and . ote that code schedulabilit is not the most
general notion o schedulabilit or iotto programs. hile code schedulabilit

re ers to the particular  code generation scheme speci ed b Algorithm , or



an gi en iotto program, there ma be other, more e ible code generation
strategies that are aith ul to the iotto semantics. or e ample, a task could
be started as soon as all arguments are a ailable, hich ma be be ore its logical
release time.

Suppose that each mode satis es the utilization test. This means
that each mode is schedulable b itsel . esho that mode changes do not cause
the s stem to become non schedulable, b using the schedule that assigns to each
read task a time slice e ual to in e er time unit. This is possible
b the utilization e uation. o consider a mode change. the semantics o
a mode change in iotto, in particular b the ell timedness condition, at the
mode change, all tasks that are not present in the target mode ha e nished
e ecuting, and all tasks that are present in the target mode retain their deadline
a ter the mode change. This implies that the common tasks ha e e ecuted or
e actl the same amount o time in the source mode up to the mode change as
the ould ha e, ollo ing the chosen schedule, in an e ecution that started in
the target mode. Since the target mode can nish e ecuting all tasks b their
deadlines, it can do so e en a ter the mode change. n act, the onl di erence
o an e ecution in the target mode a ter the mode change rom an e ecution
starting in the target mode is that some tasks in the target mode ma not run
in the ormer case. Since the target mode is indi iduall schedulable, it remains
schedulable a ter a mode change into it.

or the con erse, suppose that the utilization test ails or a ull reachable
mode . Consider a trace ith atomic task e ecution that contains a wull
period o . Choose an scheduling strateg . the en ironment pla s against
using the same beha ior as used along inagame ith C T taske ecution,
then either a time sa et  iolation occurs, or a ull period o is reached. n the
latter case, time sa et must be iolated also, because o the ailed utilization
test. t ollo s that the program is not schedulable.

or each con guration and read task , e de ne the

as the eight o the shortest path in the unbounded game

graph rom  to the clock abstraction o a con guration that con icts

ith , here each pla er  scheduler mo e has eight , and all other mo es
ha e eight i no such path e ists, then . An

is a unction that maps e er nonempt nite trace to i the task set

o the nal con guration isempt , and other ise to a task such

that or all read tasks , ehae . The programs

that are generated rom iotto source programs using Algorithm ha e the

propert that ith the e ecution o a instruction, the deadline o

is kno n and does not change in subse uent con gurations until completes.
n particular, all deadlines are independent o the chosen scheduling strateg . t
ollo s b a standard argument that is optimal or iotto.



The deadlines or an scheduler can be computed directl on the iotto
source and ma be passed to the scheduler as code annotations . The iotto
compiler e ha e implemented proceeds in t o steps. irst, it computes the
relati e deadline or each task in each mode and checks the schedulabilit o the
iotto program b per orming the utilization test o Theorem  or each mode.
Second, it generates code using Algorithm and annotates each
instruction ith the deadline o . Then, or an scheduler that uses the
deadlines, time sa et is guaranteed or all possible en ironment beha iors.

there are modes that are not ull reachable, then
the utilization test is onl a su cient condition or schedulabilit . n general,
ho e er,itis S AC hard to checki a modeis ull reachable, ori a iotto
program is  schedulable. e can reduce succinct boolean reachabilit to the
reachabilit o a boolean port state, sa , in the start mode using a dri er
to encode the transition relation . The start mode is schedulable, but i is
reached, the program s itches to a non schedulable mode. Then the iotto pro
gram is  schedulable i is reachable. This gi es hal o the theorem belo
or iotto programs, hich ha e onl boolean ports, inclusion in
S AC ollo s rom the ollo ing scheduling algorithm. irst obser e that i
is propositional, then so is . rom Algorithm it ollo s also that all traces
0 are one bounded. Moreo er, the number o code instructions o is
e ponential in the size o the iotto program . roposition , e can
an scheduling strateg and check i a non time sa e con guration can be
reached on the game graph . This is a reachabilit , rather than a game
problem, on an e ponential graph, and there ore in S AC
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