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1 Introduction

We aredevel oping techniquesfor model -based construction of softwarefor computationally-
controlled electromechanical systems, such as photocopiers. These systems are exam-
ples of real-time, reactive systems — those that react continuoudy with their environ-
ment at a rate controlled by the environment. Execution in a reactive system proceeds

in bursts of activity. In each phase, the environment stimulates the system with an in-

put (e.g. asensor istripped by a passing sheet), which starts a computation (e.g., atimer

to activate a downstream gate) and responds with the output. The system then staysin-
active until the next input comes in from the environment. In such a setting, real-time
responseis as important as standard liveness and safety requirements.

Our approach to constructing such software is based on the devel opment of compo-
sitiona and declarative models of the components that make up the el ectromechanical
device. Theintuitionisthat these models can be combined with software systems cor-
responding to specific tasks (such as simulation, control code generation etc.), viacus-
tomized reasoning engines. These engines will take as input the specification of a sys-
tem configuration, the software architecture and the model of the components to semi-
automatically produce thetarget system. This genera approach can be used for produc-
ing avariety of systemsincluding controllers, simulators, testers, productivity analysers
and diagnosistools.

In this paper, we consider the nature of the language that should be used to describe
the output control code. Even though the proper handling of timeis an integral aspect
of such software, control software has traditionally been programmed in conventional
languages that do not support adequate constructsfor handling time. Traditionally, real-
time software has been written in untimed languages such as C augmented with some
new primitiveconstructsfor real-timeoperations. Thishas obviousdrawbacks— it does
not help in analysis, and anyway it is difficult to get red-time software correct. More
recently, attempts have been made to provide an application and platform independent
Resal-Time Application Programmer’s Interface (API), within alanguage such as C++.
Typicaly, in a setting like this, real-time programs are written as C++ programs that
make calls to run-time routinesimplementing timers, event handlers, event queues etc.
Hardware 1/0 channel s are associated with memory locations. Call-back procedures are
registered with an event handler, to be called when an event is raised. Priority levels
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may be associated with task queues. Sometimes an implementation may provide multi-
plethreads.

Designs such as these have traditionally been confronted with the tradeoff between
modul arity and efficiency. Modularity demands that the code representing logically dis-
tinct modules (e.g. tray-feeder and the elevator) be represented separately. Efficiency
demands that there be no unnecessary run-time overhead associated with conmmunica
tion between variousinteracting components of code. Traditionally, thisissue has been
resolved in favor of efficiency. In response to an event, an event handler is invoked.
Its body typically looks like a finite state machine, setting the values of various state
variables, and checking them to determine what should be output, and what the current
state should be changed to. Thereisusually no possibility of acall out to another event-
handler during the process of responding to an event; hence concurrency in response to
astimulusis not supported. (If multi-threading is supported, different stimuli may still
be responded to by different threads.) This makes the software difficult to develop, and
even more difficult to maintain.

Inthispaper we comparethe control-oriented paradigmwith the data-oriented paradigm
for programming reactive controllers. In the control-oriented paradigm, timeis embod-
ied inthe control structure of the program; in the data-oriented paradigm, timed interac-
tions are mediated through explicit data-structures representing clocks, timers and sus-
pension lists. We argue, through a detailed example, that the control-oriented paradigm
supported by synchronous programming languages such as Tcc [SIG93, SIG9] is su-
perior to the traditional data-oriented paradigm in programming control software, with
respect to requirements such as modularity, efficiency, time handling, verification and
real-time performance measurements. A result of integrating synchronous [BG92, HCP91,
GBGM91, Har87] and constraint languages [SRP91], Tcc incorporatetiming constructs
that express the pattern of interaction, over time, between the controller and the envi-
ronment. TcC allows the expression of modular programs, exploiting powerful clock-
ing primitives for timing. At the same time, programs can be compiled into real-time
finite-state machines with minimal runtime overhead. Since programs can beviewed as
formulasin a (temporal) logic, it also becomes possible to use standard techniques for
proving properties.

The rest of the paper is structured as follows. Section 2 describes a sample device
and its control. Section 3 presents a data-oriented implementation of the control algo-
rithm: itisin C++ and usesfunction callsfrom alibrary that supports event-driven com-
putation. Section 4 presents briefly TCC languages, emphasi zing their timing constructs
and shows how they can be used effectively to model real-time, concurrent and reactive
tasks. Section 5 presentsa control-oriented program writtenin Tcc. Section 6 mentions
the various advantages of the control-oriented TCC program. Section 7 concludes with
areport on the current status of our work and a discussion of future work.

2 A Sample Deviceand Its Control

We describe the hardware and the control agorithm for the paper feeder component of
a simple photocopier. The feeder isthe device which pullssheets of paper into the paper
path of a copier, in responseto asignal from the scheduler.



2.1 ThePaper Feeder

The Components For the purposes of thisdiscussion, the paper feeder consists of (see
Fig. 1):

— apaper tray (6), that holds a stack of paper;

— an elevator (5) attached to the paper tray, through which the height of the stack of
paper can be regulated.

— an acquisition roll (4), that can rotate and can be dropped onto or lifted away from
the stack of paper. Itsstate is determined by a solenoid that can be energized or de-
energized. When the solenoidisturned on, theacquisition startstherotational move-
ment around its own axis and is dropped onto the stack of paper; when the solenoid
isturned off, the acquisition roll stops rotating and islifted from the stack;

— astack height sensor, attached to the acquisition roll;

— aretard nip (3), congtituted by afeeder roll (that rotates when the feeder motor ison)
and aretard roll rotating in the opposite direction to prevent more than one sheet
from being fed; a sensor (2) located at the wait station, where the sheet of paper
being fed is held waiting for the purposes of synchronization with the rest of the
machine functions.
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Fig. 1. The diagram of the feeder

Principleof operation. Theacquisition roll contributesin paper transportation and and
paper stack height detection. When theroll isin contact with a sheet of paper, itsrota
tional movement drags the sheet of paper into the retard nip. The paper stack height is
determined by how much the acquisition roll has been stretched out to reach the stack
of paper. Thisinformation is captured by the stack height sensor.

The elevator isimportant for height adjustment, since a sheet of paper can only be
dragged into the retard nip when the acquisition roll is rotating and in contact with it,
and the stack of paper is high enough so that itstop sheet can get intotheretard nip. The
stack height should be adjusted before each feed.

Thefeeder roll transportsasheet of paper aongtheinitial segment of the paper path.
Theretard roll pushes back any additional sheets of paper that may have been stickingto



thetop sheet. Thewait station sensor isresponsiblefor detecting the arrival and thede-
parture of sheets of paper inthefeeder. It isimportant both for synchronization purposes
and for jam detection.

2.2 ThePaper Feeder Control

The feeder control provides the following basic functions:

1. Feeder initialization: the paper tray is set at an adequate height;
2. Feed function, with the following subfunctions:
preprefeed: a sheet of paper lying completely inside of the tray has its leading
edgeinserted into the retard nip;
prefeed: a sheet of paper that has its leading edge originaly at the retard nip is
brought to a position where itsleading edge is a the wait station (sensor);
feed proper: a sheet of paper that has its leading edge at the wait station is fed
intotherest of the paper path. Note that we are using theword feed both for the
whole cycle and for the 3rd subcycle of it. It should be clear from the context
asto which we are referring.

The initialization happens when a photocopier is turned off and then on, or when
the tray of paper is pulled out and then in. In either case, the first thing to be doneis
height adjustment (of the paper stack). For that, the acquisition roll should be turned on.
The amount of time for which it iskept on is determined by how fast the stack of paper
reaches the adequate height (this, of course, requires some action from the elevator, if
necessary) which, in turn, is determined by the amount of paper that exist in the paper
tray. When the height is adjusted, the acquisition roll is turned off.

As part of theinitialization, a daemon process responsible for the feeding process
is started up and this process keeps watching for signa sfrom the system schedul er that
signalsafeed.

Depending on whether or not it is the first feed after the copier is initialized, the
feeder performs or skips the preprefeed subcycle. If it isthe first feed, then it performs
preprefeed followed by prefeed and feed; otherwise, it will go straight to the prefeed
part of the cycle as the preprefeed subcycle was done as the last action of the previous
feed cycle. After feeding (subcycle) a sheet of paper, the feeder performs preprefeed and
adjusts stack height.

2.3 TheAlgorithm

Having in mind the high level functionality just described, the feeder hardware can be
controlled by the following algorithm:

Initialization of the paper stack height: Occursright after tray out/tray in and power
off/power on:

1. Drop the acquisitionroll onto the stack (to initializethe stack height);
2. Check if the stack height islow;



3.
4,
5.

If the stack height islow, turn the elevator motor on immediately;
As soon as the stack height reaches an adequate level, turn the elevator motor off;
Lift the acquisition roll immediately after the elevator motor is turned off.

First prefeed: Thiscodeis activated when the feed isthe first after initialization:

1.

Turn the feed motor on to prefeed from the stack (this activation obeys the system
timing and the signal s from the schedul er);

Drop the acquisition roll (this should be done at the same time as the feed motor is
turned on);

Lift the acquisition roll after a certain fixed time;

Turn thefeed motor off (at the same instant the wait station sensor senses thearrival
of the leading edge of the sheet).

Normal run: Thisalgorithmis used when the requested feed is not the first following
the initialization. The leading edge of the sheet should be at a short distance past the
retard nip:

1.

2.

3

Turn the feed motor on to prefeed (this obeys the system timing and signals from
the schedul er);

Turn the feed motor off when theleading edge of the paper reaches the wait station
Sensor;

Turn the feed motor on (for Feed from wait station. It is dictated by the system
timing);

Drop the acquisition solenoid roll onto the stack (thisisgiven by time elapsing after
thefeed motor ison for Feed from wait station and isthetime at which thetrailing
edge of thetraveling paper is at the leading edge of the stack);

Turnthefeed motor off (given by atimeelapsing after thefeed motor ison for Feed
from wait station, and is the time a which the trailing edge of the traveling sheet
of paper isat a short distance beyond the retard nip);

Check if the stack height is low (this checking occurs a predetermined amount of
time after the feed motor isturned off);

Lift the acquisition roll (end of the feed cycle) (triggered by a fixed time elapsing
after Feed from Wait Station);

Turn the elevator on (to elevate the stack height. It is started immediately after the
end of the stack height check, if the stack islow);

Turn the elevator off (to stop elevating. Given by time elapsing after the previous
elevator turning on).

Data-centered implementation

The first implementation we discuss is written in C++ and uses function calls from a
library that supportsevent-driven computation. Since the C++ implementationisseveral
pages long, we present and analyze only parts of it in this paper.



Consider thereactive task Feed Elevate that controlsthetray elevator motion dur-
ing the feed cycle, based on sensor and timer activation. We give only a schematic ver-
sion of the code, to illustrate the way in which timing information is being maintained.

FeedEl evat e: : FeedEl evat e( Sheet Sensor * hei ght Sensor,
| oRegi ster* el evat or,
| oRegi ster* sol enoi d,

Ti neRel ati ve* el evat el nRun)
Reacti veTask(" FeedEl evate", 5),
el evator (elevator),
sol enoi d (sol enoi d),
hei ght Sensor ( hei ght Sensor),
trayLow (fal se),
el evateTi me (el evatel nRun)
{ startTiner = new Tinmer("start", rtd ock);
stopTi mer = new Tiner("stop", rtd ock);
el evateTiner = new Tiner("el evate", rtd ock);
At t ach( hei ght Sensor - >ChangedToSheet (), sensesSheet);
Attach(startTi mer->Expired(), startChecking);
Attach(stopTi mer->Expired(), stopChecking);
Attach(el evat eTi ner->Expired(), stopEl evating); }

voi d FeedEl evat e: : St at eMar ker (Enum nessage, Natural count)
{
switch (message)
{ case start Checki ng:
i f (*hei ght Sensor == Sheet State:: noSheet)
{ trayLow = true;
*stopTi mer = st opChecki ngSensor; }

br eak;

case stopChecking:
if (trayLow)
{ *elevator = loState::on;

*elevateTimer = 50 + *elevateTine; }

br eak;

case sensesSheet:
trayLow = fal se;
br eak;

case stopEl evati ng:
*elevator = loState:: off;
St opRespondi ng() ;
break; } }

In genera, declarations of new timerslook as follows:
startTimer = new Tiner("start", rtd ock);

Notice that they are referenced to a real-time clock.

To be of any use, however, the timers need to be assigned vaues, and thisis done,

for example, in:



*startTi mer = startChecki ngSensor;

where startCheckingSensor isadefined numerical constant.
Also, if timer expirations are to trigger any action, they need to be registered as a
valid event before they can be handled by an event handler. And thisis done by:

Attach(startTi mer->Expired(), startChecking);
There are also other types of events such as those rai sed by environment sensors:

At t ach( hei ght Sensor - >ChangedToSheet (), sensesSheet);

The corefor Feed Elevate isimplemented as an event handler (StateMarker) that
responds to messages from the outside:

nessages = {start Checki ng, stopChecking, sensesSheet,
st opEl evati ng}

State variables record various timers that may be active at any particular time (e.g.
fail ureTi mer). Other variables correspond to input (e.g. hei ght Sensor ) or out-
put values for the controller (e.g. el evat or).

Examining the code in C++, we can see that this version of the controller is struc-
tured in terms of acase statement in which severa events can be handled. Inside each
event handler, typically we have timer setting, activation and deactivation of actuators
and generation of further events. The events, in their turn, are raised either by time ex-
piration or are signals from hardware sensors. In other words, the management of time
is done by counter-like data structures and represents a significant effort in writing the
control code, not to mention that the related code is spread throughout the program.

In addition to the amount of overhead in coding, theimplementation of thereal -time
clock in terms of data structures means that the control flow is dynamic information,
known only at the execution time.

4 Timed Concurrent Constraint (TCC) Languages

In this section, we introduce Tcc languages [SJG94], describing briefly the computa
tional model, thebasi ¢ constructs and some of the combinators. Thoseinterested in more
detailed information, including the formal syntax, the denotational and the operational
semantics should refer to [SIG93].

Tcc languages resulted from theintegration of synchronousand contraint program-
ming. More precisely, they are atimed extension of Concurrent Constraint (Ccp) lan-
guages [SRP91]. We will show how to write arange of constructs for expressing time-
outs, preemption and other complicated patterns of temporal activity in the basic model
and language-framework.



cc Languages

The ccp paradigm is based on the idea of a collection of (possibly distributed) agents
communicating by imposing and checking pieces of partia information - constraints -
on shared variables. The basic departure from the conventional imperativelanguagesis,
therefore, the replacement of the notion of store asvaluation of variables, central tovon
Neumann computing, with the notionthat the storeisaconstraint, that is, a collection of
pieces of partial information about the possible values that variables can take. Compu-
tation progresses via the accumulation of constraints. Concurrency arises because any
number of agentsmay simultaneously interact withthe store. The usual notionsof “read”
and “write” are replaced by ask and tell actions. A tell operation takes a constraint and
conjoins it with the constraints already in the store; tells are executed asynchronously.
Synchronizationisachieved viatheask operation:i f ¢ t hen Atakesaconstraintc
and uses it to probe the structure of the store: if the store contains enough information
toentail c, it succeeds and starts A; if the storeis not strong enough to entail c, it waits.

TCC Languages

In order to have alanguagefor real time systems, it isnot only necessary to detect when
an event happens (“ positiveinformation”), but al so when an event did not happen (“ neg-
ative information”). The problem is that since the cc framework is inherently mono-
tonic, information can never be withdrawn. Negative information, on the other hand, is
inherently non-monotonic— it can be invalidated by later information.

However, onceacomputationisover, itissafeto concludethat someinformationdid
not appear, and itisonly then that negativeinformation can beinferred. Thuswewait for
the quiescent pointsof a computation, which are states of the system in which no more
positiveinformationisbeing generated. All negativeinformationisinferred at thispoint,
and can be used in future. Now time can be introduced by identifying quiescent points
asthe markers that distinguish one time step from the next. Thisallowstheintroduction
of primitivesthat can trigger an action in the next phase of computation (time tick) if
some event did not happen through the extent of the previous phase. In other words, the
absence of asigna in a period can be detected only at the end of a period, and hence,
can trigger activity only inthe next interval.

Operationaly, thisis what happens: consider the situation in which computationin
the current timeinstant has quiesced. Thismeansthat all reductionsthat could have been
caused because of the entailment of Positive Asks have been done, al Negative Asks
whose antecedents are entailed have been eliminated, and computation has not aborted.
Computation can now progress to the next time instant. The active agents at the next
timeinstant are thebodies of the remaining Negative Asks agents or thebodies of agents
within aUnit Delay. All other agents and the current store will be discarded.

To summarize, computationin TCC proceeds inintervals. During theinterval, posi-
tive information is accumulated and detected asynchronoudly, as in ccp. At the end of
theinterval, the absence of information can be detected, and the constraints accumul ated
intheinterval are discarded. No mechanism is provided for theimplicit transfer of pos-
itive information across time boundaries to maintain the bounded size of the constraint
store; thismust be done explicitly by the programmer by using the basic combinators.



We now identify basic processes and process combinators in the model. They fall
into two categories:

— CCP constructs (they do not cause extension over time): Tell (c), Paralle Compo-
sition ([ ,] ) and Timed PositiveAsk (i f ¢ t hen A).

Tell adds a congtraint c to the current store. Parallel Composition allows
two agentsto run concurrently. Timed Positive Ask isthe processthat checks
if the current store is strong enough to entail c; and if so, behaves like A.
Timed positiveask and Tell combineto alow synchronization capabilities.

— Timingconstructs (cause extension over time): Timed NegativeAsk (i f ¢ el senext
A), Unit Delay (next A), and Abortion (abort).

Unit Delay startsa processto be started in thenext timeinstant. Timed Neg-
ative Ask isaconditional version of Unit Delay, based on detection of nega-
tiveinformation. It causes a process to be started in the next timeinstant if,
on quiescence of the current timeinstant, the storewas not strong enough to
entail some information. Abort shuts down al computation in the system.

Since Tcc languages are defined as an algebra of processes, one can define anumber
of combinatorsfromthebasi c constructs. We now show some of theinteresting onesthat
capture natural patterns of temporal activity.

1. Unconditiona persistence: al ways Aistheagent that behaveslikeA at every time
instant.

2. Conditionals:i f ¢ then A el se Bistheagent that behaveslikeA if ¢ holds
in the current time instant; otherwise it behaves like B from the next time instant
onwards.

3. Extended Wait: whenever c¢ do Aistheagent that suspends until the first time
instant at which c istrue; it then behaveslike A.

4. Weatchdogs: do P wat chi ng c behaveslike P until atimeinstant whencisen-
tailed; when c is entailed, P is killed from the next time instant onwards. do P
wat ching ¢ timeout B activatesahandler B when Piskilled.

5. Delays: next (Num Signal) do Awaitsfor Numoccurrences of Si gnal
and then starts doing A.

InTcc itisnot possible (dueto semantic reasons) to specify that a computation be
aborted in the current instant on receipt of positiveinformation from the environment.
One can, however, describe a construct that aborts the computation at the next stable
instant, that is at the next moment of quiescence.

Before proceeding to the next section, we should mention that the logic underlying
TCcC languages isintuitionistic linear time temporal logic. Also, since the presentation
isdonefor Tcc languagesin generd, it isvalid for the particul ar language we will use:
TIMED GENTZEN (TG). TG isaconcrete TCC language instantiated over the constraint
system GENTZEN, which consists of a set of uninterpreted tokens, with the trivial en-
tallment relation: ¢y, ..., ¢, F diffd = ¢; forsomei: 1 <i < n.



5 Control-Oriented Programming

We now present a program that directly exploitsthe combinators of Tcc. The program
isdivided up into logica pieces, each corresponding to a physical activity (eg. f eed,
pr ef eed_f r omst ack) etc. Each piece consists of one or more assertions runningin
parallel. We present the program for the entire feeder mechanism here.

In the following, we use the following conventions. Names without hyphens are re-
served for names of signals, and with hyphensfor names of agents. The external signals
aret i ck (theclock ticks),tray: i nandtray: out,sync and paper At S1 (from
thewait station).

f eeder
whenever tray:in do
do [init_stack_height,
whenever sync do |
first_feed
next waiting_to_feed_cycle]]
wat chi ng tray: out
tineout [{feedEl evator:off},
{acqSol enoi d: of f},
{feedMotor:off}].

init_stack_height(init)
[{acqSol enoi d: on},
next (start Checki ngStkHtInit, tick) do [
if lowlray:false then {acqSol enoid: of f},
if lowlray:true then [
next (endChecki ngStkHtInit, tick) do [
if lowlray: fal se then {acqgSol enoi d: of f}
if lowTray:true then [
{f eedEl evat or: on},
whenever |owlray: fal se
do {feedEl evator:on, acqSolenoid:on}]]1]1].

first_feed :: prefeed_fromstack, feed
waiting_to_feed _cycle :: always if sync then regul ar_feed
regular_feed :: prefeed fromretard, feed

prefeed_fromstack :: |
{f eedMot or : on},
{acqgSol enoi d: on},
next (pr ef eedFrontt ackPeri od, tick) do {acqgSol enoi d: of f}
whenever paperAtS1 do {feedMotor:off}]

prefeed fromretard :: [
{f eedMot or: on},
whenever paperAtS1 do {feedMotor:off}]

feed :: |



next (f eedFromMi t Ti me) do [
{f eedMot or: on},
next (startPreprefeedTine, tick) do {acqgSol enoid: on},
next (endPrepref eedTi me, tick) do [
{feedMotor: of f},
next (st art Checki ngSt kHt Run, tick) do
if lowTray:true then
next (endChecki ngSt kHt Run, tick) do
if lowTray:true then [
{f eedEl evat or: on},
nex(el evatingPeriod, tick) do {feedEl evator:off}]],
next (1i ftAcqgSol enoi dTime, tick) do {acqSol enoid:off}]].

The Tcc code does not make use of any timer. Instead, time handling ismainly done
by the combinator next(interval) do A, which “hardwires’ the notion of time passage
intotheprogram structure (thisisexactly thecharacterization of control-based paradigm).
Furthermore, the pattern whenever ¢; do A; watching ¢, timeout A,, which appears
in several places, captures precisaly the basic interaction between the controller and its
environment, namely,

Upontheraising of thecondition¢, , handleit withtheagent A,. Andinthecase
A, performsan action that extends over time, interrupt it when the condition ¢
israised, and handle it with the agent As.

6 Analysisof Control-Oriented Programs

Apart from brevity, there are several advantages to the control-based paradigm. We dis-
cuss some of these below.

Timeanalysis. One of the requirements that real-time control systems need to fulfill is
that of timecriticality. Thismeansthat, in additionto being correct, they need to produce
the right outputs within time contraints established by the specification of the system.
Thus, given any program, it is necessary to check whether it satisfies this requirement.
Thisis made considerably easier in the control-oriented style of writing code, wherethe
time-critical componentsare separated fromtherest of thecodethroughnext (i nt er val ,
Si g) do A For example, we have

next (10, tick) do next (20 tick) do A =
next (30, tick) do A

Inthe data-oriented style, the C++ code, timeistreated just likeanother dataitem. Thus
verifyingthetiming propertiesof the programinvolvesadataflow analysisof thewhole
C++ program, which is quitedifficult. Thus, sincein most such programsthetime com-
ponent of theprogramisquitesimple, by separating it fromthedata-handlingthe control -
oriented program is much more amenable to time anaysis.



Code Optimization Another advantage of the control-oriented programs is that they
manipulate time within the control structure of the program, which is available to the
compiler. In data-oriented programs, timeistreated as data, and is manipulated by data
structures, which are set up and interpreted at runtime. This makes static analysis of code
much more complex, and rules out several easy optimizations. Thus for example if we
needed to delay an operationinthe code, the data-oriented program would set up atimer,
which uses variables which are decremented at runtime. However the control-oriented
program would set up an automaton with severa states following each other to repre-
sent the passage of time. These states are created by the compiler, and the resulting au-
tomaton easily shows the exact delay. Thisinformation can be used for further analysis
by the compiler. In the data-oriented version, thisinformationis“lost in the data’, and
does only appear at runtime through the trace of an execution.

Compositional Specification. Given the problem of composing paralle finite-state ma-
chines, we have seen two solutions: either explicitly compose them to achieve a fine
granularity of interaction, or effectively execute their transitions sequentialy. The lat-
ter has the problems of devel opment and maintainability mentioned above; thelatter is
only applicablewhere control processes don’t have to cooperate. Thus the data-oriented
style prevents us from writing code modularly. The control-oriented style allows us to
write and reason about separate pieces of code, however, at runtimeit iscompiled into
a single automaton, getting us both efficiency and determinacy.

Formal verification. The compilability of Tcc programsinto FSMs enables the use of
model checking techniqueswhich allow the proof of propertiessuch asliveness, safety,
etc. Thisis extremely useful for real-time systems, since traditional methods like sim-
ulation can sometimes overlook bugs in the code. Verification of programs written in
traditional languages such as C++ isnearly impossible.

One of the existing performance anaysis techniques is Real-time Model Checking
[CCMM94], an extension of theoriginal Symbolic Model Checking [BCMDH90, McM92].
This enables usto compute quantitativeinformation about finite-statereal -time systems,
and can be used to determine which conditionshold at whichtime, and whether asystem
can be schedul ed properly. We see in control-oriented TCC programming an opportunity
for getting performance measures of a system out of its TCC prototype, since its com-
piled code (FsMms that have all the timing behaviour “hardwired” in themselves) is the
input required by real-time symbolic model checking algorithms.

7 Conclusion

In this paper, we report on insightsobtained from using a Tcc language to program real -
time control systems. One can use either the data-oriented paradigm or control -oriented
paradigm. They differ from each other in the way they control and register the passage
of time. In the data-oriented paradigm, one uses data structuresto thisend. Timers are
implemented and used explicitly. In the control-oriented paradigm, language combina
tors are used to “hardwire” timing passage into the program structure itself. One of the
advantage of thissecond approachisthat itispossibleto apply rea-timemodel checking
techniques to the compiled code and obtain performance measures of the system.



Currently, we areworking with aphotocopier, modeling itspaper path controller and
the simulation environment necessary to execute it. The near-future goal for this part of
the project is to use model -checking techniques to prove the correctness of the system,
aswell asto obtain its performance measures.
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