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Abstract

Scicos is a software environment for modeling and sim-
ulation of dynamical systems. The underlying formal-
ism in Scicos allows for modeling very general dynami-
cal systems: systems including continuous, discrete and

sic idea consisted in treating the continuous-time events
just like an ordinary event [Nikoukhah and Steer 2000].

Events are signals which activate system components
in discrete event-driven environments. We extend the
notion of event to obtain what we call aactivation
signal which consists of a union of isolated points in
time and time intervals [Nikoukhah and Steer 1996-a,
Djenidi et al. 2001 ]. Each Scicos signal is then associ-
ated with an activation signal specifying time instances at

event based behaviors. This paper presents some aspectswhich the signal can evolve, see Fig.1.

of the simulation software, especially the features which
have to do with the hybrid nature of the models. We study
in particular the implementation issues concerning the
efficient use of ODE (Ordinary Differential Equations)
and DAE (Differential/Algebraic Equations) solvers in
the simulator.

INTRODUCTION

Scicos is a toolbox of the scientific software pack-
age scilab [Bunksetal. 1999, Chancelier et al. 2002].
Both Scilab and Scicos are free open-source softwares
(www. sci | ab. or g, ww. sci cos. or g). Scicos in-
cludes a graphical editor for constructing models by in-
terconnecting blocks, representing predefined or user de-
fined functions, a compiler, a simulator, and some code
generation facilities.

Scicos Formalism

The formalism used in Scicos is based on the formal-
ism of synchronous languages, in partici@gnal and its
extension to continuous-time systems [Benveniste 1998].
We do not give a full presentation of the formalism in
this paper (for more see [Nikoukhah and Steer 1996-a,
Nikoukhah and Steer 1997, Nikoukhah et al,1999]). We
simply review some aspects which specifically have to do
with the continuous-time behavior to lay the ground for
presenting the specific issues related to continuous-time
simulation.

Even though there exists an inheritance mechanism in
Scicos formalism which provides a data-flow type of be-
havior, Scicos is fundamentally event-triggered. This has
made the continuous-time extension non-trivial. The ba-
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Figure 1: A typical Scicos signal. Thick line segments
represent the activation times.

The fundamental assumption is that over an activation
interval, in the absence of events, the signasneoth.
Scicos compiler propagates the activation signals through
the model in order to obtain activation information about
all the signals present in the system. This information is
valuable for the simulator which has to properly parame-
terize and call the numerical solver.

It would be unrealistic to imagine that a formalism can
be developed independent of the properties of the numeri-
cal solver. That is why it is important to study these prop-
erties and identify precisely what properties are impor-
tant and must be taken into account in the development
of the formalism and the implementation of the modeler
and simulator.



Solver properties

Scicos uses two numerical solvers: Lsodar
[Hindmarsh 1980, Petzold 1983-a] andDaskr
[Petzold 1983-b, Brown et al. 1998]. Lsodar is an
ODE solver which is used when the Scicos diagram does
not containimplicit blocks. Implicit blocks are blocks
which contain implicit dynamics of the form

0 =
y =

f(jj7 "1;7 t7 u)
g(i'7 :I:, t? u)

whereu, z, y, andt represent respectively block’s input,
state, output, and the time;represents the time deriva-
tive of the stater. Note that the implicit nature of the
block has to do with the absence of an explicit expres-
sion for &, the input and output are still explicitly de-
fined. If a diagram contains an implicit block, the over-
all continuous-time system to be solved becomes implicit
andDaskr is used by Scicos simulator.

The solver properties discussed here are those of the
two solvers mentioned above, however these properties
are common to most modern solvers. The mostimportant
of these properties is that these solvers require that the
system be sufficiently smooth over an integration period.
This means that Scicos simulator must make sure to stop
and reinitialize the solver at each potential point of non-
smoothness (discontinuity, discontinuity in the derivative,
etc...).

The other important property is that these solvers are
variable step, meaning the discretization is not regular in
time and more importantly, the solver can take a step for-
ward in time and then later step back so that the evalua-
tion calls do not constitute an increasing time sequence.

Another important property is the possibility to set
constraints on solver. For example constraints on the rel-
ative and absolute error tolerances can be imposed glob-
ally or on each state variable separately. Time constraint
can be imposed to forbid the solver to advance time be-
yond a given time called th&opping time. Normally the
solver is allowed to step beyond the final integration time
and returns the value at final time by interpolation. This
increases the efficiency when the integration is restarted.

Finally there are complex issues related to re-
initialization as far as the implicit blocks are concerned
and the use obaskr. We do not discuss these issues
here.

Par ameterization of the solver

Besides obvious parameterizations such as setting vari-
ous error tolerances, maximum step size, etc..., the sim-
ulator must automatically start and stop the simulation
when necessary.

When an event occurs, the continuous-time simula-
tion must stop so that the event-triggered components
of the system can be activated. Once this is done, the

continuous-time simulation can proceed. So events times
are the times of stop and restart of the continuous-time
simulation. Although they are similar in this way, the
events originating from different sources, perform differ-
ent tasks. Hence they have different importances and
properties. In continue, two important properties of
events will be introduced.

Event criticality

Although all events force the simulator to stop ad restart
the integration, they are however not equal in importance.
Consider Scicos diagrams in Fig. 2 and Fig. 3. In the first
diagram, the event generated by t&eent Clock drives

the Scope. The integrator (1/ s) receives on its regu-
lar input port the sine function which is generated by the
ever-active, sinusoid generator block (ever-active means
the block is always actiV@. The output of the integra-
tor is sampled by th&cope at its activation times (times

at which it receives an activation on its activation input
port, (i.e., the times of the events generated byBbmnt
Clock). In this case, the solver must be stopped at each
of these times, dwever,since the corresponding events
do not produce any non-smoothness on the input of the
integrator, there is no reason to re-initialize the solver (do
acold restart). We say this event isot critical.
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Figure 2: Non-critical event.

In the second diagram, the event activatesrtmelom
generator block which outputs a random variable. This
output remains constant until the next event reactivates
the block. The integrator then receives a piecewise con-
stant signal to integrate. Thus the event in this case cre-
ates a discontinuity at the input of the integrator. Clearly
in this case the solver must be re-initialized. This event is
critical.

Furthermore, an event can be critical in another way:
an event can cause a jump in the internal state of a block.
One such example is the integrator with reset on event.
Clearly if a jump is produced in the state, the solver must
be restarted cold.

1The activations in Scicos, in general, come through activation sig-
nals via activation ports, however, for the sake of simplifying diagram
construction, ever-active activations are not explicitly drawn.
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Figure 3: Critical event.

Event predictability

We have seen that events can be put into two categories:
critical and non-critical. But they can also be put into two
other categoriespredictable andnon-predictable. Con-
sider the following system:
j:_{ /11—t ift<1
10 ift>1

To model this system in Scicos, we need to generate an
event at time = 1in order to change the dynamics of the
system. Clearly this event is critical. See Scicos diagram
illustrated in Fig. 4.
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Figure 4: Predictable event.

But this event is also predictable. We know ahead of
time its occurrence time (= 1). In general, most events
in a Scicos diagram are generated Byent Clocks and
their times are predictable.

Non-predictable events areero-crossing events.

These events are generated when a signal crosses zero

and their activation times are not known in advance. A
predictable event can be considered and modeled as
non-predictable event. For example in the above exam-
ple, the event at tim& can be obtained by using a zero-
crossing test on the function— ¢. But that would be
inefficient for two reasons: first, the zero-crossing tests
are additional work for the solver. Second, to detect a

a

zero-crossing, the solver has to go beyond the crossing
and perform iterations to pin-point exactly the location of
the crossing. In the above example, this results in an er-
ror since fort > 1, v/1 —t is not defined. See Scicos
diagrams illustrated in Fig. 5 and Fig. 6. In the Scicos
diagram illustrated in Fig. 5, the Zcross block defines a
zero-crossing surface. The solver has to go beyond the
surface in order to find the exact time of crossing. That
is why it attempts to evaluate the value ofl — ¢ for

t larger than 1. The same system is implemented in a
slightly different way as illustrated in Fig. 6. Here, the
if-then-else block redirects its activation signal to one of
its output activation ports depending on the value of its
regular input. If this latter is positive, the activation goes
through thethen port, if not, it goes througlkelse. Theif-
then-else and theevent-select blocks are the only blocks
which redirect activation signals without creating delays.
These blocks are referred to &gnchro blocks. They

are the counterparts of conditional statemdfatisen-else
andswitch in programming languages such ashchro
blocks have built-in zero-crossing surfaces that generate
an event when the activated output port changes. Be-
cause such a change may produce discontinuity and thus
the solver must be informed. The presence of this zero-
crossing forces the solver to step beyondi#he 1, and

as a result, the simulation fails again.
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Figure 5: The simulation fails in this case.

If the event is treated as predictable, the simulator, us-
ing the fact that the upcoming event at tirhés critical,
sets the critical time ta@ preventing the solver to step be-
yondt = 1.

Critical event classification

In the previous sections the importance of Critical events
has been shown. Here the definition, the classification
algorithm, and its applications in simulation will be dis-
cussed.

Definition 1 A discrete event is critical if upon activa-
tion, either an input of a block, containing zero-crossing
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Figure 6: The simulation fails also in this case.

surfaces or continuous-time states, is updated, Or the
continuous-time states of a block jump.

Before explaining critical event classification algo-
rithm, the following items should be noted.

e The critical property concerns only discrete events.
Therefore to avoid considering a continuous-time event
as critical, all pure continuous-time activation links must
be excluded from the classification procedure.

e Block having direct input-output relationships (di-
rect feed-through) and ever-active blocks can pass on
the discontinuities arriving at their inputs to the follow-
ing blocks. These blocks are called DTB (Discontinuity
transmitting block).

e Synchro blocks that do not have an input event port
and inherit the continuous-time activation, are referred to
as Continuous Synchro (CS) blocks.

B,
AlLn; ALy
I
B; RLij B; | . B —
Figure 7: Event inheritance
Algorithm:

1. Propagate the events through DTB’s to determine
the blocks that potentially subject to discontinuity
at their inputs. For example in Fig. 7, IB,, block
activatesB; block (herei.e AL,;), AND IF a regu-
lar link betweenB; andB; blocks exists (i.eRL;;),
AND IF the B; block is a DTB, THEN an explicit
activation link betweei3,, Block andB; block (i.e.

AL,;) is establishell Repeat this process until no
more activation link can be established.

2. Find all CS blocks (Synchro blocks not activated ex-
plicitly) and store them in CS-list.

3. Identify all the blocks activated by CS blocks and
add themto the list of DTB'’s. For example, in Fig. 8,
the B; block is activated by”'S,,. so it should be
added it to the list of DTB’s. The reason is that
the blockB; receives a continuous-time activation
throughC'S,, therefore it can pass the eventual dis-
continuities at its input port into thB,, block.

Figure 8: Continuous Synchro Block

4. Remove all activation links originating fro'S's
(e.g. in Fig. 7 allAL; links) and then remové’'S's
from the diagram.

5. Go to step 1 and repeat until in step 2 CS-list be-
comes empty.

6. For each event source, search through all the blocks
it activates. If any of them contains continuous-time
states or zero-cross surfaces, then flag the event as
critical.

At later stages of compilation, Synchro blocks
(i.e., if-then-else and event-select) are duplicated
if they have multiple sources of activation. So
each Synchro, at the end, is activated just by one
activation source [Nikoukhah and Steer 1996-a,
Nikoukhah and Steer 1997]. This process is done
after critical event classification and the newly generated
events inherit the property of the original events.

Use of critical event classification in simulation

The classification of the events allows us to avoid unnec-
essary cold restarts. Without it, at every event time, the
solver should be cold restarted to make sure that the nu-
merical solver uses consistent information.

1All the changes made in the diagram are discarded at the end when
the critical events are identified so that other phases of compilation can
be carried out normally



The lack of consistency is avoided in two ways. If the
critical event is fired immediately, a cold restart is per-
formed. Because in such a case, a discontinuity may oc-
cur in a signal (or in its derivative) fed to a block contain-
ing continuous-time states or zero crossing surfaces. This
discontinuity may cause the solver to fail during restart.
This is particularly a problem in Scicos because Scicos
uses a BDF (backward differentiating Formula) method
to integrate the continuous-time systems.

Another situation where inconsistency can occur is
when a critical event is programmed for a future time.
If the solver had been allowed to look beyond this time,
the new critical event may affect values which are al-
ready used by the solver, i.e., values beyond this time.
This change of model can result in a failure of the solver
which expects to receive consistent informations. To see
more precisely what happens in this case, note that after
each event at tim&), when the integration resumes, the
start-timet(i), the end-timef(i + 1), and the time be-
yond which the solver is not allowed to explargop(i)
are passed to the solver to integrate the system fem
to ¢(i + 1). Note that the the solver may advance the
time beyond (i + 1) and compute the solution &t + 1)
by interpolation. Lettnax be the largest value df for
which the solver has requested an evaluation of the func-
tion; clearlyt(i + 1) < tmax < tstop(?). After the pro-
cessing of the event(s) at tinié + 1), the integration
resumes from(i 4+ 1). If the events at(i + 1) program
a critical future event at a time. earlier thantnay then
the function evaluations done in the previous integration
period are no longer valid. One way to make sure that
such a situation does not occur is to force a cold-restart if
te < tsiop(i). Note that in this case we skfon(i +1) = t.
if not tstop(i + ].) = tstop(i)-

Simulation optimization

To each event, we associate a list specifying the blocks
which are to be activated when the event fires and the
order in which they should be activated.
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Figure 9: Execution order.

The same holds for continuous-time activations (as it
was said before, Scicos treats the continuous-time activa-
tion similarly to the way it handles discrete events). A
continuous-time activation is a call to the system to up-
date its continuous-time components. For that, there is an
activation list and an order in which the activations must
be realized. We call iCORD list.

For example, in Fig. 9, to update the system at the re-
quested times, the blocK$1), (3, 4), (2, 5, 6) should be
called to update their outputs. During the continuous-
time simulation (when the solver is at work), the 3,
4 blocks are called to deliver their updated residuals
(f(z,z,t,u)). Note that these blocks are the blocks in
CORD which contain continuous-time states.

Note that theCORD can be used both for updating the
continuous-time parts of the system at specific times and
also during the integration by the solver. So unlike dis-
crete events, continuous-time events are evoked in three
distinct situations:

1. Inthe simulator, to update the continuous-time parts
at a requested time.

2. By the differential equation solver, to update the
continuous-time parts so that system residuals can
be correctly evaluated.

3. By the differential equation solver, to update the val-
ues of the zero-crossing surfaces.

It turns out that in the second and third cases, we don't
necessarily need to activate all the blocks in @@RD
list. In the second case, we only need to update the out-
puts of blocks which affect directly or indirectly the in-
put of a state bearing block. Same for the third case ex-
cept that blocks containing zero-crossing surfaces must
be considered. For example in Fig. 9, the 2, 5, 6 blocks
which are inCORD don’t have any effect on the residuals.
Thus, they can be excluded fro@ORD and be stored in
a new list. The new listDORD list, is comprised of all
the blocks which their outputs may affect the input to a
block containing a continuous state. The blocks affect-
ing the zero-crossing surfaces (in this cadles and the
Quantizer blocks) are 1,2,3,5. We call this liZBORD.

The use ofOORD andZORD optimizes the number of
calls to each block in the integration phase. This opti-
mization is very important for simulation efficiency be-
cause the solver requires many function evaluations (de-
pending on the stiffness/nonlinearity of the system and
the required precision). In a typical application, for ev-
ery evaluation due to a discrete event, the solver requires
hundreds or even thousands of continuous-time function
evaluations.

Conclusion

In this paper, we have presented the mechanism by which
properties of events (critical, predictable) are extracted



automatically and used to generate an appropriate param-
eterization for the numerical solver. We also discussed a
technique for increasing simulation efficiency.
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