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Abstract. In this paper, we present the integration of controller synthesis techniques irGtire. ®nvironment
through the description of a tool dedicated to the incremental construction of reactive controllers. The plant
is specified in &NAL and the control synthesis is performed on a logical abstraction of this program, named
polynomial dynamical system (PDS) 0er/3Z = {-1,0,+1}. The control of the plant is performed by
restricting the controllable input values with respect to the control objectives. These restrictions are obtained by
incorporating new algebraic equations into the initial system. This theory sets the basis for the verification and
the controller synthesis tool,i&LI. Moreover, we present a tool developed around tleai8 environment
allowing the visualization of the synthesized controller by an interactive simulation of the controlled system. In
a first stage, the user specifies iG&AL both the physical model and the control objectives to be ensured. A
second stage is performed by the$aL compiler which translates the initial &AL program into a PDS, and the
control objectives in terms of polynomial relations/operations. The controller is then synthesizedigsing S

The result is a controller coded by a polynomial and then by a Ternary Decision Diagram (TDD). Finally, in a
third stage, the obtained controller and some simulation processes are automatically included in thesimitial S
program. It is then sufficient for the user to compile the resulti@N&. program which generates executable
code ready for simulation. Different academic examples are used to illustrate the application of the tool.

Keywords: control theory, polynomial methods, synchronous methodologwA environment, $ALI

1. Introduction & Motivations

The SGNAL language (Benveniste, 1990 and Le Guernic, 1991) is dedicated to reliable
specifications of real-time reactive systems (Benveniste and Berry, 1991). In this area,
many applications require high reliability and safety. Traditionally, these requirements are
checkeda posterioriusing simulation techniques afat property verification. Control
theory of discrete event systems allows the use of constructive methods that ensure,
priori, required properties on the system behavior. In this approach, the validation phase
is reduced to properties not guaranteed by the programming process. There exist different
theories for control of Discrete Event Systems since the 80’s (Ramadge and Wonham, 1989;
Balemi et al., 1993; Holloway, Krogh, and Giua, 1997; Maler, Pnueli, and Sifakis, 1995).
Usually, the starting point of these theories is: given a model for the system and the control
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objectives, a controller must be derived by various means such that the resulting behavior
of the closed-loop system meets the control objectives.

In our case, the specification of the physical model (or the plant) is realized using the
synchronous data-flow languagesSaL. Control theory is then applied on an equational
model of the logical part of BNAL programs. For this purpose, the boolean part of the
program is translated into a polynomial dynamical system @yey, (i.e., integers mod-
ulo 3: {0,1, —1}) (Le Borgne et al., 1996). Furthermore, using such algebraic methods
and polynomial dynamical system as a formal model, we are able to synthesize controllers
satisfying various kinds of control objectives (they can be expressidasance reach-
ability andattractivity as well as as order relations over the states of the plant)|&&\86
is a data-flow language, meaning that the system reacts to inputs sent by the environment
and produces outputs resulting from internal transformation, it is natural for us to use an
input/output approach (see Balemi et al., 1993, for another I/O approach); however systems
defined as finite state automata, as in Ramadge and Wonham, can also be considered within
this framework. In our methodology, the physical model is then represented by a poly-
nomial dynamical system while the control of the system is performed by restricting the
controllable input values to values suitable for the control goal. This restriction is obtained
by incorporating new algebraic equations into the initial system.

Overview of the Tool

We now briefly present how the controller synthesis problem has been integrated in the
SIGNAL environment. There are two fundamental aspects: the first one deals with the
unification of the formalism and the second one deals with the visualization of the result. In
order to simplify the use of the tool, the same language is now used to specify the physical
model of the system and the control objectives (as well as the verification objectives).
Both can now be written in a new extension of theNL language, namedI&\AL +.
With SIGNAL +, it is not necessary for the user to know (or to understand) the mathematical
framework that is necessary to perform the computation of the controller. Irrespective of the
model used to represent the system and the synthesized controller, some obstacles prevent
the diffusion of formal methods for logical controller synthesis. The most important deals
with the intrinsic abstraction of the obtained controllers. For instance, in our framework,
the controllers are coded by polynomials o¥gg7, and consequently by Ternary Decision
Diagrams (TDDs), a slight extension of the Binary Decision Diagrams (BDDs) (Bryant,
1986). In other research works, they are sometimes represented by automata (Ramadge
and Wonham, 1987; Hoffmann and Wong-Toi, 1992). In both cases, they are too complex
to be satisfactorily understood. The number of nodes for the first one and the number of
states for the second one is too prohibitive.

Thus, in order to efficiently visualize the resdilie(, the behavior of the controlled sys-
tem (plant and controller)), a new simulation environment of controlledl& programs,
built around the primitive &NAL environment, has been developed. This tool allows
the visualization of the controller synthesis result by interactive simulation of the con-
trolled system. Figure 1 sums up the different stages necessary to perform such simula-
tions.
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Figure 1. Description of the tool.

In the first stage, the user specifies the physical model and the control objectives in
SIGNAL+. The second stage is performed by theN8L compiler which translates the initial
SIGNAL program into a polynomial dynamical system and the control objectives as well as
the verification objectives in terms of polynomial relations and polynomial operations. The
controller is then synthesized using the formal calculus teshS. Finally, in the third
stage, the obtained controller is automatically integrated in a nemas program through
an algebraic equation resolver written both iGM&L and inC*+ (some generic processes
for simulation can be added at this stage). This new glol@i& program can then be
compiled. The result is an executable code ready for simulation.

The validation of this prototype has been performed through different academic examples,
like the control of amanufacturing production ce(Krogh, 1993) and the well-knoweat
and mousexample (Wonham and Ramadge, 1987), which we now present. This example
will be used intensively in the following sections to illustrate the various stages of our
controller synthesis techniques and highlight the features of the tool.

The model a cat and a mouse are placed in a maze shown in Figure 2. The animals can
move through doors represented by arrows in this figure. Dogrs. ., C; are exclusively
for the cat, whereas doolMy, ..., Mg are exclusively for the mouse. Each doorway can
be traversed in only one direction, with the exception of the d@orA sensor associated
with each door detects the passages of the cat and the mouse through the doors and a control
mechanism allows each door to be opened or closed, except for th€gwadnich always
stays opened. Initially, the cat and the mouse are in room 2 and 4 respectively.

The requirementsthe problem is to control the doors in order to guarantee the two
following requirements:

1. The cat and the mouse never occupy the same room simultaneously.
2. ltis always possible for the animals to return to their initial positions.

In order to control the system, we assume that the controllable events are door opening and
closing requests, whereas the movements of the animals are assumed to be uncontrollable.
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Figure 2. The cat and mouse example.

The occupation of the rooms and the status of the door, as well as the movements of the
animals have been specified irGSAL. In order to take into account the requirements (1),
(2), with the purpose of obtaining an optimal controfiave rely on automatic controller
synthesis that is performed on the logical abstraction of the global system.

2. TheSIGNAL Equational Data Flow Real-Time Language

In order to specify our model, we use a synchronous approach to reactive real-time systems,
and particularly the data flow languagesSaL (Le Guernic et al., 1991; Gautier and Le
Guernic, 1999). Synchronous languages (Halbwachs, 1993) are derived from theoretical
and applied studies on discrete event systems with real time aspects, and on specifica-
tion methodologies and programming environments for their development (Benveniste and
Berry, 1991; Halbwachs, 1993).

2.1. TheSIGNAL Language

The SGNAL language (Le Guernic et al., 1991; Gautier and Le Guernic, 1999) manipulates
signalsX, which denote unbounded series of typed values, indexed by time. An associated
clock determines the set of instants at which values are present. The constructs of the
language can be used in an equational style to specify the relations between signals,
between their values and between their clocks. Data flow applications are activities executed
over a set of instants in time. At each instant, input data are acquired from the execution
environment; output values are produced according to the system of equations considered
as a network of operations.
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The SGNAL language is defined by a small kernel of operators. Each operator has formally
defined semantics and is used to obtain a clock equation and the data dependencies of the
participating signals.

e Functionsare instantaneous transformations on the data. The definition of a ¥jgnal
by the functionf: Vt, Y; = f(Xy,, Xa, ..., Xp,) iswritten in SGNAL: Y := (X1,
X2,..., Xn) .Y, X1,..., Xnare required to have the same clock.

e Selectionof a signalX according to a boolean conditidbis: Y := X when C. If
Cis present andrue, thenY has the presence and valueXofThe clock ofY is the
intersectionof that of X and that ofC at the valudrue.

e Deterministic mergeoted:Z := X default Y hasthevalue ofwhenitis present,
or otherwise that oY if it is present an is not. Its clock is thainionof that ofX and
that ofY.

e Delaygives accessto pastvalues ofasignal. E.g., the equadier= X;_,, with initial
valueV, defines alynamic procesdlt is encoded byZX := X$1 with initialization
ZX init VO . XandzXhave equal clocks.

e Compositiorof processes is noted * (for processes; and P,, with parenthesizing:
(I P | P> ]) ). Itconsists of the composition of the systems of equations; it is
associative and commutative. It can be interpreted as parallelism between processes.

Derived processes have been defined on the base of the primitive operators, providing
programming comfort. E.g., the instructioh* = Y specifies that signal® andY are
synchronous (i.e., have equal clockslien B gives the clock ofrue-valued occurrences of
B. For a more detailed description of the language and its semantics, the reader is referred to
(Le Guernic et al., 1991). The complete programming environment also features a block-
diagram oriented graphical user interface (Bournai and Le Guernic, 1993) and a proof
system for dynamic properties ofé3IAL programs, calledIBALI (see Section 3).

To illustrate the preceding notions, let us consider the specificatiorchms of the cat
and mouse example.

2.2. Modeling of the Cat and Mouse System

The complete behavior of the cat and mouse system has been specified4n &sing the
graphical interface of theiSNAL environment. Four processes compose the global system
(see Figure 3). The proceState _of _Roomsdescribes the occupation of the roore.(
in which room the cat and the mouse are). The pro&sate _of _Doors describes the
status of the doors (open or closed). The two last processes describe the assumptions that
are made on the physical model.

The inputs of the main procesgstem are booleans that encode the possible movements
of the animals vt _Mouse_i , Mvt _Cat _i ). This inputs will be considered asmcontrol-
lableduring the synthesis phase. The indd®rState _Mouse_i andDoorState _Cat _i
indicate opening and closing requests of the various doors. They witbhg&ollable
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Figure 3. The main process iniGNAL .

The outputs of the main process are the booleasuge Roomi , Cat _Roomi ) and
(Cat _Door _i , Mouse_Door _i ) respectively representing the room in which the animals
are and the status of the doors.

TheState _of _Roomsprocess This process describes the occupation of the rooms for
the animals with regard to the mouse and cat movements and the status of the doors (Cf
Figure 4 for a part of this process). Consider for example the possible movements of
the mouse into or out of room 0. The mouse can come into this room through the door
3 (Mvt Mouse_3) or through the door 6Mvt _Mouse_6) or go out through the door 1
(Mvt _Mouse_1) or through the door 4\Mvt _Mouse_4).

To model the occupation of the room, two supplementary boolean signals are needed:
Z_Mouse_RoomO0 andMouse_Room0. The first one carries the current status of the room
0, where as the second one carries the future status. At a given idstéoise_RoomoO
holds the valu¢rueif the mouse is in room 0 andfalseotherwise.Mouse_RoomO0 evolves
according to the signaldvt Mouse_3, Mvt _Mouse_6, Mvt _Mouse_1, andMvt _Mouse 4,
and to the current status of the rooiMbuse_RoomO0 becomesrue whenever the mouse
enters through the door 3 or @ifen Mvt _Mouse_3 default when Mvt _Mouse_6),
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Figure 4. Specification of the states of the rooms (Part of$tete _of _Roomsprocess).

falsewhen it leaves through the door 1 or#a{se when Mvt _Mouse_3) default

(false when Mvt _Mouse 6)). If none of the sensors signals a passage, the signal
Mouse_RoomO is equal to the current statdsMouse_RoomO. The occupation of all the
other rooms can be described similarly.

The assumption processnce the physical model specified, describing the global behavior
of the system in the languagecBAL, we have to take into account various assumptions
on the physical model. Indeed, when we specify a system, it is not necessary to specify
the particular behavior of the inputs. For example, in the cat and mouse problem, we have
to take into account the fact that it is not possible for the animals to make two different
movements at the same time and that a movement is possible if and only if the animal is
in the correct room and if the corresponding door is opened. In order to perform control
synthesis as well as verification, a nel@®aL process has, in general, to be included in the
initial SIGNAL program. This process describes the particular behavior of the inputs (i.e.,
the behavioral restrictions due to the environment).

For example, if the cat is in room 1, two movements are possiMet_Cat 7 and
Mvt _Cat 2. Of course, the cat cannot choose both. Moreover the movevhanCat 2
is possible ifand only if the corresponding door is opened (when the badl€an _Door 2
istrue). These assumptions are written IGSAL as shown in Figure 5.

The first line simply says that the signdiit _Cat 2 as to be present only at the instants
where the signak_Cat _Door _2 is presentandtrue, whereas the last line says that the
instants where the signaMvt _Cat 2 and Mvt _Cat _7 are presentat the same time is
reduced to the null clock (which means that this never happens).

3. SIGALI: A Proof/Synthesis Environment Software

The SGNAL environment also contains a verification and controller synthesis tool-box,
named &ALl (Dutertre, 1992). This tool makes it possible to prove the correctness of
the dynamical behavior of the system. The equational nature of ittrAS language

leads naturally to the use of a method based on polynomial dynamical equation systems
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Figure 5. Specification of the mouse movement (part of Assumption process).

(PDSs) overZ/37, (i.e., integers modulo 310, 1, —1} = {0, 1, 2}) as a formal model of
program behavior. The theory of PDS uses classical concepts of algebraic geometry, such
as ideals, varieties and comorphisms (Le Borgne, Benveniste, and Le Guernic, 1991). The
techniques consist of manipulating the system of equations instead of the sets of solutions,
which avoids enumerating state spaces. More precisely, a set of stafes anehts can
actually be represented by a unique polynomial naprattipal generator This way we

can perform operations on sets, while still remaining in the domain of polynomial functions,
and not having to enumerate them. The to@A%I implements the basic operators: set
theoretic operators, fix-point computation, quantifiers (Marchand and Le Borgne, 1999)
(An overview of the ALl syntax can be found in Pinchinat, Marchand, and Le Borgne,
1999). Itrelies on an implementation of polynomials by Ternary Decision Diagram (TDD)
(for three valued logics) in the same spirit of BDD (Bryant, 1986), but where the paths in
the data structures are labeled by valueg-d, O, 1}.

3.1. The Automatic Controller Synthesis Methodology UsiSgsALI

In this section we briefly present the controller synthesis methodology. We first present how
the logical part of &NAL program can be “extracted” leading to a polynomial dynamical
system (PDS). Such a system is the key object on which S works. From a PDS, we
show how it is possible to synthesize a controller according to control objectives. We do not
provide the algorithm since the aim of this paper is not to present in details the underlying
theory but more to present what we are able to perform using this tool. For a complete
review of the theoretical framework of controller synthesis using polynomial methods, the
reader is referred to (Marchand and Le Borgne, 1999).

3.1.1. The Logical Abstraction of BGNAL Program

To model its behavior, al8NAL process is translated into a system of polynomial equations
overZ/3y, (Le Borgne, Benveniste, and Le Guernic, 1991).



SYNTHESIS OF DISCRETE-EVENT CONTROLLERS 333

Table 1.Translation of the primitive operators.

boolean instructions

B = notA b = -a
__ c = ab@-a-b-1
C = Aand B a2 — p?
c = ab(l—-a—b-—ab)
C = AoB a2 — b2
C = A default B c =a+@-adb
C = A when B c = a(-b—-b?
X = a+(1-adx
B = AS$l(nit b) b = a®
Xo = bo

non-boolean instructions

B f(AL ..., Ay > = al=...=a?2
C = A default B 2 = a?+b?-a??
C = A whenB 2 = a’(-b-bdH
B = AS$L (nit by & = a?

Signals. The three possible states of a boolean sig@k., presentandtrue, presentand
falsg or absen} are coded in @ignal variable xby (presentandtrue — 1, presentand
false - —1, andabsent— 0). For the non-boolean signals, we only code the fact that
the signal igpresentor absent (present— 1 andabsent— 0). Note that the square of
presentis 1, whatever its value, when it is present. Hence, for a signi$ clock can be
coded byx?. It follows that two synchronous signalsandy satisfy the constraint equation:
x? = y?. This fact is used extensively in the following.

Primitive operators.  Each of the primitive processes ofGBAL can be encoded in

a polynomial equation. For examp® := A when B, which meansif b = 1 then

c = a else c= 0” can be rewritten irt = a(—b — b?): the solutions of this are the set

of behaviors of the primitive procesgnen. The delay$, which is a dynamic operator
deserves some extra explanations. It requires memorizing the past value of the signal into a
state variable Translatingd := A$1, requires the introduction of two auxiliary equations:

(1) X' = a + (1 — a®)x, wherex’ denotes the next value of state variak)expresses the
dynamics of the system. ()= a®x delivers the value of the delayed signal according

to the memorization in state variabte Table 1 shows how all the primitive operators are
translated into polynomial equations. For the non boolean expressions, we just translate
the synchronization between the signals.

Remark 1. Note that for a boolean relatigfunction we have an exact coding of the
relatioryfunction as a polynomial function while for a numerical functicgiation, the
encoding retains only the synchronization constraints between the signals involved in this
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relation/function. Therefore,8ALI has only reasoning capabilities on the synchronization
and logic properties ofIEBNAL programs.

Processes.By composing the equations representing the primitive processes|GmLS
specification can be translated into a set of equations called polynomial dynamical system
(PDS). Formally, a PDS can be reorganized into three sub-systems of polynomial equations
of the form:

X/ = P(X,Y,U)
S={Q(X,Y,U)=0 1)
Qo(X) =0

whereX, X’ are vectors of variables ifi/37 anddim(X) = dim(X") = n. The components
of the vectorsX and X’ represent the states of the system and are catkgd variables
They come from the translation of the delay operatoiis a vector of variables ifi/ 37, and
dim(Y) = m calleduncontrollable event variablesvheread) is a vector ofcontrollable
variables with dim(U) = p. The first equation calledtate transition equatiogan be
considered as a vector-valued functid®[. . ., P,] from (Z/37 )"™*P to (Z/37,)". Itis
composed of all the equations on the state variables, and it captures the dynamical aspect
of the system. The second equation is calleddbestraint equatiorand is a system of
equations Q1, ..., Q/]. It specifies which event may occur in a given state. The last
equation gives the initial states.

The trajectories of a controllable system are sequereesy:,u:) in (Z/37)"
x (Z/37)™ x (Z/37,)P such thatQo(xo) = 0 and, for allt, Q(xX;, yi,u) = 0 and
Xi+1 = P, W, Ur). The eventyy;, Uy) include an uncontrollable componeptand a
controllable onay;. This particular aspect constitutes one of the main differences with
Ramadge and Wonham (1989). In our case, the events are partially controllable, whereas in
the Ramadge and Wonham formulation, the events are either controllable or uncontrollable.
We have no direct influence on tggpart which depends only on the statebut we observe
it. On the other hand, we have full control owgrand we can choose any valuewpfwhich
is admissiblei.e., such thaiQ(x;, y, ut) = 0.

3.1.2. Control Synthesis Problem

Given a PDSS, as defined by (1), a controller is defined by a system of two equations:
C(X,Y,U) = 0 andCp(X) = 0, where the equatiofy(X) = 0 determines initial states
satisfying the control objectives and the other one describes how to choose the instantaneous
controls; when the controlled system is in stat@nd when an eventoccurs, any valua

such thatQ(x, y, u) = 0 andC(x, y, u) = 0 can be chosen. The behavior of the system
composed with the controller is modeled by the sys&m

X' = P(X,Y.U)
S =1QX,Y,U)=0 C(X,Y,U)=0 @)
Qo(Xg) =0 Co(Xg) =0



SYNTHESIS OF DISCRETE-EVENT CONTROLLERS 335

The various control objectives (as well as their definitions) for which we are able to syn-
thesize a controller (Marchand and Le Borgne, 1999) include:

e The invariance of a set of states.A set of statesE is invariant if every trajectory
initialized in E remains inE.

e The (global) reachability of a set of statesA setE is (globally) reachableif starting
from any possible state, there exists a trajectory that red€hes

e The attractivity of a set of states from another set of statesA setF is attractivefor
a setE if every trajectory initialized irE reached-.

e Thepersistence of a set of state® set of statek is persistent if it is attractive from
the initial states and iE is invariant.

e Therecurrence of a set of statesA set of state€ is recurrent if it is visited infinitely
often.

e We can also consider control objectives that are conjunctions of basic properties of state
trajectories €.g, invariance+ reachability).

e The minimally restrictive control (choice of a command such that the system evolves,
at the next instant, into a state where the maximum of uncontrollable events is admis-
sible).

Finally note that some other control objectives, dealing \githntitative criteriacan also

be considered. In general, these control objectives are expressed as partial order relations.
Such relations can, for example, be described by means of numerical cost functions (see
(Marchand and Le Borgne, 1998a; Marchand and Le Borgne, 1998b; Marchand and Le
Borgne, 1999).

Remark 2. From a verification point of view, besides the verification of ilnariance
reachabilityandattractivity of a given set of states, itis also possible to symbolically express
CTL formulae (Dutertre, 1992), propositionatalculus formulae (Kozen, 1983; Pinchinat,
1996) as well as bisimulation equivalences (Kouchnarenko and Pinchinat, 1998; Pinchinat,
Marchand, and Le Borgne, 1999).

3.1.3. Specification of an Objective SiGNAL +

Using an extension of thei&AL language, namedI&AL+, it is possible to express
the properties to be checked as well as the control objectives to be synthesized directly,
in the SGNAL program. With 8NAL+, it is not necessary for the user to know (or to
understand) the mathematical framework which is necessary to perform the computation
of the controller. The syntax is given in Table Il.

The keywordSigali means that the subexpression must be evaluatedday IS In the
first case, the functioierif _Objective (it could beinvariance(), reachability(), attrac-
tivity (),etc) means thatiSaLlI has to check the verification objectives according to the
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Table 2.Basic syntax of &NAL+.

(1 Sigali(Verif _Objective(Prop))
| Sigali(Control _Objective(Prop)) 1)

Figure 6. Specification of the control objectives.

booleanPROP, which defines a set of states in the corresponding polynomial dynamical
system. In the second case, the functdontrol _Objective means that BALI has to
compute a controller which will ensure the control objective for the controlled system. It
could be one of the control objectives presented in the previous SectionS(Secrity(),
S_Reachability(), S_Attractivity() , S_.Free_.Max() (for the minimally restrictive control),
etc.). We also proscribe in thecBIAL program the status of the inputs (controllable or not))
by the functionControllable(). The complete &NAL program is obtained composing the
process specifying the plant and the one specifying both the verification objectives and the
control objectives in parallel. The compiler produces a file which contains the polynomial
dynamical system resulting from the abstraction of the completess program and the
algebraic control (or verification) objectives. This file is then interpretedibyL$.

3.2. Application to the Cat and Mouse Example

Toillustrate Section 3.1, let us come back to the cat and mouse example. Using the language
SIGNAL +, the control objectives we want to ensure for the cat and mouse problem can be
described as follows (cf Figure 6):

We first introduce the signalsat mouseroom., (i = 0, ..., 4) which aretrue when
the cat and the mouse are both in roorand absentotherwise. We then introduce the
booleanerror which is true when one of the eventsat mouseroom.i is true and it is
false otherwise (in terms of automata, we describe the set of states where objective 1 is
violated). To specify the second objective, we introduce the boaléeh  _States that
is true whenever both the cat and the mouse are in their initial roomfalsd otherwise.
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Table 3.The resulting &ALl file.

read(*“system.z3z"); = loading of the PDS S
read(“Synthesis _Library.z3z");
read(“Verification _Library.z3z")
Set _States _1: False(Error); = Compute the states where Error is false
Set _States _2: True(Initial _States);

= Compute the states where InitiStates is true
S_c_1: S _Invariance(S,Set _States _1);

= Controller ensuring the invariance of S8tatesl
S.c: S _Reachable(S _c_1,Set _States _2);

= Controller ensuring the reachability of S&tates2

} = Loading of the necessary libraries

Finally, to ensure the two objectives, we requine/&| to compute a controller which
ensures (i) the invariance of the set of states where the boetean is false (objective
1. S_Security(False(Error)) ) and (ii) the reachability of the cat and mouse initial
positions (objective 2S_Reachable(True(Initial _states)) ).

The correspondingI8aLI file system -CMD.z3z (Table Ill), obtained after the compi-
lation of the global &NAL program (such a computation is automatic and performed, in
this case, in less than 5Sec), is the following:

The file “system.z3z” codes the polynomial dynamical systerhat represents the
initial system. S is represented by 23 state variables, 12 controllable variables and 13
uncontrollable variables. The second and third files (“Verificatibrary.z3z” and ‘Syn-
thesislibrary.z3z") are libraries in which we can find the different algorithms concerning
verification and controller synthesis problems. The booleanr becomes a polyno-
mial expressed by state variables and events as well as the bdoitsgln _States
The polynomialsSet _States _1 and Set _States _1 respectively represents the set of
states where the polynomi&rror is equal to—1 (i.e. in the $NAL world, where
the boolearError is falsg and the set of states where the booléaitial _States
is equal to 1 (therefor&rue). The last two lines correspond to the controller computa-
tions.

This file is then interpreted byi&aLl (read(*system _CMD.z3z") ) which com-
putes the controller with respect to the control objectives. In this casaLiSfirst com-
putes a controller which ensures the invariance of the set of states where the polynomial
Set _States _1 takes the value 0. The obtained controlled system is c&lledl. From
this new system, IBALI computes the controller that ensures the reachability of the initial
states. The result is given by a new controlled systeerfrom which the global controller
ensuring the two control objectives is extracted. The global controller (in fact a TDD) is
computed by &ALl in about 15Sec. This TDD is then saved in a file, which could be used
to perform simulation following the principle described in the next section.

4. The Simulation of the Results

As explaininthe introduction, one of the main problems dealing with the controller synthesis
methodology is the visualization of the new behavior of the controlled system. What we
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Figure 7. Integration of the resolver and simulation processes: The principle.

propose, in our tool, is an easy way to obtain a simulation which allows the visualization of
the controller synthesis result by interactive simulation of the controlled system. This way,
the user can better understand the controller synthesis effects on the system. We here suppose
that a controller has already be synthesized according to given control objectives. The first
stage consists in integrating automatically the controller (more precisely, aresolver process)
in the initial SGNAL program and the second stage consists in generating a simulation of
this new SGNAL program, following the architecture of Figure 7.

4.1. Integration of the Resolver in &GNAL Program & Simulator Building

The resolver In our framework, a controller is a polynomial, and thus is represented by
a TDD. In most cases, the result is not deterministic; several values are possible for each
command, when the system evolves into a state. Therefore, an algebraic equation resolver
has been developed inciAL for the control part of theesolver ~ process and i€+
for the Algebraic Equation Resolver (AER).

The AER is able to solve polynomial equatione( controllers in our case) according
to the internal state values (the values of the state variables) and the input event values.
The constraint part of the controller is given by the polynom@(X, Y, U) = 0, where
X,Y andU are sets of variables. The AER provides, for given vakieg all the possible
values for the commands it is important to notice that not only one but all the alternatives
of commands are proposed. The AER is automatically integrated in the inidshS
program, following the diagram of Figure 7. The AER, which can be considered as an
external function, is encapsulated in a signal process, naesetver . The links {.e,
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the connections through signals) between the praesstver , the AER and the process
which specifies the system are automatically added in order to obtain the iIGemLS
program.

Following the same principle, if some assumptions have been expressed on the uncontrol-
lable events, a sub-controller is also integrated in ta&&. program. In this case, the sub-
controller is a polynomial in variables andY given byQ’(x, y) = 0 < 3u, Q(X, Yy, U) =
0, whereQ is the constraint equation of the polynomial dynamical system (i.e., the only
admissible uncontrollable events are the ones for which there exists at least one command
u such thatQ(x, y, u) = 0). Note that wherQ’ is not reduced to the null polynomial,
another process resolver is included (and that even if no assumption process exists). The
fact thatQ’ be not reduced to the null polynomial simply means that there eventually exist
relations (constraints) between the uncontrollable inputs.

Remark 3. The complexity of the algorithm that provides the possible values of the
controllable events is very low. Indeed, once the values okthady have been sent to
the AER, the controller is reduced to an equat®idUy, ..., Up) = 0. Hence, in order

to know whethetJ; could take a valug < 0, 1, —1, the AER just has to test if the TDD
C’(Uy, .Ui_1, j, Uiy1, ..., Up) reduces to the constant polynomial 1. If npts a possible
value for the controllable event variallg.

The simulator at the same time, the user has the option of adding in this new program
some generic processes of simulation. These&. processes perform, after compilation,
the automatic construction of graphical input acquisition buttons (interactive dialogue box
in Figure 7) and output display windows for the signals of the interface of the program, in
an oscilloscope-like fashion; with regard to the commands and the uncontrollable events,
the graphical acquisition button processes are automatically added irctive Hrogram
when the resolver(s) is (are) included. From this point, itis sufficient for the user to compile
the resulting &NAL program which generates executable code ready for simulation.We are
also able to perform real graphical animation in order to simulate the behavior of the system
(see Section 4.2).

Simulation principle once the controller has been computed and integrated in the new
SIGNAL program as explained in the previous section, we have to simulate the result of the
synthesis. In most cases, the controller is not deterministic, in the sense that for a given
state and a given uncontrollable event, more than one command can be admissible. To solve
this problem, we choose to perform a step by step simulation.

During the first stage ofiIENAL program specification, the user indicated the controllable
and uncontrollable inputs. Thus, the values of the controllable events will be chosen by the
user under the control of the resolver through an interactive dialogue box (cf. Figure 8). For
example, when the user makes a choice (i.e., the user chooses a particular value for one of the
commands), this choice is automatically sent to the AER, which returns the set of possible
values for the remaining commands. In fact, each time a new choice is made by the user,
a new controller is computed, in the sense that one variable of the polynomial controller
has been instantiated. New constraints can then appear on the commands which are not
totally specified (there still exist more than one choice); During this exchange between the
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Figure 8. Example of simulation during a step.

dialogue box and the resolver, some commands can be totally specified by the resolver in
which case their values are then imposed.

The choice of the command values can be performed step by step by the user, or using
a random process for a step of simulation. In the second case, the resolver chooses the
command values. The user can also ask for a random simulation during an indeterminate
number of simulation steps.

Remark 4. The choice of the uncontrollable event variable values follows the same
principle. The value of these inputs will be given by the users (without any restrictions
in the case wher€’ = 0) or using a random process according to the admissibility of
these events ((1) in Figure 7). In the case where the uncontrollable events are constrained,
then the possible values of these inputs have to be accepted by another resolver, which
gives, through a dialogue box, the possible choices for these uncontrollable inputs ((2) in
Figure 7).
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Figure 9. Cat and mouse problem simulation.

4.2. Simulation of the Cat and Mouse Example

Once the controller corresponding to the two control objectives has been synthesized by
SIGALL, it is integrated in the IBNAL environment as explained in Section 4.1. After the
compilation of this new B&NAL program, a graphical simulation is obtained (see Figure 9).

Figure 9(a) represents the uncontrollable evengs the cat and mouse movements).
They are constrained by a resolver resulting from the proassamptions(never two
different movements at the same time and a movement is admissible if and only if the door
is open and the animal is in the correct room.). Figure 9(c) represents the cominands (
the opening and closing requests). The choice of the user is limited by the main resolver in
order to ensure the two objectives. Finally, Figure 9(b) represents the graphical interface
of simulation, in which the positions of the animals, as well as the states of the door can be
observed.

Remark 5. This graphical simulation has not been produced using the generic processes
of simulation but has been implemented in Java. To this end, we developed a “generic”
interface making the link between the C file produced by tieal& compiler and a Java
graphical interface. The control panels are still automatically generated (Figure 9(a) and
9(c) as well as a pace-maker panel (not presented here)). The only part which is non generic
is the graphical simulation of Figure 9(b) which concerns the animation of the movements,
but this can be done easily.
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SUPCRYICORY COMTROL PRODLEM
The Production Cell Example

Figure 10. The flexible manufacturing cell.

5. Another Example: The Control of a Manufacturing Cell
5.1. Brief Description of the Problem

In this example, we consider a flexible manufacturing cell, as shown in Figure 10. This
manufacturing cell is composed of five workstations (three processing workstations, a part-
receiving station (Work Station 1 in Figure 10) and one completed parts station (Work
Station 4 in Figure 10)).

Five Automated Guided Vehicles (AGV’s) transport materials between pairs of stations,
passing through conflict zones shared with other AGV’s. We assume that the controller
receives signals from the AGV'’s indicating their current positions in the manufacturing cell.
We also assume that we can stop the AGV's before they enter in some conflict @pnes (
transitions in Figure 10).

The control synthesis problem is to coordinate the movement of the various AGV’s in
order to avoid collisions in the conflict zones(, it is required that all AGV'’s be controlled
so that each zone be occupied by no more than one AGV).
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Figure 11. Specification in &NAL of the synchronization between the sub-systems.

5.2. Specification ifSIGNAL

The complete behavior of the system is specifiedi@NSL. It is decomposed into 10 sub-
systems, respectively coding the 5 workstations, and the five AGV’s circuits (processes
Work _Station_i andAgv_i). The movement in each subsystem is driven by a clock, possi-
bly different for each subsystem, namBEde_Wst_i for the workstations, antime_Agv_i
for the AGV’s. Synchronizations between the different subsystems are performed through
exchanged messages, coding the state of each sub-system (in dash in Figure 11).

The control objective is specified by another process. Figure 12 describes this specifica-
tion:

In order to realize the control objective, we first have to define the states of the system
where two AGV'’s are at the same time in a common zone. For example, the Zaneall
is a boolean which irue when the AGV1 and the AGV2 are both in the conflict zone 1.
In this expression, the boole&text Agv_i j represents th¢™ position of thei!" AGV.
Zone _1 is synchronized with the evefick which is equal to the union of the different
clocks for the sub-system3ifme _...). Each conflict zone is specified inGBIAL in this
manner. Finally, The boolea@onflit  istruewhen one of the boolea@®ne _i istrue, it
is falseotherwise. It corresponds to the forbidden states the states where two AGV’s
share a conflict zone).

Now that the property has been specified, we add in tiea& program the con-
trol objective. We first indicate which event is controllalflESALI(Controllable-
(Ci)) . Finally, to ensure the control objective, we requine/| to compute a con-
troller that ensures the invariance of the set of states where the badeéit  is false
S_Security(False(Conflit))
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Figure 12.The control objective.

5.3. Controller Synthesis and Simulation of the Results

The global system (the model process, the control objectives process) is automatically
translated by the compiler in a polynomial dynamical system. Itis represented by 56 states
variables and 10 controllable event variables encodin@th@and 10 uncontrollable events
encoding the clock of each sub-system. It can be shown that the corresponding explicit
automaton has more than®i@achable states. The controller is then synthesizeddy S

Its computation is realized in less than 10Sec byaS. The result is a TDD, which is
integrated into the initial ®NAL program. After the compilation of this newcBAL
program, a graphical simulation is obtained (see Figure 8 and 10). Figure 8 represents the
commandsi(e., the opening and closing requests). The choice of the user is limited by the
main resolver in order to ensure the objective. Finally, Figure 10 represents the graphical
interface of simulation, in which the positions of the AGV’s can be observed.

We also have performed the synthesis of controllers with a more intricate manufacturing
cell (in fact with two AGV'’s in the first, third and fifth transport zone). Note that the
corresponding automaton is now composed of more thab® different reachable states.

For the same control objective, the controller is computed in less than 2 hours (Compared to
the previous case, the higher computation time is basically due to the state space explosion).

Remark 6. For simulation purposes (simplification), the clocks of the various sub-system
have been assumed to be equal. Therefore, during the simulation all the events are control-
lable. However, the controller synthesis phase has been performed with different clocks for
the sub-systems (they were supposed to be uncontrollable).

6. Conclusion

In this paper, we have presented the integration of a controller synthesis methodology in the
SIGNAL environment through the description of a tool dedicated to the algebraic computation
of a controller and then to the simulation of the controlled system.
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The specification of the system is done in a discrete event framework using the language
SIGNAL. In order to facilitate this step, the user can use a block-diagram graphical user
interface. This environment allows the user to have graphical and textual representations of
the language structures. These representations may be used together during the building or
the “reading” of the program. The formal verification of &SaL program, as well as the
automatic controller design are performed using a formal calculus system na@red S

The principle is to translate the logical part as8AL program into a polynomial dy-
namical system oveZ/37 , an implicit representation of an automaton. The operations
on equation systems belonging to the theory of algebraic geometry enable the treatment
of various kinds of properties. The same operations can also be used for the automated
synthesis of controllers where algebraic methods are used this time for the derivation, from
a model of a system, of a controller satisfying given properties and objectives. Finally, in
order to facilitate the use of the controller synthesis methodology, we have added in the
SIGNAL language the possibility of directly expressing the control objectives (and the veri-
fication objectives) in the initialIBNAL program. Therefore, it is not necessary for the user
to know (or to understand) the mathematical framework which is necessary to perform the
computation of the controller. Moreover, as the resultis an equation encoded by a TDD, we
have developed a simulator in thesSAL environment which allows the user to visualize
the new behavior of the controlled system.
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Notes

1. The controlleris optimal in the sense that the controlled system has a smaller behavior than the original one—to
fulfill the control objectives—but as large as possible, otherwise, the controlled system “doing nothing” would
correspond most of the time.@, requirement (1)).
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