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Abstract. This paper, dedicated to controlled generalized batches Petri
nets without discrete nodes, presents a method for computing a control
trajectory for reaching a steady state from a given initial marking. A
steady state is characterized by a state in which the marking and the
firing flow vector are constant. By controlling the firing flow vector of
transitions, the proposed control strategy is an event-based one and relies
on an algorithm solving a linear programming problem. This new control
strategy, called in this paper as maximal flow based ON/OFF control,
exploits the maximal firing flows and reduces the delay of the transient
behavior for reaching the steady state. A practical communication system
is provided to illustrate the relevance of such a control strategy for Cyber-
Physical Systems.

Keywords: Petri nets - hybrid systems - event-driven control - steady
state.

1 Introduction

The prevalence of Cyber-Physical Systems (CPSs) in a wide range of critical ap-
plications requires the development of efficient control and monitoring methods
for such systems. Since the communication between entities of a CPS is carried
out through network and internet, this type of system is vulnerable to attacks
and threats [6]. To deal with the modeling, control and analysis of CPSs, the
use of Discrete Event Systems (DESs) formalisms, such as Automata and Petri
Nets (PNs), has been widely considered [10].

Some important works have been devoted to the control problems of such
models with continuous Petri nets under infinite server semantics, applying
discrete-time control such as ON/OFF controllers [11] or Model Predictive Con-
trol [9]. As studied by [1], the event-driven control strategies provide an alterna-
tive to time-driven ones in hybrid systems where the control action is updated
when an event occurs. In this spirit, [7] have proposed an event-driven control
of timed hybrid Petri nets.

In this work, we consider controlled Generalized Batches Petri Nets (cGBPNs)
[3] with the transition firing flows as control inputs. Such models enrich the class
of hybrid Petri nets [2] by introducing a new kind of nodes, called batch nodes.
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Batch transitions act as continuous ones with finite server semantics while batch
places are hybrid ones defined by three continuous characteristics: a length, a
transfer speed and a maximal density. Based on the concept of batches as mark-
ing, i.e., a group of entities moving through a batch place at a certain speed,
c¢GBPNs allow variable delays on continuous flows to be represented. cGBPNs
behavior is based on a switching continuous-time and event-driven dynamics.

A control strategy of cGBPNs was presented in our prior work [8] which is
steady flow based ON/OFF control strategy. It assumes that the controlled firing
flow of each transition cannot exceed its steady firing flow. Although the con-
vergence to the steady state using this strategy was proved, the main drawback
of using steady flows rather than the maximal values is the impact on the time
performance. The main contribution of this work is to exploit the maximal firing
flows when it is possible to improve the convergence delay. Since a certain con-
figuration of the moving entities characterized by a steady state density should
be reached, the use of the maximal firing flows is restricted and is only feasible
when some conditions that are developed are satisfied.

The remainder of this paper is structured as follows. In Section 2, some pre-
liminaries on cGBPNs and their steady states are presented. A running example
is introduced and used throughout the paper to illustrate the different notions.
Section 3 formalizes the control problem and the steady flow based ON/OFF
control is recalled. In Section 4, the new proposed control strategy and the
computation of the control trajectory are detailed. A communication system
illustrates the presented approach in Section 5. Finally, some conclusions and
future works are presented in Section 6.

2 Preliminaries

In this section, we introduce some basic definitions on controlled generalized
batches Petri nets (cGBPNs) and identify the steady states.

2.1 Generalized Batches Petri nets

We assume the reader to be familiar with hybrid Petri nets such as defined by
[2]. For more details on batches Petri net formalisms, we refer readers to [3, 5].

Definition 1. A Generalized Batches Petri net (GBPN) is a 6-tuple N =
(P, T, Pre, Post,~, Time) where:

— P = PP U PCUPE is finite set of places partitioned into the three classes
of discrete, continuous and batch places.

— T =TPUTCUT?E is finite set of transitions partitioned into the three classes
of discrete, continuous and batch transitions.

— Pre, Post: (PP x T — N)U ((P°UPB) xT — Rxq) ! are, respectively, the
pre-incidence and post-incidence matrices, denoting the weight of the arcs
from places to transitions and transitions to places.

! We denote Rso (resp., Rso) the set of nonnegative (resp., positive) real numbers
and N the set of natural numbers.
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—~y:PB ]R3>0 is the batch place function. It associates to each batch place
pi € PB the triple v(p;) = (Vi, d™®*, s;) that represents, respectively, maxi-
mal transfer speed, maximal density and length of p;.

— Time : T — R>¢ associates a nonnegative number to every transition:

o ift; € TP, then Time(t;) = 1; denotes the firing delay associated with
the discrete transition;

e ift; € T UTE, then Time(t;) = ®; denotes the maximal firing flow
associated with the continuous or batch transition. ]

: discrete place d; —— :discrete transition

: continuous place o — : continuous transition

: batch place .
(V,, dM9* 5.} D; : batch transition
124 1 9oL

& © ©

Fig. 1: Nodes of a GBPN.

The cardinality of the sets of places and transitions is denoted as nY = |PY|
and hY = |TY|, respectively, with Y € {D,C, B}. Note that n and h are re-
spectively the total number of places and transitions. Each node of a GBPN
has a graphic representation, as shown in Fig. 1. The marking (i.e., net state)
at time 7 is a vector m(7) = [my(7) ma(7)...m,(7)]7 that assigns to each
discrete place a nonnegative integer, to each continuous place a nonnegative
real number and assigns to each batch place p;, a series of ordered batches,
m;(7) = {6}(7’), ... ,ﬁ[(r)}. A batch is a group of discrete entities, character-
ized by three continuous variables, a length (space unit), a density (number of
entites/space unit) and a head position (space unit).

Definition 2. A batch By at time T is defined by a triple B (7) = (Ik(7), di(7),
xi (7)), where l;;(T) € R>q is the length, di(T) € R>q is the density and, z(T) €
R>¢ is the head position. |

Note that the initial marking is denoted by mg and time 7 will be omitted
in the rest of paper when there is no ambiguity.

Each batch place p; is characterized by a maximal capacity given by @Q; =
s; - A, The output density of a batch place p;, denoted dS", is the density of
the batch 87 (1) whose head position is equal to the length of the batch place (i.e.,
zI (1) = s;), then d"*(r) = di(7), else d9"(7) = 0. The batch A7 (7) is called
output batch of p;. A batch with a density that equals the maximal density of a
batch place, i.e., di (1) = d"**, is called a dense batch.
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Due to the existence of batches inside a batch place, we define the marking
quantity as the total quantity of a place. The marking quantity of a continuous
or discrete place is equal to its marking while it corresponds for a batch place to
the sum of the quantities of all batches contained inside. The marking quantity
vector is formally defined as follows:

Definition 3. The marking quantity vector ¢ = u(m) € RY, associated with a
marking m is defined as follows:

m; ifpiEPDUPC,
G=3{ S tb-dt ifp e PB.
Bf’emi

Remark 1. u(m) is an injective mapping which associates a given marking
m to a single marking quantity vector q. Its inverse is not, since more than one
marking m may correspond to a given marking quantity vector q.

The dynamics of a GBPN, ruled by the firing of enabled transitions and the
hybrid dynamics inside batch places, uses the notion of instantaneous firing flow
vector (IFF). More precisely, the IFF ¢;(7) < ®; of a transition t; € T¢ UT?
is used to represent the firing quantity by time unit. The IFF vector at time
7 is denoted by (1) € Rh“+h”  The input and output flow of a batch or
continuous place p; at time 7 are the sum of all flows entering and leaving
the place, respectively, denoted by: ¢"(7) = Post(p;,-) - ¢(7) and ¢ (1) =
Pre(p;,-) - (7).

The behavior of a GBPN is based on a timed discrete event dynamics. Be-
tween two timed events, the net state is characterized by an invariant behavior
state (IB-state) [4] with linear or constant continuous evolution. Thus, the mark-
ing in discrete places, the firing flow of continuous and batch transitions and the
output density of batch places are constant within an IB-state. Note that, as ¢
is constant in an IB-state, ¢'™ and ¢°"* are also constants between timed events.

The evolution of a GBPN is characterized by a fundamental equation ex-
pressed by:

q(1) =q(r0) +C - 2(1) (1)

where C = Post — Pre and z(7) € R’;O, called firing quantity vector, denotes
the firing count of each transition during time interval [y, 7]. Note that z(m) =
0.

Ezxample 1. Let us consider the GBPN represented in Fig. 2 composed of two
continuous places and two batch places. The characteristics of each batch place
(maximal transfer speed, maximal density and length) are depicted on the figure.
The initial marking is mg = [8 8 () §]7 which means that both batch places are
empty. The maximal capacity of batch places are Q3 = 8 and @4 = 10. Since
the only enabled transition is ¢1, the IFF vector is given by ¢(79) = [2 0 0]
at date 79 = 0. Consequently, in the batch place ps, a new batch is created as
Bi(70) = (0- V3, ¢ (70)/V3,0-V3) = (0,2,0). At date 7, = 4, this batch becomes
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an output batch as 8i(m) = (4-V3,2,4-V3) = (4,2,4) and a new IFF vector
w(11) = [2 2 0]T is applied since transition ¢, is also enabled. Thus the time
interval |79, 71] corresponds to an IB-state. Note that, whatever the evolution, it
holds : ¢1 + g3 =8 and ¢2 + q4 = 8.

Fig.2: A ¢GBPN system with initial marking my.

2.2 Controlled GBPN and steady state

In our work, we consider the instantaneous firing flow of continuous and batch
transitions as control input. This leads to the following definition.

Definition 4. A controlled Generalized Batches Petri net (¢cGBPN) is a GBPN
N for which a control input u(T) = (1) is defined with 0 < u(t) < P. |

The following definition, taken from [3], gives the definition of a steady state
of cGBPN.

Definition 5. (Steady state) Let (N,mg) be a cGBPN with PP = TP = ().
The net is in a steady state at time 75 if for T > 75 the marking m® and
the instantaneous firing flow vector ¢® remain constant. Thus a steady state is
defined by a pair (m?®, ¢*®). The marking quantity vector associated with a steady
marking m® is denoted as q° = p(m?). [ |

For a cGBPN with PP = TP = (), with an initial marking quantity vector q"
and a given steady marking quantity vector g°, we denote by z* the steady firing
quantity vector, i.e., the minimum firing quantity vector, that satisfies: z° > 0,
and min z°%, s.t. ¢° = ¢° + C - 2°.

In a steady state (m?®, ¢®) where ¢® > 0, it has been proved in [3] that the
marking of a batch place p; has one of the following regular forms:

1. A single batch : mi = {82} with 82 = (s;,d?, s;) and density d? < d***. In
other terms, the steady state marking of p; is composed by a single (dense
or not) output batch whose length is equal to the length of p;.

2. Two batches : m? = {g¢, 8¢} with 85 = (1¢,d5,1¢), 82 = (I2,d™, s;) and

¢ +1¢ = s;. The steady state marking of p; is composed by a dense output
batch in contact with one input batch.
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In [3], (¢°, ¢*) of a cGBPN without discrete nodes, has been computed by
solving a linear programming problem that only considers the net structure and
the initial marking (see Proposition 4.5 in [3]). From (g°, ¢?), the steady state
marking m?® could be characterized (see Proposition 4.4 in [3]). Note that, in a
steady state, the input flow and output flow of place p; are equal and denoted
as ¢3.

Definition 6. Let (N,mg) be a ¢cGBPN with PP = TP = () and (m*,¢®) a
reachable steady state. The event-driven control problem for reaching (m?, p°)
deals with the computation of a timed control trajectory (u°, o), (ul, 1), -+,
(u', ), -, (u®,75) feasible in the cGBPN from mg such that m(7s) = m® and
u(ry) = u® = ¢*, V1 > 7. [ |

Note that the controlled firing flow vector u’ is applied at date 7; and remains
constant until 7,11, corresponding to a timed interval of an IB-state. When
a ¢cGBPN is without discrete nodes, the fundamental equation Eq.(1) for the

control trajectory (u®,70), (ul, 1), -, (uf,7;), -+, (u®,75) becomes:
T1 Ts
ar) =g+ C ([l edpek [ wdp), @)
To Ts—1

where f:f ) u'~! . dp denotes the sum of firing quantity of continuous or batch
transitions during time interval [7;_1, 7;].

Ezxample 2. A reachable steady state for the net presented in Example 1 is given
by : m® =[40 {(4,1,4)} {(2,1,2),(3,2,5)}]7 (see Fig. 3) and ¢* = [1 1 1]T.
Batch place ps is in the first regular form with only one batch inside 5§(7 >
7s) = (4,1, 4) while batch place p4 has two batches: a dense output batch 55(7 >
7s) = (3,2,5) in contact with an input batch 8§(r > 75) = (2, 1,2). The marking
remains constant since the input and output flow of each place are equal.

t; t, P ts

Fig.3: The cGBPN of Example in a steady state.

3 Steady flow based ON/OFF control

The problem addressed in this paper is the control of the transient behavior
of a cGBPN. More specifically, the objective is to compute a control trajec-
tory that drives the net from a given initial marking mg to a reachable steady
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state (m?, ¢®). Such a control has been proposed in [8] denoted as steady flow
based ON/OFF control, in this paper. This section aims to present this previous
proposed control strategy. In the rest of the paper, we consider the following
assumptions already done in [§].

A1 No discrete nodes (PP = TP = ().
A2 The steady firing flow vector is positive (¢* > 0).
A3 The net is conservative.

Assumption (Al) preserves the restricted class of cGBPNs for which the
steady state analysis has been studied [3]. Assumption (A2) ensures that the net
is consistent, i.e., there exits a positive T-semiflow. Assumption (A3) imposes
that each place is contained in the support of a P-semiflow.

The basic idea of steady flow based ON/OFF control is, from the initial
marking, to firstly reach the steady marking quantity vector and then to reach
the steady state marking. More precisely, enabled transitions that at least one
of their input places has less marking quantity than its steady marking quantity,
are blocked. For the other enabled transitions, their controlled firing flows are
maximized to their steady flows. For any place that reaches its steady marking
quantity, an additional constraint imposes that its input flow equals its output
flow. This control law is applied until the target steady state marking is reached.
One can remark that the firing flow of a transition cannot exceed its steady flow.
To illustrate this approach, the introduced example is considered again.

Ezxample 3. Let us consider again the cGBPN depicted in Fig. 2 with initial
marking mo = [8 8 0 0}]T. The control trajectory, obtained by the steady
flow based ON/OFF approach, to reach the steady state m® = [4 0 {(4,1,4)}

{(2,1,2),(3,2,5)}]7 showed in Fig. 3 is given by (u°,0), (u!,4), (u?,9), (u3,12),
with «® = [10 07, w! = [110]7, u? =[110]7, «® =[111]7. At the initial
marking, only the flow of transition ¢; is maximized to the steady flow since only
t1 is enabled and its input place has greater marking quantity than the steady
one. At date 7, = 4, batch place p3 has reached its steady marking quantity and
transition t5 is enabled. The input and output controlled flows of p3 are imposed
to be equal as order to hold the marking quantity of p3 and to feed place py.
At date 75 = 9, the batch created in py becomes an output batch, transition ts
is enabled and blocked since the input place ps has still less marking quantity
than the steady marking quantity. At date 73 = 12, all places reach the steady
marking and the steady flow vector is imposed.

The use of the steady firing flow as maximal control value allows to construct
the regular marking such as for place ps of the example. However, for place
P4, this limitation causes much more delay to create the accumulated part of
the steady marking. Thus the use of the maximal firing flow could reduce the
delay for reaching the steady state. From this motivation, the following work is
dedicated to developing a new control strategy that exploits the maximal firing
flow to improve the time performance.
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4 Maximal flow based ON/OFF control

In this section, we propose a new method that improves the time performance
compared with the steady flow based ON/OFF control strategy. Before intro-
ducing the control strategy, some necessary notions are first presented hereafter.
According to the regular forms in steady state marking (see Section 2), the
steady marking quantity of a batch place p; could be divided into two components
. .. f.s a,s
of marking quantities ¢;° and ¢;"° defined as follows.

Definition 7. The steady marking quantity of place p; associated with a steady
state marking m® could be divided as:

¢ =q"+q,

a,s

where qf ’

.7 and g;>° represent, respectively, the steady marking quantity of free
part and the steady marking quantity of accumulated part. They are defined as

follows:

1. If p; is a batch place :
(a) if m? = {55, 87}, af* =15 -d and g =19 -,
(b) if m} = {5°}, |
— d9 = ¢$/V;, such that qf’ =s?-d?, and ¢} = 0.
— d9 # ¢35/ Vi, such thatfq =s? do and q”=0.
2. If p; is a continuous place : =0 and " =qf. |

Definition 8. For a cGBPN at marking m, given its steady state marking m?®
and steady firing quantity vector z°. The minimum remaining quantity that en-
ters into a place p; from an input transition t; for reaching the steady marking
quantity vector q° is denoted as g} % (m) and given by q;%(m) = Post(p;, t;)(z] —
2,(m)). n

Let us remark that when ¢f%(m) < 0 holds, it is not necessary to fire tran-
sition t; to reach the steady marking quantity of place p; at current marking
m.

Ezxample 4. Let us consider the cGBPN with the given steady state m® =
[4 0 {(4,1,4)} {(2,1,2),(3,2,5)}]T as shown in Fig. 3. The steady flow vec-
tor is ¢o* = [1 1 1]7 and the steady marking quantity vector is q° = [4 0 4 8]
For continuous places, ¢f corresponds to the steady marking quantity of accu-
mulated part ¢7°°, i.e., ¢§ = ¢"° =4, and ¢5 = = 0 while ¢;”° = q2 = 0.
For batch place ps, d§ = ¢5/Vz = 1 / 1 =1, thus the steady marking quantity
of free part is qg’s =18-d§ =4-1 = 4 and the steady marking quantity of
accumulated part is ¢3'° = 0. For batch place py, the steady marking quantity
of free part is ¢3’* = 1§ - d§ = 2, and ¢3"° = 1§ - d] = 6 for the accumulated part.

For the minimum remaining quantity, the steady firing quantity vector to
reach g° at marking myg is z° = [12 8 0], thus, for batch place p3 and its input
transition ¢1, ¢3% = Post(ps,t1)(2] — 21(mg)) =1 (12— 0) = 12 corresponds to
the remaining quantity entering into ps for reaching steady marking quantity.
Similarly, ¢j% = 8, ¢3% = 0 and ¢3% = 8 which means that transition ¢3 does
not need to be fired to reach g° as already specified by z°.



Computation of an ON/OFF control trajectory 9

4.1 Proposed control strategy

Due to the existence of batches in a batch place, a steady state marking is
reached by guaranteeing both the steady marking quantity and the regular forms
of batches in a batch place. Hence, the use of the maximal flows of transitions as
the threshold to feed places improves the time performance to reach ¢° but more
time will be needed to generate regular forms given by m?°. Therefore, a condition
on the minimum remaining quantity is introduced to switch the threshold from
the maximal flow into the steady flow for getting the steady marking quantity
and creating the regular forms as follows:

g5 (m) < g¢f”, (3)

2

where g;5(m) = Post(p;,t;)(z] — 2;(m)) is the minimum remaining quantity
given by Definition 8. This quantity is thus compared with the free part quantity
of place p;.

The basic idea of the proposed control strategy is to limit the firing flow
of an enabled transition to its steady value when the condition given by (3)
is satisfied. For any enabled transition that does not satisfy this condition, its
flow is maximized to its maximum flow value. Finally, the flow of an enabled
transition is set to zero when the condition given by Eq. (3) is satisfied but at
least one of its input places has less quantity than steady marking quantity. At
a given marking m(7), the proposed control strategy could be summarized as

follows?:

— ONj;: maximize u;(7) to ¢ if t; is enabled with 3 py, € 5 : g1 (m) < ql”.

— ONpax: maximize u;(7) to @; if t; is enabled with Ao € A (m) < q.”.

— OFF: w;(7) = 0 if ¢; is not enabled or if ¢; is enabled with 3 p;, € °t; :
¢i(7) < g and 3 py € t5 : g;%(m) < q}:’s.

The controlled flow values are maintained during an IB-state and updated
when a particular event (or possibly several events at the same time) occurs.
Compared with our previous work in [8], three more events are considered. One
is that the remaining marking quantity satisfies ql’;(m) = qlf *®. The two other
considered events are: a continuous place becomes empty and batch place be-
comes full where the control actions are updated to ensure the nonnegativity of
marking quantity and avoid increasing the marking quantity, respectively. All
the events considered by the controller are the following:

The marking quantity of place p; reaches its steady quantity ¢;’;
fs.

7 ’

The remaining marking quantity ¢;5(m) becomes equal to g
— A continuous place becomes empty;

A batch place becomes full;

— The value of batch place output density changes.

2ForteT,*t={pc P|Pre(p,t) >0}, and t* = {p € P | Post(p,t) > 0}.
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4.2 Computation of the timed control trajectory

Before we present the algorithm that allows one to compute a control trajectory,
several sets must be defined at any marking m.

— Py(m) = {p; € P® | m; = 0} be the subset of empty continuous places.

— Pr(m) = {p; € PP | ¢; = Q;} be the subset of full batch places.

— Sp(m) = {p; € P| ¢ < g’} be the subset of places whose marking quantities
are lower than their steady state values.

— Sg(m) ={p; € P | ¢; = ¢} be the subset of places whose marking quantities
are equal to their steady state values.

—Tp(m) ={t; € T | 3Ip; € {Sr.(m) N °t;}} be the subset of transitions with
at least one of its input places belonging to Sr,(m).

— Thr(m) be the subset of transitions that are not enabled at m.

—Tz(m)={t; €T |3Ipi €t]:q5(m) < quq} be the subset of transitions
with a remaining firing quantity greater or equal than the free part steady
marking quantity of one of their output place.

— Tz (m) = Tz(m) NTr(m) be the subset of transitions that belongs to
Tz(m) and at least one of their input places belongs to Sy (m).

— Szr(m) = {p; € Sg(m) | ¥V t; € {*p; Up?} such that t; € Tz(m)} be the
subset of places whose marking quantities are equal to their steady state
values and the firing quantities of all their input and output transitions
satisfy Ty (m).

Algorithm 1 computes a timed control trajectory from an initial state to a
given reachable steady state. It starts at initial marking mg with a control fir-
ing flow vector u® initialized to O at line 2. Each timed event that refers to an
execution of the while-end structure (lines 3 — 8), a new marking m/! is built and
compared with the steady marking m?. Line 4 determines the necessary con-
straint sets to solve the LPP which maximizes the controlled firing flow vector
at each timed event. Constraints (a) are used to maximize the flow approaching
the maximal firing value. Constraints (b) show that the maximal flow of each
transition ¢; cannot exceed the steady firing flow ¢ when the remaining marking
quantity associated with one of its output places py is less than or equal to the
free part steady marking quantity ie., 3 px € 15 : ¢ (m) < q,f’s. Constraints
(c) block transition ¢; when it is not enabled or when belongs to Tz, (m). Con-
straints (d) require that the marking quantity cannot increase when the batch
place is full. Constraints (e) claim that the marking cannot decrease when the
continuous place is empty. Constraints (f) hold the marking quantity to the
steady marking quantity when place p; belongs to Szg(m). Constraints (g) en-
sure that the input flow of a batch place should be less than or equal to the
maximal flow that can be accepted by its transfer element. Constraints (h) re-
quire that the output flow of a batch place should be lower than or equal to
the flow out-coming from the place. Lines 67 determine the nearest event and
update the new marking. The procedure is repeated until the steady marking is
reached. When the marking m’ reaches the steady state value m?, the controlled
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Algorithm 1: Computation of control trajectory

Input: A ¢cGBPN (NN, myg), a reachable steady state (m?®, ¢°) and the steady
firing quantity vector z*®

1 . Output: Control trajectory (u’, 7o), (u', 1), -
2 TInitialize : ¢° = pu(mo), m® =mo, u®=0,2°=0,70=0,i=0;
3 while m’ # m® do
4 Determine Ty (m?), T (m?), Tz(m?), Tzr(m"), Py(m?), Pr(m’) Sp(m?),
Se(m'), Szp(m’) ;
5 Solve the following LPP: max 17 - u® s.t.
(a) 0 <uf < &, Vt; €T
(b) 0 < uj < ¢f theTz(m)
(c)uf=0 Vtj € Tn(m') U Tz (m?)
(d) C (pr,-) -u' <0 Vpi € Pr(m’)
(€) C(pr,) - u' >0 Vpi € Py(m')
() C(pr,")-u" =0 Vpr € Sze(m’)
(g) Post (pg,-) - u* < Vi - d® Vpy € PP
(h) Pre (pg,-) -u' < Vi - d3™ Vpi, € PP
6 Determine all the next timed events, select the nearest in time and deduce
time 7541 ;
7 Determine the new marking m®*!, the marking quantity vector ¢**! and
the current firing quantity vector z°*!;
8 i=1-+1;
9 u' =’
10 Return (u®, m0),--- , (u', 1)

firing flow vector is set to its steady firing flow vector ¢° as shown in line 9. The
complexity of this algorithm is polynomial since it is obtained by solving a LPP
at each timed step.

Remark 2. When transitions are in structural conflicts that are effective ones,
the proportlonal policy is used to solve these conflicts by adding the following
constraints : ul, - ¢f = up - @5 if Via, tp € T, %, Nty # 0 and to,tp & Ty UT7L.

4.3 Transient behavior of the controlled net

In this part, we focus on the convergence of the proposed algorithm for reaching
a give steady state from an initial one. Different from the previous work that
all the places converge and maintain the steady marking quantities, here we
consider all the transitions should be included in the set of Tz, then this set will
hold on until the steady state marking is reached.

Lemma 1. Consider a cGBPN (N, my) that satisfies assumptions (A1) — (A3).
By Algorithm 1, a transition included in Ty remains in Ty whatever the net
evolution.
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Proof. A transition ¢; is included in Ty if 3 p; € {5 : qf;(m) < qf’s, which is
equivalent to 3 p; € t : z;(m) > zijzf’s/Post(pi, tj). Since zjfqu’S/Post(pi7 t;)
is a constant value and the firing quantity z; is monotonically increasing, any
new reachable marking m/' will satisfy z;(m') > z;(m) > 25 — qlf’S/Post(pi, t;)
for place p; which means that ¢; will remain in 7. &

Lemma 2. Consider a cGBPN (N, my) that satisfies assumptions (A1) — (A3).
By Algorithm 1, all the transitions in the net N will be included in Ty in finite
time.

Proof. Based on Lemma 1, the transitions that are already included in T at
mg remain in T'z. In case that transition ¢; is not initially included in T’z at my,
which means Vp; € €3 : ¢;% (mo) > qu . let us assume that this transition will
never be included in Tz and show that this leads to a contradiction.

The transition ¢; cannot be included in T’z in finite time means that it is
blocked before satisfying the condition Jp; € 5 : ¢ (myg) < q{ * and remains
blocked whatever the net evolution. According to Algorithm 1, a transition that
does not belong to T is blocked only when it is not enabled. More precisely, one
of input places py, of transition ¢; should be empty. Due to assumption (A3), the
empty place pr must belong to a conservative component. This means that there
must exist at least one upstream place p; that has a marking quantity which is
greater than its steady one. By Algorithm 1, the output transition of place p;
cannot be blocked for infinite time. Thus, place py cannot remain empty which
contradicts the initial assumption. Consequently, transition ¢; can be included
in T in finite time.

Proposition 1. Given a ¢GBPN (N, mg) that satisfies assumptions (A1) —
(A3) and a given reachable steady state (m?®,@®). The control trajectory com-
puted by Algorithm 1 drives the system from its initial state to the given steady
state in finite time.

Proof. According to Lemmas 1 and 2, all the transitions of the net will be in-
cluded in T in finite time. When Tz = T, the controlled firing flows are maxi-
mized to the steady ones by constraint (b) in Algorithm 1 and the sets Tz, and
Sz will satisfy Tz;, =T, and Szp = Sg. In this case, the algorithm is equiv-
alent to the one presented in our previous work in [8] where the convergence of
the marking to the steady state marking has been proved (see Proposition 12 in

[8])- &

Ezxample 5. Let us consider again the cGBPN with an initial marking mg =
[8 8 @ 0}]7 in Fig. 2 and the reachable steady state (m?, ¢®) with m*® =
[40{(4,1,4)} {(2,1,2),(3,2,5)}]7 as shown in Fig. 3, and * = [1 1 1]". The
steady marking quantity vector is q° = [4 0 4 8], and the steady firing quantity
vector is z° = [12 8 0]7. Under the proposed strategy, a control trajectory that
drives the net from its initial state to the steady state is obtained as follows.
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are: SE(mo) = @, SL(mo) = {pg,p4}, Pp(mo) U and, TL(mo) = {tg,tg}.
The firing quantity vector is z(myg) = [0 0 0 0], by checking the condition
q75(mo) < ql°, Ty(mo) = {ts}, Tzr(me) = {ts} and, Szp(mg) = 0.
Consequently, transition ¢; is enabled and ONy,,x since it is not in T (myg)
while transitions ¢y and t3 are not enabled, thus u9 = u$ = 0. Algorithm 1
returns the controlled firing flow vector u® = [2 0 0]7.

— At 71 = 2, places p; and p3 reach steady marking quantities so Sg(m!) =
{p1,p3} where m! = [4 8 {(2,2,2)} 017 and g(1) = [4 8 4 0]7". This implies
Tn(mt) = {ta,t3}, Pr(m!) =0, Sp(m') = {ps} and T1(m') = {t3}. The
firing quantity vector is z(m?!) = [4 0 0], Tz(m!) = {t3}, Tzr(m?') = {t3},
and Sz E(ml) = (). Consequently, transition ¢; is enabled and ON,,,, since
it is not in Tz(m!). Transitions ¢, and t3 are not enabled, thus ud = u} = 0.
The obtained controlled firing flow vector is u! = [2 0 0]7.

— At 79 = 0, Tye(mo) = {t2,t3}. As ¢° = [8 8 0 0]7, the subsets of places
],

By continuing the Algorithm execution, the resulting control trajectory is
given by (u?,0), (ul,2), (u?,4), (u3,6), (u*,7), (u?8), (ub,9), (u’,10) with u’® =
2007, ut =200, w2 =020, u®*=[120T,u*=[100]T,w®>=[110]7,
ub=[1107T, " =[111".

One can remark that the delay 7, = 10 for reaching the steady state is im-
proved compared with the steady flow based ON/OFF control 7, = 12 obtained
in Example 3 although the number of steps is greater (7 generated events with
the proposed strategy and 3 events using the steady flow strategy). The time
improvement is due to the use of the maximal firing flow (vectors u®, u!, u?,

and, u?).

5 Study case

The considered system depicted in Fig. 4 is a communication system composed
of three buffers and four routers. Its corresponding cGBPN model is represented
in Fig. 5(a) where three buffers are respectively modeled by three batch places
pa; D5, pe with y(ps) = (Va, dj'™,s4) = (8,4,4), v(ps) = (2,3,5), v(ps) =
(2,4,4), and the routers are modeled with five controlled transitions such that
the processing rates of the routers are controllable variables. The maximal flow
of the transitions are given by: &1 = @5 = ¢4 = &5 = 4, ¢3 = 8. Data arrived
in buffer B; from router R; are processed by the router Ry which allows to
direct the data flows throughout two different channels represented by (Ba, Rs3)
and (Bs, R4). The desired (nominal) behavior of the system is represented by
the steady state showed in Fig. 5(a) and characterized by (m?, p*) with m?®
=[1000 {(4,0.5,4)} {(5,1,5)} {(2,1,2),(2,4,4)}]T and * = [4222 Z]T. It
means that only buffer Bs has an accumulation while data in buffers By and Bs
are processed as soon as they are received by the routers. The steady marking
quantity vector is ¢* = [10 0 0 2 5 10]7.

Let us consider that some faults or cyber-attack causes a deviation from the
normal behavior which leads the system to the state represented in Fig. 5(b)
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Fig.4: The considered communication system.

with mg = [0 0 10 {(3,4,4)} {(2.5,2,5)} 0]7. The steady firing quantity vector
for reaching the steady marking quantity vector is 2° = [0 0 10 0 0]7.

(a) A steady state. (b) The initial marking.

Fig.5: A ¢GBPN of study case.

The proposed control strategy is used to compute a control trajectory that
drives the net from its abnormal state given by mg to the steady state m?®.
By applying Algorithm 1, the following control trajectory is obtained (u?,0),
(u!,0.625), (u?,1), (u3,1.5), (u*,2), (u5,2.5) with «® = [0 2 8 2 0]T, u! =
028207, w2 =[422207, w?=[42220", u*=1[422227T
ub=[42222]7T,

Consequently, 5 events are generated and the delay for reaching the steady
state with the maximal flow based ON/OFF strategy is 75 = 2.5.

Under the steady flow based ON/OFF control strategy, a control trajectory
that drives the net from its initial state to the steady state is (u°,0), (u?,0.625),
(u?,2), (u?,2.5), (u',3), (u®,5) with u® = 0222 0]T, u! =[02 22 0],
w?=[02220T,uw?=[42220",u*=[42220T,u>=[42222T.

Although the number of generated events is equal (5 events), the delay for
reaching the steady state is 7 = 5 and is much higher compared with the
maximal flow based ON/OFF control strategy.
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From the results above, one can conclude that the proposed control method
that considers the maximal firing flow of transition improves the time perfor-
mance.

6 Conclusions

An algorithm that incrementally computes a control trajectory for reaching the
steady state from an initial one has been proposed. The main advantage of this
algorithm is to exploit the maximal firing flow of transitions compared with the
previous one developed in [8]. The convergence of the algorithm has been proved
and the proposed method is applied to recover a communication systems from its
abnormal state to its nominal steady state. In future work, we plan to compare
the two methods to quantify the improvement. We will focus on the optimality
to address the minimum-time control problem.
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