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Abstract— A timed distributed continuous Petri net system
(DcontPN) is composed of several subsystems which commu-
nicate through channels modeled by places. In this work, a
reachability control problem for DcontPNs composed of two
subsystems is considered. An algorithm is developed to calculate
the control inputs for each subsystem. The application of the
obtained control inputs drives the subsystems from the initial
states to the target states in a finite amount of time. The
algorithm allows the subsystems to reach their respective target
markings at different time instants and keep them as long as
required.

I. INTRODUCTION

A recurrent problem in large discrete event systems is the
state explosion problem. This well known problem makes
the use of many analysis and verification techniques com-
putationally prohibitive when applied to many systems of
interest in practice. One way of avoiding such a problem is to
relax the original discrete model and deal with a continuous
approximation of it. In the Petri nets framework this leads
to continuous Petri nets [3], [4], [2].

This work proposes a control strategy for timed distributed
continuous Petri nets (DContPN). A DContPN is composed
of several subsystems interconnected by means of communi-
cation channels. In order to reach a target state (or marking),
subsystems may require data from the other subsystems.
These data is sent by means of the communication channels.
The underlying idea of the strategy is to design a local
controller for each subsystem. Each controller computes
the control actions required to reach a given target state
independently, and asks the other controllers to produce
enough data in the communication channels to execute its
control actions. This paper mainly focuses on reaching the
target markings of all subsystems in a finite amount of time.
This does not imply that the time instants to reach the target
marking in each subsystem are the same but only that after
some time all subsystems reach their desired marking and
stay there.

Some works have been done in literature about distributed
systems. For example, distributed timed automata is defined
in [5] and a supervisory control system for a distributed
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manufacturing process is studied by using discrete Petri nets
[1]. An architecture for distributed implementation of Petri
nets in control applications is proposed in [10]. But, as far
as authors knowledge this study is the first work about the
control of DcontPN.

The remainder of the paper is organized as follows:
Section II introduces timed distributed continuous Petri nets.
The control problem under consideration is presented in
Section III. Section IV proposes a control algorithm for a
particular class of DcontPN. A case study consisting of a
distributed manufacturing system is shown in Section V.
Section VI summarizes the main conclusions of the work.

II. DISTRIBUTED CONTINUOUS PETRI NETS

This section introduces the main concepts related to Dcon-
tPN and presents an introductory example. The reader is
assumed to be familiar with basic Petri net concepts (see [8]
for a gentle introduction).

Definition 2.1 (contPN): A continuous Petri net (contPN)
N is a tuple N' = (P, T, Pre, Post, \) where:

e P and T are the sets of places and transitions respec-

tively.

e Pre,Post € RLPJX‘T‘ are the pre and post incidence

matrices. B

e AE RLT(J is the firing rate of transition.

Let p;, ¢ = 1,...,|P| and t;,j = 1,...,|T| denote the
places and transitions. For a place p; € P and a transition
t; € T, Pre;j = Pre(p;,t;) and Post;; = Post(p;,t;)
represent the weights of the arcs from p; to t; and from ¢;
to p;, respectively. Each place p; has a marking denoted by
m; € R>o . The vector of all token loads is called state
or marking, and is denoted by m € RLPO‘. For every node
v € PUT, the sets of its input and output nodes are denoted
as *v and v°®, respectively.

A transition ¢t; € T is enabled at m iff Vp; €* t;, m; >0
and its enabling degree is given by

enab(t;, m) = min { i }

pi€®t; Preij
which represents the maximum amount in which ¢; can fire.
An enabled transition ¢; can fire in any real amount ¢, with
0 < a < enab(t;, m) leading to a new state m’ =m +« -
C'.; where C = Post — Pre is the token flow matrix and
C.j is its j'" column. If m is reachable from m, through
a finite sequence o, the state (or fundamental) equation is
satisfied: m = mg + C - o, where o € ]RLTO‘ is the firing
count vector, i.e., o; is the cumulative amount of firings of
t; in the sequence o.



Definition 2.2 (contPN system): A contPN system is a
pair (N, mg) where A is a contPN and my € ]RLPOI is the
initial marking. -

The state equation has an explicit dependence on time,
denoted by 7: m(7) = mg + C - o(7) which through time
differentiation becomes m(7) = C - (7). The derivative
of the firing sequence f(7) = &(7) is called the firing flow.
Depending on how the flow is defined, many firing semantics
appear, being the most used ones infinite and finite server
semantics. For a broad class of Petri nets it is shown that
infinite server semantics offers better approximation than
finite server semantics [7]. This paper deals with infinite
server semantics for which the flow of a transition ¢; is

defined as:
min {mi(T)} (1)

pi€®t; Preij

[i(T) = Aj - enab(t;, m(r)) = A; -

Left and right natural annullers of the token flow matrix
C are called P-semiflows (denoted by r) and T-semiflows
(denoted by s), respectively. If 3 » > 0, r - C = 0, then
the net is said to be conservative. If 3 s >0, C-s =0 it
is said to be consistent. The support of a vector v is the set
of nonzero components and denoted by ||v||. A semiflow
v is said to be minimal when its support, ||v], is not a
proper superset of any other, and the greatest common of
its elements is one.

Definition 2.3 (MTS): [7] A PN is mono T-semiflow
(MTS) if it is conservative, consistent and has only one
minimal T-semiflow.

Definition 2.4 (DcontPN): A Distributed timed contPN
(DcontPN) system is a set of contPN systems connected
through channels modeled as places.

Let K denote the set of subsystems of a given DcontPN.
The set of places and transitions of subsystem k € K
is denoted by P* and T*, respectively. The token flow
or incidence matrix of subsystem k € K is denoted by
C* ¢ RIP*IXITH|.

We assume, P*NP! = Qand TFNT' = 0, Vk,l € K, k #
l. The directional communication between subsystems is pro-
vided by a set of places called channel places. In particular,
the communication from subsystem k to [ is provided by
a set of places denoted Pkl whose input transitions are
contained in subsystem k and output transitions are contained
in subsystem [, i.e., P*' ={pec P|*pc Tk, p* cT!, p¢
P9 Vg€ K}.

Note that p € P*! is an input channel of subsystem
! and an output channel of subsystem k. The set of all
output channels of subsystem k is denoted by P**, ie.,

Phx =, Sk P*! and the set of all input channels of
ek,
Pk,

subsystem k is denoted by P**, ie., P** = U
leK 14k

The marking vector of a subsystem k is denoted by m(P*) €
]leok‘, Vk € K . When designing a controller, it must be
taken into account that the controller of a given subsystem
can only know the marking of the input places of that
subsystem, i.e., the marking of the input places of the other

subsystems are not observable.

Example 1: Let us consider the simple DcontPN given
in Figure 1. It is composed of two subsystems. For the
first subsystem, the sets of places and transitions are P! =
{p1, P2, p3, Pa, ps}, TH = {t1, t2, t3, ta}; while they
are P2 = {ps, pr, ps} and T? = {ts, tg, t7} for the
second one. These two subsystems communicate through two
channels: p, for the communication from subsystem 2 to
subsystem 1 and p; for the communication from subsystem
1 to subsystem 2. Hence, P12 = {p,} and P*! = {p,}
implying P*! = P%* = {p,} and P*? = PL* = {py}.
Finally, the token flow matrices of subsystems are,

o\ P
A\
Fig. 1. A simple DcontPN
1 -1 0 0
0 1 0 -1 1 - 0
Cc'= 1 0 -1 0| Cc*>= 0 -1
0o 0 1 -1 -1 1
-1 0 0 1

III. CONTROL OF DCONTPN

This section shows how control actions can be introduced
to DcontPN, and establishes the control problem that is
considered in the following sections.

A. Control Actions

The autonomous (or uncontrolled) behavior of a DcontPN
described in the previous section can be modified by intro-
ducing control actions. In continuous Petri nets the control
actions are applied on the transitions and they can only slow-
down (never speed-up) the firing flow of the transitions to
which they are applied [11].

Definition 3.1: The controlled flow, w, of a timed Dcon-
tPN is defined as w(7) = f(7) — u(7), with 0 < u(1) <
f(7), where f is the flow of the uncontrolled system, i.e.,
defined as in (1), and w is the control action.

Therefore, the control input w is dynamically upper
bounded by the flow f of the corresponding unforced system.
Under these conditions, the overall behaviour of the system
in which all transitions are controllable is ruled by the
following system:

m=C:[f —ul=C-w

0<u<f @

The integral of the controlled flow of a transition ¢; over an
interval of time (7, 73) is denoted by z(t,) = ftt” w(t;)dr.



For the sake of clarity, 7 will be omitted in the rest of the
paper: f(t;) and x(t;) will be used instead of f(t;,7) and
x(tj, T), respectively.

B. Problem Statement

Among the different existing control problems, we will
deal with a reachability control problem. We will assume
that each subsystem of a given DcontPN aims at reaching
a particular target marking. In contrast with a centralized
control, each subsystem is equipped with its own controller
that computes the control actions that drive the subsystem to
the target marking. Given that the subsystems are intercon-
nected, subsystems may require data to be available in the
communication channels to reach the target marking. The
following example shows this situation.

Example 2: Consider the DcontPN in Figure 1 with
mo(PY) =[121127, mo(P?) =[132]T, mo(pa) =
0, mo(py) = 1 and my(P') = (2221 17, my(P?) =
[1 3 2]7. A controller for the first subsystem could compute
z(t1) = 1, z(t2) = x(t3) = z(t4) = 0 so that the subsystem
reaches the target marking. Given that the initial marking and
target marking of subsystem 2 are the same, the controller
for that subsystem could yield z(t5) = z(t6) = z(t7) = 0.
Given that mo(p,) = 0, transition ¢; cannot fire unless ¢5
fires. Unfortunately, according to the computed controls 5
will not fire, since z(t5) = 0. Hence, the computed controls
are not valid to reach the desired target marking of subsystem
1. In order to solve this situation, subsystem 1 may ask
subsystem 2 to put enough tokens in p,. This can be achieved
easily by firing ¢5, however this will imply that subsystem 2
moves away from its desired target marking.

When stating the problem we are implicitly assuming that
the target markings of each subsystem are required to be
reached simultaneously. Other focuses, as reaching first one
target marking and then the others, could be considered,
however this is beyond the scope of this work. Apart from the
problem of tokens required in the communication channels,
it could happen that the target markings are not reachable
simultaneously due to the system structure and target mark-
ing.

Example 3: Consider again DcontPN in Figure 1. For
subsystem 1, let the target marking be my(P') =
[222 1 1]T which is reachable from mo(P) = [12112]7
locally by firing ¢, i.e., if it is considered isolated from
the rest of the system. For subsystem 2, let the target
marking be m¢(P?) = [1 3 2]7 which is reachable from
mo(P?) = [1 3 2]7 locally. But when both subsystems
are connected through the communication places p, and p
with mg(pa) = 0, mo(py) = 0, the target markings are not
reachable simultaneously.

Next subsection proposes a distributed controller that
produces enough tokens in the communication channels and
that provides a necessary and sufficient condition for the
simultaneous reachability of the target markings.

IV. A CONTROLLER FOR DCONTPN

This section is devoted to the design of a distributed
controller for a particular class of DcontPN. We will first

present the algorithm associated to the local controller of
each subsystem and then state two properties related to its
correctness.

A. Design of a distributed controller

The control algorithm that will be presented applies to
those DcontPN systems satisfying the following assump-
tions:

(A1) The DcontPN is composed of two subsystems that are
MTS. The minimal T-semiflows are denoted by s' and
2
s°.
(A2) The target marking m; is positive and reachable at the
overall system.

(A3) The following equalities are satisfied Vp, € P%' Vp, €

P1,2
> Pre(py,t)-s°(t) = > Post(pa,t) - s°()
tepy te®pa
Z Post(py,t) - s (t) = Z Pre(pg,t) - s'(t)
te®py teEp?

3)

The first assumption reduces the class of DcontPN to those
systems having two subsystems that are MTS. The second
assumption is simply a necessary condition for simultaneous
reachability of the target markings (it will be shown that this
reachability condition can be deduced from the output of the
control algorithm). The third assumption states that for any
couple of input and output channels, the number of tokens
produced by the execution of a T-semiflow in the output
channel must be equal to the number of tokens consumed
from the input channel. Although these assumptions may
seem to be restrictive, they are satisfied by a number of
systems of interest in practice as Marked Graphs, ordinary
DcontPNs where each places has one input and one output
transition.

The proposed algorithm represents the local controller that
will be executed in each subsystem separately and has 6 basic
steps. The algorithm that will be executed for subsystem 1
is given as Algorithm 1. For the algorithm of subsystem
2; P%1, P12 bl are changed to PY2, P%1 h2, respectively.
In step 1 of the algorithm, subsystems compute the flow
integrals required to reach the target markings without taking
into account the marking of the communication places. Step
2 calculates the amounts of tokens that must be produced in
the input channels in order to be able of firing the computed
flow integrals. These amounts of tokens are sent from one
subsystem to the other in steps 3 and 4 (we assume there
is a communication channel between subsystem that allows
these amounts to be sent).

In step 5, it is computed, how many tokens are put in
each output channel by the present control. If this value
is negative, more tokens are needed to be produced in
the communication channels and flow integrals must be
recomputed. In the algorithms, instead of checking negativity
of the mentioned value, we check whether the value is less
than a nonnegative constant . This way, communication
channels can always be kept to a minimum number of ~



tokens. This recomputation is achieved at LPP (5) in step
6, where an extra constraint is added to LPP (4) of step 1,
in order to ensure that enough tokens are produced in the
communication channels.

Algorithm 1 Control of DcontPN
Input: C*, mo(P'), my(P'), Pre(P',T"), Post(P*, T")

1) Solve
min 17.z
st.  mp(P')—mo(P)=C"z, 4)
>0

2) For every p € P%! calculate

gFEQ — (Z Pre(p, ) -x(t)) —mo(p), Vpe P

tep®

3) Send quQ, Vp € P?! to the other subsystem
4) Receive TE‘E Q. Vpe PY2 from the other subsystem
5) Calculate

hy = (Z Post(p,t) x(t)) - rfEQ,Vp e p?

te®p
6) If min {h,} <~ then solve
pepl,2

. T
min 1° -x

st.  mp(P')—mo(P)=C" =,

Z Post(p,t) m(t)) > rf‘EQ +7, Vpe P"?
te®p
x>0
(%)
Else

End

Example 4: Let us go back to the DcontPN in Figure 1 to
illustrate the process of the algorithms. Assume: mg(Pl) =
[12112]7, mo(P?) =[132]T, mo(pa) =0, mo(ps) =1,
my(PY) = 222117, my(P? = [1 327, and the
nonnegative constant vy is set to v = 0. The steps of the
algorithm are shown in Table 1.

Once the flow integral vectors x of the evolution from the
initial marking to the target marking have been computed,
the value of the control actions w can be derived in several
ways as long as = = f:ab( f — u)dr is satisfied. Remark that
x can be seen as a firing count vector in the untimed system
and the problem of finding a control law u is equivalent to a
reachability problem: if the desired marking is reachable in
the untimed net system it is reachable in the timed one with
an appropriate control law if all transitions are controllable.
This result is proved in [6] (Prop. 14. 3) where a procedure
that executes a firing sequence of the untimed system in the
timed one is also presented.

B. Reachability of the target marking

This subsection presents two important results related to
the presented algorithm. The first one (see Theorem 4.1)

Step Subsys. 1 Subsys. 2
Stepl | Z(t1) =1,Z(t2) =0 Z(ts) = 0,Z(ts) =0
Z(t3) = 0,Z(ts) =0 Z(t7) =0
Step2 | gz, ¢ = &(t1) —mo(pa) | gy, © = 2(t7) — mo(py)
=1 =-1
Step3 | Send qﬁEQ = Send qﬁEQ =-1
Step4 | Receive rﬁbEQ =-1 Receive rﬁaEQ =1
StepS | hb, = T(ta) — 1y, h2, = i(ts) —rpe
=1 =—-1
Step6 | Given that hzl>b >~=0, Given that h?,a <v=0,
z(t1) =z(t1) =1 LPP (5) has to be solved, then:
w(tz) = f(tQ) =0 I(t5) =1
:E(t3) = i‘(tg) =0 :I?(te) =1
z(ta) =Z(ta) =0 z(t7) =1
TABLE I

EXECUTION OF THE ALGORITHMS ON THE DCONTPN IN FIGURE 1

states that if the DcontPN satisfies the three assumptions
(A1), (A2) and (A3) the algorithm is correct and will yield
a control law that drives the system to the desired target
marking. The second one (see Theorem 4.2) establishes a
necessary and sufficient condition for the reachability of the
target marking.

Theorem 4.1: Let N be a DcontPN satisfying assump-
tions (A1), (A2) and (A3). Algorithm 1 computes a control
law that:

o drives the subsystems from mg(P') and mg(P?) to
target markings m ¢(P') and m ¢(P?), simultaneously.
« the final markings of channels satisfy my(p) > v Vp €
P1,2 U P2’1
Proof: See Appendix [ ]
Theorem 4.2: Let N be a DcontPN satisfying assump-
tions (Al) and (A3). Algorithm 1 computes a control law
that:

o drives the subsystems from mg(P!) and mg(P?) to
target markings m ¢ (P') and m ¢(P?), simultaneously.
« the final markings of channels satisfy m(p) > v Vp €
P1,2 U P2’1
iff the target marking is reachable.
Proof: See Appendix [ ]
Example 5: Consider again DcontPN in Figure 1.
Let the initial and target marking be: mgo(P!) =
[12112]7, mog(P?) =1[132]7, mo(pa) =0, mo(py) =0
and my(P') = [222 1 17, my(P?) = [1 32]" and
assume v = 0. After the execution of the Algorithm 1, the
control law of subsystem 1 provides z(t1) = 1, z(t2) =
x(ts) = x(t4) = 0 while that of subsystem 2 provides
z(ts) = z(ts) = z(t7) = 1. According to these flow integral
values, the controller of subsystem 2 tries to fire transition ¢7




(z(t7) = 1). But it is not implementable, because mg(py) =
0 and the local controller of subsystem 1 does not put any
token to p, =* t7. Since one of the controller can not
implement the computed control law, it is concluded that
my(P) and m ;(P?) are not reachable simultaneously from
mo(P) and mo(P?) while mo(pa) = mo(py) = 0 with the
request of at least v = 0 number of tokens at the channels.

But if we have assumed mg(py) = 1 (see example 4),
the control law would be same. But as differ from the first
case all of them would be implementable. Obtained control
law would drive subsystems to target marking while each
channel are nonnegative, i.e., ms(p,) = 0, my(py) = 0.
Hence, we would conclude that m¢(P') and ms(P?) are
reachable from m(P') and m(P?), simultaneously, while
the final marking of each channel is at least v = 0.

V. CASE STUDY

Let us consider the DcontPN sketched in Fig.2 (taken from
[9]) which models two manufacturing processes containing
assembly operations. The system can perform two types of
products with two subsystems. These subsystems communi-
cate through 6 channels. The set of input(output) channels
of subsystem 1(subsystem 2) is P%! = {p.1, pc3, pes }» and
the set of input(output) channels of subsystem 1(subsystem

2) 1S Pl 2= {p027p<:4apc6}
Let the initial marking of subsystem 1 be
mo(P)=[000001150010 3]7, of subsystem 2 be
mo(P?) =[001000001131 3|7, and mo(per) = 1,
mo(pc2) 0, mo(pe3) = 1, mo(pea) = 1, mo(pes) = 1,
mo(pes) = 0. Let the target markings of the subsystems
be: ms(P) = 1000010501001 and
my(P?)=[0001010010312]7.

Let us execute the control algorithm 1. At the side of
subsystem 1, Z(t1) = Z(t7) = Z(tg) = 1, Z(ta) = Z(t3) =
Z(ts) = T(ts5) = T(ts) = Z(t9) = O are calculated, yielding
giEQ? = 0, ¢fiF? = 0, ¢f'F¢ = —1. At the side of
subsystem 2, .f(tlo) = j(tll) = f(tlg) = i‘(t14) = .f(tlg)) =
1, i‘(t16) = i‘(t17) = i‘(tls) =0 .f(t13) = 2 are calculated,
yielding ¢/'F@ =1, ¢[tFQ =1, ¢J1FQ — 0,

According to these values, hy, , = —1, hy_, = =1, hp , =
0 is obtained at step 5 for the output channels of subsystem 1.
Hence, it is necessary to recompute the flow integrals. With
this re-computation the final values are: x(t1) = z(t7) =
x(ts) = 2, x(ta) = z(tz) = x(tq) = z(t5) = z(tg) =
x(tg) =1.

However, for the output buffers of subsystem 2 we have
hp,, =1, hy., =1, hy, = 1. Hence it is not necessary to
recalculate the flow integrals at this side. The final values
of flow integrals are same as those of the first calculation.
By using these final control law, m¢(P'), m;(P?) can be
reached and the final markings of channels are m ¢ (pe1) = 0,
mf(pc2) =0, mf(pcd) =0, mf(pc4) =0, mf(peS) =1,
mg (pCG) =1

VI. CONCLUSIONS

Distributed systems are composed of several subsystems
that exchange data in order to obtain a given goal. This paper

has focused on distributed systems modeled by continuous
Petri nets, a relaxation of conventional Petri nets in which the
integrality constraint in the firing of transitions is removed.
Each subsystem is modeled as a subnet, and the commu-
nication among subsystems is achieved by means of places
connecting subsystems.

In the framework of distributed continuous Petri nets,
a reachability control problem has been considered. The
approach developed here is based on the design of a local
controller for each subsystem. The main difficulties that must
be taken into account when dealing with the mentioned
control problem are related to the coordination among local
controllers and the possibility of reaching the target marking
in every subsystem simultaneously. These difficulties appear
even in apparently simple distributed systems consisting
of only two subsystems. It is proved that, under certain
assumptions on the system, the proposed algorithm for the
controllers always yields an appropriate control law. More-
over, such an algorithm can be used to establish a necessary
and sufficient condition for the reachability of the target
marking in every subsystem simultaneously.

APPENDIX

The appendix is divided in three subsections. The first
subsection introduces two technical lemmas, the second
subsection contains the proof of Theorem 4.1, and the third
subsection contains the proof of Theorem 4.2.

A. Preliminary Lemmas

Lemma 6.1: Let N be DcontPN satisfying assumptions
(A1), (A2) and (A3). Then at step 5 of the algorithm, it
holds that max(hy, ,h2 ) > v, Vp, € P? and Vp, € P>,

Proof: Since m is reachable from mg (see Assump-
tion (A2)) in the centralized system, then there exists  such
that my = mo+C-x, m¢(pa) > 7 Voo € P>, mys(py) >
v Vpy € P%2. Considering the particular structure  can be
split into two vectors «' and x? such that :

my(P') =my(P')+C" -z (a)
my(P?) = mo(P?)+C?- 22 (b) (6)

Markings of input and output channels are:

my(pa) = mo(pa) + > Post(pa,t) - 2> (t)
tE®pa
- Z Pre(pa,t) xl(t) >, Vpg € p2!
e (7)
my(py) =mo(py) + Y Post(ps,t) -2 (t)
te®py
- Z Pre(pp,t) x2(t) >, Vpy € pL2
tEPy®

In the algorithm, since my is reachable from mg, LPP (4)
is feasible for both subsystems. Let Z' be the solution for
subsystem 1 and Z2 be the solution for subsystem 2. Given



Subsystem1

Subsystem2

Fig. 2. A DcontPN modelling two manufacturing processes

that, both subsystems are MTS (there exists only one T-

semiflow):
1

zl=zl+al- s
2 3

2=z%>+a® s

where s!, s? are the minimal T-semiflows of subsystems 1
and 2 and o', o? € RT. By substituting (8) into (7):

m(pa) = mo(pa) Z Post(pa,t) - (t)
t€%Pa
+ Z Post(pa,t) - o — Z Pre(pa,t) - 7' (t)
tE® Py tepd
— > Pre(pa, s'(t) >y, Vp, € P>
tepy
my(pp) = mo(py) z Post(py,t) - 7' (t)
te®py
+ Z Post(py,t) - a* - Z Pre(py, t) - Z%(t)
tEpy tEpp®
- Z Pre(pp,t) s*(t) >y, Vp, € P2
tepy

©))
Because of the assumption (A3), the sum of my(p,) and
m¢(py) is simplified and written depending on Z' and z*:

my(pa) +mys(ps) = mo(pa) + Y Post(pa,t) - 2°(t)
t€°pa
- Z Pre(pg,t) - z'(t) + Z Post(py,t) - T (t)
teps tE’pb
+mo(py) — Y Pre(py,t) - T2(t) > 27,

tepy®
Vpg € P21 Vp, € P12
(10)

On the other hand, at step 4 of the Algorithm subsystem

1 receives the value of rit?? = > Pre(ps,t) - 2°(t) —
tepy

mo(py), Vp» € P"? from subsystem 2 and subsystem

2 receives the value of ri”? = " Pre(p,,t) - z'(t) —
tEpy

mo(pa), Vpa € P>' from subsystem 1. At step 5 of the
algorithm, how much tokens are put to the output channel
by the present control law, which provides z' and z2,
are calculated, which are h) , Vp, € P"? at the side of
subsystem 1 and h2 , Vp, € P*! at the side of subsystem
2:

Z Post(py,t) - T*(t)

. = mo(ps) +

te®py
— > Pre(p,t)-2*(t), Vp € P2
tepy®
(11)
h2 = mo(pa) Z Post(pa,t) - T2(t)
t€%pa
- Z Pre(pa,t) - 7'(t), Vp, € P!
tepy
In contrast to the lemma, assume there exist p, € P*! and

py € PY2 such that maz(h,, h

b pa) < 7, then their sum has
to be less than 2 - ~:

hy, +h2 =mo(py) +

Z Post(py,t) - T*(t)

te®py
— > Pre(py,t) + ) Post(pa,t) - 22(t)
tepy® tE®pa
+m0 pa Zprepay fl(t)<2"7
teps

c ]32,17 Dy € P1’2
(12)
which is contrary to equation (10). [ ]



Lemma 6.2: Let N be DcontPN satisfying assumptions
(A1), (A2) and (A3). Then, if h1 < ~ for at least one p; €
PYZand h2 >, Vp, € P?! then Algorithm 1 computes
a control law that:

o drives the subsystems from mg(P') and mg(P?) to
target markings m ¢ (P') and m ¢(P?), simultaneously.

o the final markings of channels satisfy ms(p) > v Vp €
P1’2 U P2’1

Proof: Since mg and m are assumed to be reachable
in the centralized system (assumption (A2)); LPP (4) is
feasible for both subsystem 1 and subsystem 2 yielding Z'
and 2, that is:

mf(Pl) = mo(P
m(P2) = mq(P?

Hecl-al ()
y+czz ) Y
At step 4, subsystem 1 receives riF9 = Z Pre(py, t)
tepy
Z2(t) —mo(ps), Yp» € P"? from subsystem 2 and subsystem
2 receives the value of rJF? = Z Pre(pa,t) - T (t) —
teEpy

mo(pa), Ypa € P>" from subsystem 1.

At the side of subsystem 1: Since h;,b < ~y for at least one
py € P12, step 6 will be performed, that is LPP (5) will be
solved at the side of subsystem 1 to obtain new flow integral
vector, z'. LPP (5) is feasible because of assumption (A2).
So, x! drives the system from mq(P') to ms(P):

my(P') —my(P') =C" - x! (14)
At the side of subsystem 2: Since h2 > 0, Vp, € P>!
step 6 is not performed, the final flow integral vector for
subsystem 2 is:

2=z

15)
Since 2 is the solution of LPP (4), it drives subsystem 2
from mg(P?) to ms(P?).

So far, we explained that the control law providing final
flow integral vectors drive the subsystems from initial states
mo(P') and mg(P?) to target states m s (P') and m s (P?),
simultaneously.

In the following, we will show the control law providing
final flow integral vectors ! and z? ensure ms(p,) >
Y Vpa € P*" and mg(py) >y Vp, € PY2.

1 ig the solution of LPP (4) and ! is the solution of
LPP (5) for subsystem 1. Given that subsystems are MTS
(there exists only one T-semiflow):

1 —1 1 1

r = +a -s (16)

where s' is minimal T-semiflow of subsystem 1, a! €
R*. According to LPP (5) in step 6 of the algorithm, the
constraint
Z Post(py,t Z Pre(py, t) - 2°(t)
tE®py tEPL®
—mo(pe) +7, Vpy € P2
a7

must be satisfied. Subtracting Z Post(py,t) - ' (t) from

te®py
both side of this inequality yields:

Z Post(py, t Z Post(py,t) - 7' (t) >

tEpy tepy
Z Pre(py,t) - Z%(t) — Z Post(py,t) - T*(t)
tepy® tepy
—mo(pe) +7 Vpy € P2

(18)
Then, by taking (16) and (18) into the consideration, LPP
(5) yields o' such that:

Z Post(py,t) - a' - s'(t)

te®py
_ 20y _ a1
= p§2%§2{tez. Pre(py,t) - & Z Post(py,t) - T (t)
Do te®py
—mo(py) +7}

(19)
Let p, € P2 be the place which gives that maksimum
value. Then,

Z Post(py,t) - o' - s'(t)
tepy
= Z Pre(pg,t) - Z Post(py,t) - *(t)
t€ps® tE%py
7m0(pm)+’720a Dzs VDb € pl2

(20)
By using the flow integral values given in (16) and (15),
marking of an input channel of subsystem 1 is:

mf(pa) mo pa Z POSt paa . ( )
tE® P,
— Y Pre(pa,t) - 2'(t)
teEpy
+ Z Post(pa,t) - T2(t)
tE® P,
- Z Pre(pg,t) - 24 (t) — Z Pre(pq,t) - ot - st (t)
tepy tepy
Vpa € P21

According to assumption (A3), Z Pre(pa,t) - «

teps
Z Post(py,t) - a' - s'(t). Then ms(p,) is
tE® Py
Z Post(pa,t) - T2(t)

my(pa) =
t€%pa

- Z Pre(pg,t) - ' (t) — Z Pre(ps, t) - Z2(t)
tEpy®

teEPY
+ Z Post(py,t) - 2 (t) + mo(pz) —
Vp, € P>l p, € P12

mo pa

te®py

which can not be less than 7 according to equation (10).
Similarly, by flow integral values given in (16) and (15),



marking of an input channel of subsystem 2 is:

my(py) =mo(ps) + Y Post(py,t) - ' (t)
te®py
- Z Pre(py, t) - 2%(t)
tepy
= mo(py) Z Post(py,t) - 7' (t)
te®py
+ Z Post(pp,t) - « — Z Pre(py, 1) 552@)7
te®py tepy
Vpy € pl2
(22)
According to (20), > Post(py,t) - o' - s'(t) =
tE®py
Z Pre(ps,t Z Post(pz,t) - T (t) —mo(pz) +7
t€p,® te€®py

Hence m(pyp) is:

Z Post(py,t) - *(t)

tE*py

+ Z Pre(pg,t) - Z Post(pz,t) ~f1(t)
tE s

tEps®
Z Pre(py, t) - Z2(t) + 1,

— My pr
tepy

mf(pb) mo pb

Dz, Vpb € P1,2

which can not be less than v, because of the definition of
place p, in (20) such that:

Z Pre(py,t) — Z Post(pg,t) - *(t)

t€EpL® tE® Py
—mo(pe) Z Pre(py, t) - £%(t) — mo(ps) (23)
tepy®
- Z Post(py,t) - T'(t), ps, Vpy € P12
te®py
]

B. Proof of Theorem 4.1

Proof: There are four possible cases for the number
of tokens which are put the output channels by the control
already calculated:

(a) h}, <~ for at least one p, € P'* and h2 < ~ for at
least one po € P%! : This case does not appear according
to Lemma 6.1.

(b) hy, >, V¥p, € PY? and B2 > v, Vp, € P>
Since my is reachable from my in the centralized system
LPP (4) is feasible and produces Z' at the side of subsystem
1 and z2 at the side of subsystem 2. By the control law
providing ' and z?, subsystem 1 reaches m¢(P') from
mo(P') and subsystem 2 reaches m ¢(P?) from mg(P?).
Because h), > v, Vp, € P2 and h2 > v, Vp, €
p21 obtalned by these flow integrals, thls control yields
my(pa) =7 Vpo € P> and my(py) >~ Vpy € P12

(c) h), < v for at least one p, € P"? and h2 >
v, Vpa € P?%': According to Lemma 6.2 algorithms
compute the corresponding control law.

(d) h2 < « for at least one p, € P%*! and h1 >
v, Vpb ‘e P12; Proof of this case is similar to the case
(c). ]

C. Proof of Theorem 4.2

Proof: If=This part is same as the proof of Theorem
4.2. Only If = Let we require min number of 7 tokens
in communication channels. Then reachability of m for
overall system, i.e., my = mgy + C - o, can be expanded
to the following equations, where x! and x? are final flow
integral values obtained by the execution of the algorithm:

my(PY) = mo(P')+C! - ! (a)
my(p) =mo(p) + Y _ Post(p,t) - a>(t)

— > Pre(p, wf(t) > 7, Vp e PY? (b)
my(P?) = mo(P2) +C*x (c)
mg(p) = ) + Z Post(p,t) - ()

- Z Pre(p,t) - 2%(t) > 7, Vp e P21 (d)

If (a) or (b) is not satisfied constraints of LPP (5) are not
satisfied at the side of subsystem 1, if (c) or (d) is not
satisfied constraints of LPP (5) are not satisfied at the side
of subsystem 2. Hence the final flow integral values do not
yield a feasible control law. [ ]
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