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Abstract—This paper presents a class of Petri nets that can well
model ratio-enforced resource allocation systems (RASs). Such
RASSs are required to enforce certain ratio among their processes
to meet a desired production plan. A Ratio-enforced System of
Sequential Systems with Shared Resources (RS*R) can model
an RAS whose processes are described by state machines. Both a
ratio-enforcing controller and liveness-enforcing supervisor must
be designed to fulfil the deadlock-free and ratio-constrained
production of products. We theoretically prove that their design
can be separately performed.

Index Terms—Petri nets; Resource allocation systems; Ratio
enforcement; Liveness enforcement; Automated manufacturing
system

[. INTRODUCTION

Both ratio specification and liveness enforcement are of
significance for a resource allocation system (RAS) [2], [6]-
[8]. In the framework of Petri nets, their corresponding su-
pervisors in the form of two sets of control places (monitors)
can be derived to respectively implement these two kinds of
requirement. This causes an interesting question: whether these
two kinds of monitors can be separately designed without
considering one’s impact on the other, which in turn implies
some significant reduction of computational burden.

In practice, different RAS is of different characteristics,
which may result in the development of specific solutions to a
specific class of RASs [4]. Thus, it is of significance to divide
RASs into several categories such that their problems can be
coped with independently. According to the taxonomy stated
in [4], such categorization depends on: 1) whether an involved
process is allowed to have a concurrent nature; 2) whether a
process can contain flexible routes during its execution; and
3) whether multiple-resource acquisitions are allowed for each
involved operation stage.

In [9], we address the design for ratio and liveness-enforcing
supervisors by establishing a new Petri net class, namely Ratio-
enforced weighted Augmented Marked Graphs (RAMGs).
RAMG features with: 1) each job process allowing concurrent
but not choice operations; 2) multiple-resource acquisitions
for each operation stage; and 3) ratio enforcement among
different processes. Evidently, such a net model does not
allow flexible route in each of its processes. Motivated by the
need to deal with flexible routes and the success of Systems
of Simple Sequential Processes with Resources (S®PR) and
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System of Sequential Systems with Shared Resources (S*R)
in modeling automated manufacturing systems, this work pro-
poses and investigates another new class of Petri nets, i.e.,
Ratio-enforced Systems of Sequential Systems with Shared
Resources (RS*R). They can incorporate the most general
resource allocation schemes except concurrent operations in
each job process and be viewed to be complementary to
RAMG. It is noted that SR is a class of general nets evolving
from S3®PR in which only single resource can be utilized by
each operation stage [3].

The rest of this paper is structured as follows. Section II
gives the basic definitions and notations that are necessary for
the modeling and analysis of the considered RAS. Section I1I
formulates a Petri net class, and subsequently an algorithm
through which an arbitrary ratio allocation among various
processes can be implemented as a ratio-enforced net. Section
IV analyzes the liveness of these net classes and its relation
with the ratio-enforced net. Section V uses two examples to
validate the legitimacy of our approach. Section VI concludes
with the obtained results and directions for future work.

II. DEFINITION AND NOTATION

A Petri net is N=(P, T, F, W) where P and T are finite,
nonempty, and disjoint sets, F'C(PxT)J(T x P). Specifically,
P (resp., T, F) is the set of places (resp., transitions, directed
arcs). W:F—INT is the weight function, where INT={1, 2,
.3 If (2, y)EF, W(x, y)=0. The preset (resp., postset) of
a node z€ PUT is defined as *z={ycPUT|(y, z)€F} (resp.,
x*={yePUT|(z, y)€F}). N=(P, T, F, W) is a state ma-
chine iff W:F—{1} and |*¢|=|t®|=1. The input (resp., output)
incidence matrix [N ~]={a;} (resp., [NF]={a;:}) of the Petri
net N are defined as a;;=W(p;, t;) (resp., a;=W(t;, p;))
when (p;, t;)CF (resp., (t;, p;)SF); otherwise, a;;=0 (resp.,
azrj:O). The incidence matrix [N]={a;;} of the Petri net N is
defined as [N]=[NF]—[N~]. [Ny, ](resp., [N, ], [N,]) is the
j-th row of [N] (resp., [N~], [NT)).

A marking of N is a mapping M:P—IN, where IN={0}U
INT. (N, My) is a net system with an initial marking M. ¢
is enabled, denoted by M[t), iff Vpe®t, M (p)>W (p, t). M’
is reachable from M, denoted by M[o)M’, iff there exists
a firing sequence o=<t;...t,> so that M{[t1)M;.. [t,)M'.
The firing sequence vector of o is a |T'|-dimensional vector,



namely o, where & (t) states the appearance count of ¢ in

o. The set of all markings reachable from M is denoted by
R(N, My). A place peP is said to be k-bounded iff M (p)<k,
VMeR(N, My), where k is a finite positive integer. N is k-
bounded iff all its places are k-bounded. Furthermore, p is
bounded iff it is k-bounded for certain &£ while N is bounded
iff each place in P is bounded. Given (N, M), te€T is live
under M, iff VM eR(N, My), IM'€R(N, M), M'[t) holds.
(N, My) is live iff V€T, ¢ is live.

Vector I becomes a P-semiflow iff >0 and [N]7-1=0
holds. ||I||={peP|I(p)#0} is called the support of I. For
economy of space, Y ,epM (p)-p (resp., Y _pepl(p)-p) is used
to denote vector M (resp., I), e.g., [1 2 0 0] is written
as p1+2pa. (N, My) is pure iff V(z, y)e(PxT)U(TxP),
Wz, y)>0=W(y, x)=0.

A string z1, @2, ..., @, is called a path of N iff Vie{l,
2, ..., n—1}, xi1€x?. An elementary path is a path whose
nodes are all different (except for, perhaps, x; and z,,), which
is denoted by EP(x1, x,). A path zq, ..., z, is called a circuit
iff it is an elementary path and z1=x,.

A nonempty set SCP is a siphon iff *SCS*® holds. A strict
minimal siphon is a siphon containing no other siphon and P-
semiflow. M (p) indicates the number of tokens in p under
M. p is marked by M iff M(p)>0. The sum of tokens in
S is denoted by M (S), where M(S)=3" M (p). A subset
SCP is marked by M iff M (S)>0. A siphon is undermarked
iff AteS* can fire.

III. RATIO-ENFORCED RASS AND THEIR PETRI NET
MODELING

An RAS considered in this work is assumed that flexible
routes and multiple-resource acquisitions are allowed while
concurrent operations in a job process are forbidden. Follow-
ing [8], such an RAS can be partitioned into a set of resource
types R={R;, i=1, 2, ..., L} and a set of process types
J={J;, j=1, 2, ..., K}. Every resource type R; is further
characterized by its capacity C;EINT. Processing requirements
of process type J; are defined by a set of stages. Each process
stage modeled by a place pj;, is associated with a conjunctive
resource requirement, expressed by an L-dimensional vector

ap,, with a,, [i], i=1, 2, ..., L, indicating how many units
of resource R; are required to support the execution of stage
Pjk-

To model this category of RASs, the work in [1] proposes
S4R. For the self-completeness of this paper, its definition is
included as follows.

Definition 1 4n S*R is a connected generalized pure Petri
net N=(P, T, F, W) where: (1) P=FPyUPsUPgr is
a partition such that: a) Py, Pa, and Pr are called
idle, operation (or activity), and resource places, respec-
tively;, b) Py=U;cin,{po,}, where INg={1, 2, ..., K}, ¢
Pa=U,emy Pa,, where for each i€INg, Pa,#0, and for each
i, J€INFg, Z#], PAiﬂPA]:Q),' andd) PR:{TL 72, ... ’I“l},
1>0. (2) T=Ujem, T, where for each i€lNg, T;#0, and
Jor each i, j€INg, i#j, T;,NT;=0. (3) For each i€INg,
subnet N;=N|({po,}UPa,, T;) is a strongly connected state
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Fig. 1.

An example S*R.

machine such that every cycle contains py,. (4) For each
rePgr, 3 a unique minimal P-invariant X eINPl such that
{r}=X|INPr, PoN||X||=0, PAaN||X||#£0, and X (r)=1. (5)
Pa=Urepr (I XI\{r}).

The subsequent theoretical developments involve the nota-
tion of acceptable initial markings, formally defined as follows.

Definition 2 Let N=(PyUPsUPRr, T, F, W) be an S*R.
(N, My) is said to be acceptably marked iff: 1) Mo(po)>1,
Vpo€Po; 2) Mo(p)=0, WpePa; 3) Mo(r)>X(p), VrePp,
Vpe Py, where X is r’s minimal P-semiflow as defined in
Definition 1.

In the sequel, given an S*R, N=(PyUP,UPg, T, F, W),
we denote P=PyUPAUPg, where Py, Pa, and Pg are called
idle, operation (or activity), and resource places, respectively.

Evidently, an S*R N is composed of K state machines
N, i€INg, which are connected via resource places in Pg.
An acceptably marked S*R ensures that any product can be
produced if all resources are dedicated to its production. In the
sequel, when mentioning an S*R, we assume it is acceptably
marked.

With the aforementioned notions, we are now ready to
approach our problem of enforcing ratios among different
processes. Suppose that h;€INT, i€INg are K mutually
primary integers, i.e., their largest common divisor is one. For
example, 4, 3, and 2 are mutually primary while 4, §, and 2
are not as they have 2 as their largest common divisor. We are
required to enforce ratios hi:hs:...:hx among K processes.

Algorithm 1 ( [9]) Ratio Enforcement Net (REN) Synthesis

1) Input: Enforce ratios hi:hs:...:hx among K processes;

2) Output: An REN (Pg, Tg, Fg, Wq, My);

3) Begin

4) PQ:{qwlza Gxo35 E) qaﬂ(Kq)K’ Qy12>  Qya3» 5
qy(K—l)K};

5) To={t9, 13, ..., t%};

6) FQ:{(qzi(i+l)’ t?)’ (t?> q?h(wl))’ (qm(wl)’ t?Jrl)’ (t?Jrl’

qzi(z+1))’ ZeHNK*I};
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Fig. 2.

Fig. 3. Transformation from multiple source transitions to a single one.

7) IZQ(in“JA),Ot?):WQ(t?a Qyi(i+1)):hi+1, WQ(Qyi<i+1)>
ti+l):WQ(ti+1’ QIi(iJrl)):h’i;

8) Mo(qw;;y1))=hi"hit1, and Mo(gy,, ,,)=0;

9) End

By assuming t{=t; and t9=t,, Fig. 7(a) gives an example
to synthesize an REN that enforces 2:3 between ¢; and ¢5. Its
reachability graph is shown in Fig. 7(b) which comprises six
circuits passing over M), as indicated in Fig. 2(c). Obviously,
in each firing circuit, the ratio between the occurrence counts
of t; and ¢ is exactly 2:3.

The following definition is used to compose two Petri nets
through their common transitions.

Definition 3 A4 Petri net N=(P, T, F, W), obtained by
composing two Petri nets {N;|N;=(P;, T;, F;, W;), i€{l,
2}, where PiNPo=0, T'\NT2#0, and FiNFy=0}, denoted by
N=Nj0N,, through their common transitions is a Petri net
such that: P=P\UP,, T=T1UTs, F=F,UFs, W(p, t)=W;(p,
t) if (p, YEF;, and W(t, p)=Wi(t, p) if (t, p)EL;.
Definition 4 A4 Petri net N=NioN, is an RS*R iff :

1) Ny is an S*R such that t9=p{ , i€INg,

2) Ny is an REN derived according to Algorithm 1 given

ratios hy:hs:. . .:hg.

The definition indicates that an RS*R is obtained as the

——>M[0 6] !

0

M,[3 3]

1

M,[6 0] 1

1|t Ms[15]

(b)

207

—_, — — —T

|
t2 153 |
|

©

Illustrations of the ratio-enforced constraint.

composition of one RS*R and one REN. It can be easily
proved that the above defined RS*R is bounded. As a con-
vention, t¥ is called source transition of N;. Without loss
of generality, we assume that each N; has only one source
transition. This assumption makes sense thanks to the fact
that multiple source transitions in N; can be conveniently
transformed to a single one, as shown in Fig. 3. In the sequel,
it is reasonable to suppose that any N; has only one source

transition.

Definition 5 Let N=N;0N, be an RS*R, where N1 and No
are an S*R and REN, respectively. Then, (N, My) is said to be
acceptably marked RS*R if (N1, My,) is acceptably marked
by My, and (Na, My,) is initially marked by My, as defined
in Algorithm 1.

Given an RS*R with N=(PyUP4UPRUPg, T, F, W), P
is referred to PyUP4UPRUPy, where Pg is called a ratio
place set.

Thanks to its special structure, an RS*R can describe RASs
in which flexible routes and multiple-resource acquisitions are
allowed, respectively. Specifically, it is composed of a set of
subsets N;, i€IN g, which has one-to-one correspondence with
a process that allows sequential operations. More specifically,
each N; can be decomposed into an acyclic graph and an
idle place po,. The operations together with their interactions
required by a process are represented by the operation places
and transitions involved in the respective acyclic graph of N;.
The initial marking of pg, corresponds to the number of type i
process instances, e.g., products, that are allowed in the system
at a time. As a convention, pg, is also designated as the final
destination of all finished process instances so that a repetitive
process is well modeled. Places in Pr are used to model
various resource types in an RAS. Their marking during the
evolution of a Petri net corresponds to the number of available
resources in the modeled system. In particular, their initial



Fig. 4. An Illustration for the Proof of Theorem 1.

markings define the capacities of the corresponding resource
types. In such RASs, different processes proceed independently
but must follow a given ratio.

IV. SEPARABILITY OF RATIO AND LIVENESS
ENFORCEMENTS

Liveness is one of the most important behavioral proper-
ties, which corresponds to the absence of global and local
deadlocks. In many cases, deadlock can be attributed to the
presence of some undermarked siphons. Since the number of
siphons in a Petri net increases exponentially, a challenge is
to reduce their number to be considered, when possible. In
this section, we prove that the liveness of an RS*R can be
established without considering its REN. We show that an
RS*R is live when all the siphons in its corresponding SR
are max-controlled. For the self-completeness of this paper, we
cite the following definitions [2]. In the sequel, when talking
about a siphon, we mean a strict minimal one.

Definition 6 ( [2]) A siphon S is said to be max-marked
at MeR(N, My) iff 3peS such that M (p)>maxpe, where
mazpe =mazicps W(p, t).

Definition 7 ( [2]) A4 siphon S is said to be mazx-controlled iff
S is max-marked at any reachable marking, i.e., VM ER(N,
My), IpeS such that M (p)>mazxpe.

Definition 8 ( [2]) (N, My) is said to be satisfying the max-
controlled-siphon property (max cs-property, for short) iff
each siphon of (N, M) is max-controlled.

Proposition 1 ( [2]) Suppose S is a siphon. If there exists a
P-invariant I such that Vpe(||I||~NS), max,e=1, |I||TCS,

and Y pepl(p)-Mo(p)>> pesI(p)-(maxye—1), then S is
max-controlled.

Theorem 1 The firing ratio among t9—t% in REN is
hi:ho:...:hg and REN is bounded and live.

Proof: Given an REN as composed by Algorithm 1, it is
trivial that the vector /=1 is a P-semiflow. This consequently
leads to M (g ,5)+M(Guo)+- - AM(qa ey )+ M (qy)+M
(Qy23)+~ . '+]V[(qy(;<,1)K):]\/[0(q.’r,12)+A{0(Qm23)+' . '+M0(qﬂf
(Kq)K)+A40(Qy12)+JV[O(Qy23)+' . ’+M0(qy(1<71)1():z¢}i_llhi
“hiy1<+oc. Therefore, VieNk_1, M(qu,,,)<+oo and
M (qy,(;4,))<+00. We can conclude that REN is bounded.

To prove the liveness of an REN, we first prove the
liveness of its each subnet as shown in bold lines in Fig. 3.
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As known, the sum of markings in ¢z, and gy,
remain constant such that M(qx, ., )+M(qy,;.,))=hi-hit1.
Then, two cases must be considered. Initially, we have
Mo(qa,;11))=hihit1 and Wiga, ., t9)=h;. Since h;11>1,
we have Mo(4a,,,,,))>W (e, ) 7). Thus, ¢ can fire under
the initial marking. In the case t? fires several times, the two
following cases must be considered.

Case 1: M(q;(i+1))>hi. Apparently, ¢J remains fireable in
the case.

Case 2: M(q;(i+1))<h;—1. Since M(qy, ., )=hi-hit1—M
(9x;(;1,)> the minimum value for M(qy,,.,,) is M(qy,, )=
h1h7+1—(h7— l):thl(h,—(h,— 1)/h1+1) This ObViOUSIy
leads to M(qy,,,,)>hi+1 since h;>1 and h;11>1. Thus,
t9, | can fire under this case.

Therefore, we know that any similar subnet in an REN is
live. The liveness of the REN can subsequently be verified
by contradictively assuming the existence of a dead transition
t? under a marking M. Since 9 is dead, we must have
Al(qy(i—l)i)<W(qy(i—1)i’ t?) and ]\l(qzi(i+l))<W(qu(L+1)’ fvo
hold at VM € R(IN, My). This contradicts our above discussion.
Thus, we can conclude that REN is live. u

Subsequently, we prove that the composition of an REN and
S4R cannot lead to a siphon or the constituted siphon cannot
be undermarked.

Theorem 2 [f S is a newly composed siphon in RS*R by the
composition of an REN and S*R with SNPo#0, SNPa#0),
SNPr#D, we have that S cannot be a siphon that can be
undermarked.

Proof: (by sketch) According to Theorem 1, SZ P, since
otherwise .S cannot be a strict minimal siphon. Obviously, we
have SNP4#0 and SNPr+£0 hold. To prove that S cannot be
undermarked, two cases should be considered separately.

Case 1: #N; where IpcP; such that [p®|>2. To consti-
tute S with SNPo#0, SNP4#0, and SNPr+#0, a circuit C
containing elements from the sets Pp, P4, and Pr must be
established owing to the structural property of RS*R. These
involved resource places together with their adjacent operation
places can either lead to a strict minimal P-invariant or a strict
minimal siphon. Neither of these two situations can imply that
S is a strict minimal siphon.

Case 2: IN; where 3p€P; such that |p®|>2. Assume that
there are two paths beginning from p, which are denoted by
19 and 1*, where j#k. To establish S, a circuit C must be
constituted with a path from pg. to ®po, among which 1 is



An RS*R with no flexible routes.

Fig. 5.

supposed to be involved. If a place p in C has an outgoing
transition belonging to [¥, where j#k, a siphon is constituted
since *SC.S°. Nevertheless, S can neither be strict nor minimal
since either a P-invariant or strict minimal siphon can be
introduced by related p,.C Pr together with their corresponding
operation places. |

Theorems 1 and 2 are of significance since we only need to
consider siphons constituted by operation and resource places
while ignoring all the others, i.e., Py and Pg. This proves the
principle of separation, i.e., ratio control and liveness-enforcing
supervision of RS?R can be performed separately without
affecting each other.

Theorem 3 Let (N, M) be a marked RS* R be a marked net
composed of an REN and S*R (N', M,). If each siphon in
(N', M) is max-controlled, (N, My) is live.

Since no new undermarked siphon can be induced owing
to the composition between REN and S*R. To derive a live
RS*R, only the siphons in S*R need to be controlled. Thus,
Theorem 3 evidently holds. Note that only few methods, e.g.,
[2], [6], exist to derive the needed control places for the
proposed net classes. Others, e.g., [3], do not work without
non-trivial extensions.

V. SYNTHESIS EXAMPLES

This section contains some synthesis examples, through
which the effectiveness of the synthesis algorithm and the
correctness of the theoretical results are verified. We show
two examples, among which the first one corresponds to Case
1 considered in the proof of Theorem 2 while the other one
corresponds to Case 2. For brevity and simplicity, both systems
involve four resource types 21— R4 and can support two job
types J1 and J. The ratio between their two process flows
corresponding to J; and Jy is 3:2.
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A. Example 1—4n RS*R with no Flexible Routes

The example is shown in Fig. 5, which describes an RAS
whose process flows can be described by state machines
with no flexible routes. This corresponds to Case 1 since
no operation place has more than two succeeding transitions.
Job type J; (resp., J2) is defined by the set of strictly
ordered job stages {pa—pa4} (resp., {ps—ps}). The conjunctive
resource requirements associated with various job stages are
as follows: a,,=[1 0 0 0|7, ap,=[0 1 1 0]7, a,,=[0 0 0
17, ape=[0 0 0 117, a,,=[0 1 0 0]7, and a,,=[1 0 1
0]”. The P-semiflows corresponding to the system resources
are: X1=pa+ps+p9, Xo=p3+pr+pio, X3=p3+ps+p11, and
X4=p4+ps+pi12. This system involves four siphons, which
are: S1={ps, ps, P10, P11, P12}, S2={ps, D7, P10, P12},

S3={p4, ps, Po, P10, P12}, and Sy={ps, ps, Py, p1o}. Since
none of S7;—S4 contains pi3 or pi4 as a member, no siphon

can be attributed to the composition of the specific RS*R and
REN.

B. Example 2—An RS*R with Flexible Routes

Fig. 6. An RS*R with flexible routes.

The example is shown in Fig. 6, which describes an RAS
whose process flows have flexible routes, i.e., there exists
an operation place, say po, from which several paths can be
introduced. Moreover, for ps, we have |*p5|=2 while **psNPg
={p13}. This corresponds to Case 2 in the proof of Theorem 2.
Job type J; (resp., J2) is defined by {p2—ps} (resp., {pr—pg}).
The resource requirements are as follows: a,,=[1 0 0 0]7,
ap,=[0 10 0]T, a,,=[0 02 0|7, ap,=[0 0 0 1]7, a,,=[0 0
0 1], ap=[0 1 1 0]T, and a,,=[1 0 1 0]7. The resource-
related P-semiflows are: Xj=pa+po+p10, Xo=ps+ps+pi1,
X3=2ps+ps+po+pi2, and Xy=ps+p7+p13. There are four
siphons: S1={ps, P9, P10, P11, P12, P13}> S2=1{P5, P8, P9, P12
P13}, S3={ps, P8, P11, P13}, and Ss={ps, P4, P9, P10, P11,
pi2}. As anticipated in Theorem 2, none of S;—Sy contains
p14 Or P15 as a member. Thus, no new siphon is introduced
owing to the composition of RS*R and REN.



(a) Supervisor for Example 1.

Fig. 7.

C. Synthesis of Liveness-enforcing Supervisor for the two
examples

According to Theorem 3, a live RS*R can be obtained
when all the siphons in its corresponding S*R are mazx-
controlled. Such a problem is well investigated in [2] as shown
by Proposition 1, which states that a siphon S can be mazx-
controlled by a monitor denoted by p.. Subsequently, we
review some results on how p. can be obtained to control
S in an S*R.

For any S*R, we have S=S,4USR, where S4=SNP, and
Sr=SNPg. 3 P-invariant Ig and monitor p. such that S is
maz-controlled if Y e pIs(p)-Mo(p)>Y _pesls(p)-(mazye —
1), where P includes all places including p.. For r€Sg, there
exists a minimal P-semiflow X €INI"! such that {r}=| X]||N
Pr, Pon|| X||=0, Pan||X]|#0, and X (r)=1. We have gs=)
reSpX is a P-invariant and [|gs|\SCPa. A new place,
namely p,, is introduced so as to produce a new P-semiflow hg
with Vp€|lgs[]\S, hs(p)=gs(p). hs(pc)=1, and [|hs|\{p.}C
Py4. Considering that gs and hg are both P-invariants, we
can conclude that [g=ggs—hg is also a P-invariant. Due to
their special constructions, we have ||Is||"=|gs||\||hs||=S9,
| slI=={pc}, I ~NS=0.

For instance, given S1={p4, ps, P10, P11, P12} in Example
1, we have gs=2p3+pa+pe+pr+ps+piotpi1+piz, hs=2ps
+p6+p7+De, Is=gs—hs=ps+ps+pio+p11+pi2—pc. Since
[ Is]|=NS=0 and ||Is||*NS=S, we can conclude S is maz-
controlled when > e pIs(p)-Mo(p)>> pesls(p)-(maxps—1).
Evidently, e pIs(p) Mo(p)=Mo(pa)+Mo(ps)+Mo(p10)+
Mo(p11)+Mo (p12)—Mo(pe)=1x0+1x0+1x241x24+1x2—
Mo(pe)=6—Mo(pe). > pesls(p)-(mazys —1)=0. Thus, 6— M,
(pe)>0, or equivalently, My(p.)<6, which leads to My(p.)=5.
Furthermore, following the method in [3], the outgoing arcs of
a monitor derived using [2] are adjusted to the corresponding
tepg, so as to structurally simplify the resultant supervisor.
By conducting the above derivation process repeatedly, we can
obtain the supervisors for Examples 1 and 2 as shown in Fig. 7.

VI. CONCLUSION

In this paper, we have studied deadlock prevention issue
in ratio-enforced resource allocation systems (RASs). In the
considered RAS, (a) flexible routes are allowed in any job
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(b) Supervisor for Example 2.

The liveness-enforcing supervisors for the Petri nets in Figs. 5 and 6.

processes; (b) each process can request and acquire multi-
resources; and (c) desired ratios are required among products to
be produced. These properties lead to a special Petri net class
that is never treated systematically in the literature to the best
knowledge of the authors. We prove that the ratio and liveness-
enforcing supervisions can be separately performed. In other
words, the design of ratio and liveness enforcing supervisors
can be executed independently. Its application scope needs to
be extended to more general Petri classes such as G-system
as well as systems with uncontrollable and unobservable
transitions. Another challenging issue is to design supervisory
controllers such that the throughput of an RAS with either
deterministic or stochastic time variables is optimized while
the implementation cost for them is kept minimum.
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