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in Intelligent Machines

Fei-Yue Wang, Member, IEEE, and George N. Saridis, Fellow, IEEE

Abstract— Intelligent machines are defined to be hierarchi-
cally intelligent control systems composed of three levels: the
organization level, the coordination level, and the execution level.
This paper presents an analytical model for the coordination
level of intelligent machines, which, together with the established
mathematical formulation for the organization level and the well
developed control theory for the execution level, completes the
first step toward a mathematical theory for intelligent machines.
The framework of the coordination level is a tree structure
consisting of a dispatcher and a number of coordinators. A
new type of transducers, Petri net transducers (PNTs), has been
introduced to serve as the basic module in our analytical model.
PNTs provide a formal description for the individual processes
within the dispatcher and coordinators. The concurrence and
conflict among these processes can be represented by PNTs con-
veniently. Coordination structures are introduced as a formalism
for the specification of integration in the coordination level.
The task precedence relationship in the coordination process
is presented by the Petri nets derived from the coordination
structures. These Petri nets also provide us a formal approach of
using the concepts and analysis methods in the Petri net theory to
investigate the properties of the coordination structures. A case
study of modeling an intelligent assembly robotic system has been
conducted for the purpose of illustration.

I. INTRODUCTION

HE QUEST to build machines that perform anthropo-

morphic tasks autonomously or interactively in structured
or unstructured environments has a long tradition in the
history of human beings. The effort along this direction
has been intensified tremendously by the new advancements
in modern technology during the past two decades. Such
machines, called intelligent machines in engineering, will play
the key role in various modern and future industries, such as
space exploration, robotic systems, and computer integrated
manufacturing.

The design of intelligent machines has brought many new
challenges to the scientific community. Among them, the
control problem is one of the most important issues. Since
theories and technologies in conventional automatic control
had been known to be inadequate to deal with the diversified
aspects in the control of intelligent machines, a new discipline,
called intelligent control, has emerged for this purpose during
the past decade [21].
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The theory of intelligent controls is still in its early stage of
development. Methodological issues are both open and central.
Since Fu [8] coined the name of intelligent controls in 1971 as
the field of interaction of artificial intelligence and automatic
control systems, different ideas for the formalization of the
definitions and the structure of intelligent machines have been
proposed by and debated among various researchers [2], [4],
[13], [15]. An analytical approach has been proposed and
pursued by Saridis since the 1970s [15]-[22], which expanded
the field of intelligent controls to include three components:
artificial intelligence, operations research, and control theory.

The structure of intelligent machines has been defined by
Saridis [15]-[22] to be the structure of hierarchically intelli-
gent control systems, composed of three levels hierarchically
ordered according to the principle of increasing precision with
decreasing intelligence (IPDI) [16], [23], namely:

1) The organization level represents the brain of the sys-
tem with functions dominated by artificial intelligence
to reason, to plan, and to make decisions about the
organization of tasks;

2) The coordination level defines the interface between high
and low levels of intelligence with functions dominated
by operations research that coordinate the activities of
the hardware; and

3) The execution level is the lowest level with high require-
ment in precision with functions dominated by Control
Theory to execute the specified tasks. Fig. 1 presents the
structure of intelligent machines.

A mathematical formulation for the organization level has
been developed by Saridis and Valavanis [22], [24]. The
focus of this paper is on a formal theory for the coordination
level with a tree topology consisting of a dispatcher as the
root and a set of coordinators as the subnodes (see Fig. 1).
The basic requirement for such an analytical model is the
establishment of an information structure that specifies the
necessary precedence relationship of the relevant information
processing for the coordination of the diversified activities
in this Level. Specifically, the following features should be
accomplished: 1) a formal description of each individual
process within each system unit (i.e., dispatcher or coordinator)
in the Level; 2) a formal specification of the cooperation and
connection among system units; 3) a mechanism of control
and communication for task processes in system units.

We will address those issues based on the linguistic decision
approach developed by Saridis and Graham [9], [19]. A
knowledge of basic Petri net theory and formal languages
has been assumed throughout this paper. The first part of the

1042-296X/93$03.00 © 1993 IEEE

Authorized licensed use limited to: INSTITUTE OF AUTOMATION CAS. Downloaded on June 22, 2009 at 10:19 from |IEEE Xplore. Restrictions apply.



258 IEEE TRANSACTIONS ON ROBOTICS AND AUTOMATION, VOL. 9, NO. 3, JUNE 1993

ORGANMIZATION LEVEL

4
y

COORDINA VE!

Dispatcher
D

Coordinator Coordinator

Coordinator

Ct C2 Ca
L) LY LY
A J Yy h 4
EXECUTION LEVEL
Fig. 1. The structure of intelligent machines.

paper (Sections II-III) presents a new type of language trans-
ducers, Petri net transducers (PNTs), for individual process
description within a system unit. The second part (Sections
IV-VII) introduces the theory of coordination structure for
specification of integration among system units. Since both
PNTs and coordination structures are Petri net-based models,
the execution rule of Petri nets therefore provides naturally a
control and communication mechanism for task processes in
the coordination level.

In the linguistic decision approach, task processes of the dis-
patcher and coordinators have been considered as the process
of translating the higher level task plans to the lower level
control actions by using vocabulary decision schemata [19].
Since the decision schemata are grammars, PNTs have been
introduced to implement them. There are several classic au-
tomata available as the implementation model for the vocab-
ulary decision schemata, such as finite state transducers and
pushdown transducers [1]. The reason for choosing PNTs over
the other automata is mainly due to the following facts: First,
the connection between the dispatcher and coordinators is quite
an important issue in the modeling of the coordination level;
however, it is difficult to use the classic automata to specify
these kinds of connections. Second, it is inadequate to describe
the concurrence of activities in the coordination level by using
classic automata. The reason is that the primitive notion of
states in these automata is intended to represent the status of
the entire system modeled at a certain instance, whereas the
notion of places in Petri nets describes only the status of some
components of the system modeled. Third, there are no conve-
nient methods currently available to conduct either qualitative
or quantitative process analysis for systems modeled by these
automata. All these problems can be overcome by Petri net-
based models, since it has been shown in both theoretic works
and applications, especially in the modeling of manufacturing
processes [3], [10], {11], [14], [33]-[36], that Petri nets can
be used to specify connections among the system units, to

describe concurrence and conflict in the system processes, and
to perform qualitative and quantitative process analysis.

The specification for the integration of the dispatcher and
coordinators has been achieved by coordination structures.
A coordination structure is obtained by connecting a set of
PNTs with a set of connection points through the connection
mappings. Specifically, the use of those coordination structures
can enable us to: 1) describe the task translation of the
dispatcher and coordinators (through PNTs); 2) represent the
individual process within the dispatcher and coordinators
(through PNTs); 3) specify the cooperation and connection
among the dispatcher and coordinators; 4) perform the process
analysis and evaluation; and 5) provide a control and commu-
nication mechanism for the real-time monitor or simulation
of coordination process. A case study for a primitive intel-
ligent robotic system has been conducted in Section VIII to
demonstrate those concepts.

The results presented in this paper are further development
of our previous studies on this topic [25], [27]-[31]. They also
can be used for the integration specification of other kinds
of distributed systems, for example, the software system for
the manufacturing message specification (MMS) [25], [32].
The major difference between our linguistic and analytical
approach and the traditional programming approach [7] for
coordination problem is that our model provides a formal
framework for task verification, analysis, synthesis and perfor-
mance evaluation. The work of using Petri nets to formalize
the decision structure of human organizations by Levis and
his colleagues [6], [12] is similar to ours, however, their focus
is on representation and performance evaluation whereas ours
on integration and process analysis.

II. TASK TRANSLATION AND PETRI NET TRANSDUCERS

The task process in the coordination level of intelligent
machines is the process of task translation: Lo — L¢ — Lg,
where Lo represents the set of task plans generated by the
task organizer in the organization level, Lo describes the
set of control actions in the coordination level, and Lg
gives the set of real-time operations to be executed in the
execution level. The dispatcher receives the task plans from
the organizer, decomposes the plans into coordinator-oriented
control actions and dispatches them to the corresponding
coordinators. Upon obtaining the control commands from the
dispatcher, a coordinator then translates the commands into the
operation instructions and sends them down to the appropriate
execution devices in the lowest level for real-time execution.

Those translation processes performed by the dispatcher and
coordinators can be described by using PNTs as their models.
A PNT is a language translator that translates an input task
plan into an output plan. Formally,

Definition 1: A Petri net transducer (PNT), M, is a 6-tuple,

M = (N,%,A,o,p, F) where

1) N =(P,T,1,0) is a Petri net with an initial marking

I’
2) ¥ is a finite input alphabet;
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3) A is a finite output alphabet;

4) o is a translation mapping from T x (X U {A}) to finite
sets of A*;

5) F C R(u) is a set of final markings.

where ) is the empty string and A* the set of all possible
strings over A. In applications, ¥ may represent the set of
primitive tasks for task planning, and A the set of primitive
operations for task execution. A PNT has three parts: an
input tape to read input plans (strings over ¥) in, a Petri net
controller to control the translation process, and an output tape
to write output plans (strings over A) on. The behavior of a
PNT can be conveniently described in terms of configurations
of the PNT. A configuration of PNT M is defined as a triple
(m,z,y) where m € R(u) (i.e., the reachability set of N with
initial marking p ) is the current state (or marking) of the net
N;z € X* is the input string remaining on the input tape with
the leftmost character of = under the input head; y € A* is
the output string emitted up to this point.

A move by PNT M is reflected by a binary relation => s
(or =, when M is clear) on configurations. Specifically, for
all m € R(p),t € T,a € ZU{A\},z € * and y € A* such
that 8(m, t) is defined and o(t, a) contains z € A*, we write

(m,az,y) = (8(m,t),z,yz)

where §(m, t) is the state transition of Petri nets. We will use
=" to denote the transitive and reflexive closure of =. The
translation of M is defined to be the set:

(M) = {(z,y) | (#,z,X) =" (m, ), y) for some m € F}

(M) will be called a Petri net translation or a Petri trans-
ducer mapping. A string y is said to be an output of a string
z or x is the input of y iff (z,y) € 7(M). The input language
and the output language of M are defined to be the following
two sets:

a(M)={z |3y € A", (z,y) € T(M)
and w(M)={y |3z € X" (z,y) € (M)}

Note that in Definition 1, translation mapping o is allowed to
generate string instead of only single alphabet at one instance
of translation. However, it is easy to show that string and
alphabet translations are mathematically equivalent, and in
general, the restriction of single alphabet translation would
lead to a much larger Petri net controller.

Example 1: Consider a PNT M = (N, X, A, 0, p, F) with
the following specification:

T ={e}; A ={a,b,c};0(t1,e) = {a}, o(t2, X) = {b}
a(ts,A) = {c};p = (1,0,0); F = {ug = (0,0,1)}.
The Petri net N is given in Fig. 2. When an input string

e? = e.e is issued to M, it will be translated into an output
string a®ch®. The detailed translation process is,

(1, ez,)\) = (1 = 6(p, 1) = (1,1,0),¢,a)

= (N? = 6(/’*1;7:1) = (17270)7’\v a2)
= (p3 = 6(p2, t3) = (0,2,1), A, a%c)
= (na = 6(u3, t2) = (0,1,1), A, a’cb)
= (us = 6(pa, t2) = (0,0,1), X, a®cb?)
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Fig. 2. An example of PNT.

that is,
(u, e2,)) =* (us,/\,a2cb2).
It is easy to show that in this case
a(M) = {e" | n > 0},w(M) = {a"cb" | n > 0}
and
7(M) = {(e", a"chb™) | n > 0}.

A PNT halts at configuration (m, az, y) when no transitions,
for which (¢, a) is defined, are enabled at the current marking
m. We call m the deadlock marking of the PNT. When a
deadlock marking occurs, the input string will be rejected.
Note that a deadlock marking of a PNT is not necessarily a
deadlock marking of its Petri net.
As in the Petri net language literature, PNTs can be classified
according to the following three kinds of translation mappings
and four kinds of final marking sets:
Definition 2: For a PNT M = (N, X, A, 0,pu, F), its trans-
lation mapping o is
1) free translation mapping if o(t, a) is defined then a # A.
If both o(t1,a) and o(t2,b) are defined, then a # b if
t1 # i

2) \-free translation mapping if o(t,a) is defined then
a # A\

3) M\-transition translation mapping if no restriction on o.
Its final marking set F is classified as

1) L-type if F is a finite set of markings in R(u);

2) G-type if F = {m € R(p)lm > m, for some i,i =

1,--,n};
3) T-type if F = {m € R(u)|m is a deadlock marking of
N};

4) P-type if F = R(u).

The PNT M in Example 1 has a L-type final marking
set with a A-transition translation mapping. Assume now that
F is a G-type set, say, F = {m € R(p)lm > (0,0,1)},
and the translation mapping is unchanged, then, 7(M) =
{(e™,a"cb*)in > k > 0}. When F is T-type, the result
is the same as that for L-type, since (0, 0, 1) is the only
deadlock marking of N. When F is P-type, we have, (M) =
{(e", a™), (", a™ch*)|n > k > 0}.
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A PNT with a free translation mapping will be called a free
PNT; a PNT with a L-type final marking set will be called a L-
type PNT, and so on. There exist 12 classes of PNTs resulting
from the cross product of the four types of the final markings
and the three types of translation mappings. Since the language
properties of L-type PNTs can be easily determined and their
expression power is sufficient for task translation in intelligent
machines, we will consider only L-type PNTs in this paper, and
from now on by PNTs we mean L-type PNTs.

To discuss the language properties of PNTs, i.e., the problem
of what kinds of task plans may be translated or produced by
PNTs, we begin with the following special class of PNTs.

Definition 3: A PNT M = (N,X,A,0,u,F) with N =
(P,T,1,0) is called a simple PNT (SPNT) iff:

1) Vt € T there exists one and only one a € ¥ U {\} such

that o(t,a) is defined;

2) V¢t € T and a € L U {A}, if o(t,a) is defined, then

lo(t,a)] = 1.

Condition 1) implies that in a SPNT, a transition of its Petri net
is responsible for translating one and only one input character;
and condition 2) implies that each transition has only one
output string to translate its input character. Therefore, once a
transition is located, a SPNT is deterministic in the emitting
of the output string. The following theorem indicates the
importance of this type of PNTs.

Theorem 1: For any PNT M, there exists a SPNT M’ such
that 7(M') = T(M).

All the proofs in this paper are given in the Appendix at
the end of the paper.

This theorem indicates that as far as language property is
concerned, SPNTs and PNTs are equivalent. However, like
the colored Petri nets versus the ordinary Petri nets, a general
PNT sometimes offers us a more compact description than a
SPNT does.

Based on Theorem 1, it is easy to show that the language
property of PNTs can be characterized by the following
theorem:

Theorem 2: The input and output languages of a PNT are
both Petri net languages.

This theorem guarantees that PNTs can be used as the
consistent models for the dispatcher and coordinators, i.e., it is
always possible to construct coordinators to process the tasks
issued by a dispatcher, if they are to be described by PNTs.
Since Petri net language takes regular language as its proper
sub-language, the theorem also indicates that the set of PNTs
include the set of finite state transducers as its proper subset.

ITI. SYNCHRONIZATION OF PETRI NET TRANSDUCERS

The synchronous composition operator is a mechanism used
to coordinate the operations of several PNTs. The basic idea
is to let PNTs read a common input tape and to synchronize
their translation processes by using common input characters
(or input tasks). The need for such synchronization rises
in various situations where system units have to cooperate
in order to accomplish some common tasks. For example,
consider an assembly robotic system consisting of two arms
with independent controllers. The tasks for the robotic system

are to move parts from one position to the other. To move
small parts, the two arms can perform the tasks independently.
However, to move large parts, the two arms have to perform
the tasks together, which requires the coordination of their
individual actions. Thus, when a PNT is used as the motion
coordinator for each of the two arms, the operations of the
two PNTs have to be synchronized.
Definition 4: The synchronous composition of two PNTs:

M; = (Ni, %, Ag, 04, 13, F3),
N, = (B, T, 1;,0;),PAN Py = 0, iNT,=0,i=1,2,

is a PNT, denoted by M |{ My, specified as the followings,
MMy = (N, Z,A,0,u,F),N = (P,T,1,0)

with
P=P UP;,
T =T UT12UTs,
Y =3 U,
A=A UA,

where

Ty1 = {t; | t; € T1&there exista € £1 — X2
such that oy (t;, a) is defined}
Toy = {t; | t; € Tokthere existsa € Xy — X
such that o2(t;,a) is defined}
T2 = {ti; | there existst; € T1&t; € Toka € T1 N X2
such that o1(t;, a)&0o2(t;, a) is defined}

L(t) ift €Ty
I(t) . Iz(t) if t € Ty y
Il(ti) + IQ(t]') ift=1t; ¢ T1o
O4(t) if t € 111
O(t) = Oz(t) ift € Ty s
O1(t:) + O2(t;) ift =t;; € Tio
the initial marking is
_ Ml(p) if Y4 c P1
wp) = {H2(P) ifpe P,

the set of final markings is

F ={m € R(p) | 3m; € F; and my € F} such that
Vp € P,m(p) = mi(p) forp € P,
m(p) = ma(p) for p € P}

finally, the translation mapping is

o(t,a) =
ol(t,a) ifteTh&aeX|—3%,
Ug(t, a) if t € Tyoka € Xg — X1
{22,252 | zi € o1(ti,0) if t =t;5 € 1o
&z; EUz(tj,a,)} &a € XNy
undefined otherwise
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With this definition, it is not difficult to show that a move
by M = M, || M; can be represented as

((mhm?)’axay) =
((6(my, t;), me), x,y2;) ifaeX) —%y
((mq, 6(ma,t;)), z,yz;) ifaeXo -3,
((6(m17ti)!‘s(m2’tj))vz1yzizj) or '
((6(m1,t:), 6(ma,¢t;)), 7, yzj2;) ifa€ XNy

where t; € Ty and t; € Ty, 2; € 61(ti, ) and z; € 02(t;,a).
That is, the input characters in the alphabet of one PNT, but not
the alphabet of the other, are translated by that PNT alone, and
the input characters in the alphabet of two PNTs are translated
by both the PNTs simultaneously in an arbitrary order.

Example 2: Consider the example mentioned in the be-
ginning of this section. Petri nets for motion processes of the
two arms are given in Fig. 3(a). The corresponding PNTs are
specified as

¥; = {G;, GB;, GR;, MSP;, RSP;, MLP, RLP},
$1N %, = {MLP,RLP}

A; = {motion control algorithms
and grasping algorithms}, = 1,2;

where G means go to the grasp position; GB means go back to
home position; GR means grasp a part; MSP means move with
a small part; RSP means release a small part; MLP: move with
a large part; RLP means release a large part. The translation
mapping is

0i(ti1, Gi) = 0i(ti2, GR;) = oi(tia, MSP;)
= Oi(t@;;,MLP) = 0;(ti4, RSP;)
= 0;(tia,RLP) = 0;(ti5,GB;) = Ay

That is, a general task cycle for an arm is to go to the grasp
position; to grasp a part; to move with the part; to release the
part; and to go back to home position.

Fig. 3(b) gives the PNT that resulted from the synchronous
composition of two PNTs for the two arms. Two new transi-
tions are introduced in the synchronous composition and their
translation mappings are specified as

0'(t33,MLP) = 0'(t44,RLP) =A; X Az

From the synchronous composition, we see that when
a task for moving a small part is issued, say, a
task G1G2 GR2 MSP2 GR1 MSP1 RSP2 RSPl GB2 GB],
the composition will be exactly the same as if the two
arms work independently. For example, arm two can move
with its part before arm one has grasped its part. However,
when a task for moving large parts is issued, say a task,
G1G2GR2GR;MLP RLP GB,GB;, then the composition will
force two arms to work synchronously for the common actions.
For example, transition ¢33 for task MLP cannot be enabled
until both of its input places have a token, i.e., moving with
the part cannot be executed until both arms have grasped the
same large part. A similar situation happens to the transition
t44 for task RLP.
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Fig. 3. (a) Individual PNTs for two arms. (b) The synchronous composition
of two PNTs for two arms.

Since the synchronous composition of two PNTs is still a
PNT, the synchronous composition can be directly generalized
to more than two PNTs by defining

My||My]| @ @ @ [ Mi_y[| My = (M| M| @ @ @ || My 1) | M.

IV. INTEGRATION SPECIFICATION AND COORDINATION
STRUCTURES

The Petri net transducers describe the individual process
of task translating in the dispatcher and coordinators. To
specify the connection among them, we introduce the model of
coordination structures in this section. A coordination structure
consists mainly of three parts: a set of system units, a set of
connection points, and a set of connection mappings from the
units to the connection points. The connection points represent
places where the units exchange their information. The con-
nection mappings describe the links between the units and the
connection points. Various types of coordination structures can
be defined by proposing different forms of connection points
or by designing different patterns of connections mappings.

For the integration specification in the coordination level of
intelligent machines, PNTs have been used to describe the
system units, i.e., the dispatcher and coordinators, and the
connection mappings are classified into two classes: receiving
mappings for information acquisition and sending mappings
for information distribution. Starting from the general cases to
the more specific cases, we specify four types of coordination
structures in the sequel.
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Fig. 4. The configuration of the coordination structures.

Definition 5: A coordination structure CS with an arbitrary
connection is defined to be a 7-tuple,

CS = (D,C, F, RD,SD,Rc,Sc) where

1) Dispatcher: D = (Ny4,%,, Ay, 04, pua, Fy) is a PNT with
a Petri net Ny = (Py,Ty,14,04);
2) Coordinators: C = {C1,C2,---,Cp} is a set of coordi-

nators, n> 1,
C; = (NLZL, AL ot ui, FY) is a PNT with a Petri net
N:=(PLT: I, 0, i=1,-n;
3) F={f1,---, fs} is a set of connection points, s > 1;

4) Rp and Sp are mappings from Ty to finite subsets of
F, ie.,

RD:Td—-#ZF, SD:Td—>2F

Rp and Sp are called the dispatcher receiving and

sending mappings, respectively. The Rp indicates how

information can be received by the dispatcher from the

connection points. The Sp indicates how information can

be sent from the dispatcher to the connection points.

Rc ={Rg,---,R%} and Sc = {S%,---,52}. RS and
. are mappings from T to finite subsets of F, i.e.,

RL:TL —2F, 8L:TE —2F

5)

Rc and S¢ are called the coordinator receiving and
sending mappings, respectively. The meanings of RE. and
S%, are similar to that of Rp and Sp fori = 1,---,n.

The configuration of the coordination structures is shown
in Fig. 4. A coordination structure CS with an arbitrary
connection is called a general coordination structure.

In Definition 5, no restriction has been imposed on the
receiving and sending mappings; therefore, arbitrary con-
nections between the dispatcher and coordinators may be
assigned. Although this gives the coordination structures the
greatest power for connection description, it makes any kind
of analysis for system properties extremely difficult. Another
fact is that the role of the dispatcher is no different than
that of the coordinators in the configuration of connections.
They all have equal positions. The only way in which the
dispatcher distinguishes itself from the coordinators is through

1IEEE TRANSACTIONS ON ROBOTICS AND AUTOMATION, VOL. 9, NO. 3, JUNE 1993

the process of language translation, i.e., only the dispatcher can
receive input task strings from the organizer in the organization
level and the coordinators get their input task strings from
the dispatcher. An application of the general coordination
structures has been presented by Wang and Saridis {27].

We now consider two important special connection patterns:
the ring connection and the tree (or star) connection.

Definition 6: A coordination structure C'S with a ring con-
nection is a general coordination structure satisfying the con-
ditions:
1) F=FUFRU
2) RD : Td g 2F",
3) RL:TE —2F-,

U Fy, FiﬂFjZQ,i7€j;
SD:T¢—>2F°;
SL Ty —2F i=1,--- n;

where Fj is called the output connection points of the dis-
patcher D; F,, is called the input connection points of the
dispatcher D; F;_; is the input connection points of coordi-
nator C;; and, F; the output connection points of coordinator
C;.

Definition 7: A coordination structure C'S with a free con-
nection is a general coordination structure satisfying the con-
ditions:

) F=FRU---UF,, F,nF;=0,i#j;
2) Rp:Ty—2F, Sp: d—»zF
3) RIC:Té'_’zF‘I’ SC‘Té'_)2F7i:15"'7ny

where F; is the connection points of coordinator C;.

The following simple examples provide illustrations for
the coordination structures with ring connection and tree
connection, respectively.

Example 3: Fig. 5 presents an example of the coordination
structures with ring connection, where an arc with arrow
from a transition to a connection point indicates a sending
relationship between the transition and the point, while an arc
with arrow from a connection point to a transition indicates a
receiving relationship. The formal specification for connection
is,

1:{117f12}a 22012
RD(td ) = F SD(tdl) FOa
RC( clk) = {fOk}, SL(ter) = {fie}, k=12
R%(teor) = {fix}s S&(tear) = {fax}, k=12

Consider this coordination structure as a Petri net: it is
easy to see that, in order to take the dispatcher from the
initial marking back to the initial marking (a complete cycle of
execution), the transitions in the coordination structure have
to be fired according to one of the following firing sequences:

ta1 - te11 - te12 - tean - be22 - taz,

ta1 - te11 - B2 - 12 - ooz - a2

Therefore, the coordination structure defines the task prece-
dence relationship (the execution order) among the tasks in
the dispatcher and coordinators.

In a coordination structure with ring connection, a system
unit receives information from only one of the remaining
units, and transfers the information to only one of the other
units. The coordinators can communicate among themselves
in a sequential fashion. The dispatcher and coordinators still
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firing sequences:

tar -
ta1 -

ta1
ta1

ta1 -
ta1

tcll ‘
te1n-
“tena
“tean -
teo1

2551

te12

teo1

“te21

teaz*

(2581

“tenn

12551

“teaz -
“te22

te11

“te12 -

~te22

~te22 -

te2a

te12

“te12 -
teoo
" te12

ta2,

N tdZv
- tda,

taz,
tdZv

< tdo.
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Fig. 5. A coordination structure with ring connection.
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Fig. 6. A coordination structure with tree connection.

hold equal position in the connection configuration as in the
case of the general coordination structures. As described in
the begining of Section II, however, only the dispatcher can
receive input tasks from the higher level, the task process will
then start from and end at the dispatcher.

Example 4: Fig. 6 gives a coordination structure with tree
connection. The formal specification for the connection is

Fi={fi},

RL(te11) = St(terz) = Fi; RL(ten) = SE(tea2) = Fo.

i=1,2; Sp(tar) = Rp(taz) = F;

Again, consider the coordination structure as a Petri net. By
listing all possible firing sequences, we can find that, in one
complete cycle of execution, the transitions in the coordination
structure have to be fired in according to one of the following

In a coordination structure with tree connection, the dis-
patcher occupies a dominant position in the connection con-
figuration. No direct communication among the coordinators
is allowed, and the coordinators have to exchange information
with each other through the dispatcher. Considering the role
played by the dispatcher in the task translation, we see that
the dispatcher serves as both a task control center and an
information communication center. When direct connctions
are permitted only between the dispatcher and a coordinator,
the coordination structures with the tree connection are the
appropriate model for the coordination level.

The coordination structures with tree connection defined by
4.3 are still too complex to allow us to perform system analysis
easily for the coordination level. To compensate the analysis
aspect, we impose some further restrictions on the coordination
structures with tree connection and introduce the model of
simple coordination structures.

Definition 8: A simple coordination structure CS with a
tree connection (simple coordination structure, for short) is
a coordination structure with a tree connection satisfying the
conditions:

1) F, = {fi,fir. £, féo} « fi is called the input point
of f&, the input semaphore of f{, the output point, and
fio the output semaphore of C;, respectively;

2) Rp and Sp satisfy the following connection constraints:

a) (taf;) € SD = (tafg'l) € RD’(t:sz) € RD <
(t’fZSO) € Sp; ) )

b) (, f}) ¢ RD’(t7f§O) ¢ RDa(t7 fb) ¢ SD7
(t> fé[ ) ¢ Sp;

¢) Each C; has an integer n; > 1, called the task
buffer capacity, such that V firing sequence s of
transitions in Ng:

0 < #{t|t in s&(t, fi) € Sp}
—#{t|t in s&(t, f5) € Rp} < ni + 1.

3) RY and S satisfy the following connection constraints:

a) (4, f) € S& & (b, fbo) € RG&(t, f&y) € S&

b) ¢, f1) & Sc.(tfso) € Sci(t.f5) € Ee,
(t, fs1) & Res .

¢) only one initially enabled transition t¢ in C; with
i, fi) € Rty o ,

d) only one transitipn t% in C; with (£, o) € S

€) only transition {% has its output places being the
input places of #:.
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taz ‘e

Fig. 7. A simple coordination structure.

The conditions in 1)-3) of the simple coordination structures
represent a set of formal specifications for a simple control
protocol, i.e., before the dispatcher sends a new task to a
coordinator, the dispatcher must check whether the coordinator
is capable of receiving more tasks (through the number of to-
kens left in the input semaphore), whereas before a coordinator
reports the result of a task execution back to the dispatcher,
the coordinator must check whether its output buffer is capable
of holding more task reports (through the number of tokens
left in the output semaphore). Physically, this protocol is
designed based upon the assumption that only limited memory
space and communication network access are available to a
coordinator. Specifically, the connection constraints on Rp
and Sp indicate that: a) the dispatcher must check the input
semaphore f; before it sends information to C;, and reset
the output semaphore f. §O after information has been received
from C;; b) the dispatcher cannot receive information from
the coordinators through f} or f%,, or send information to the
coordinators through fg, or f&;; ¢) before a transition receives
the execution result from a coordinator, there must be other
transitions which activate the coordinator a sufficient number
of times (but bounded by the buffer capacity n;); d) every
coordinator is connected with the dispatcher bidirectionally.
The connection constraints on S% and R% imply that: a)
C; must check the output semaphore fi, before it sends
information to others, and reset the input semaphore f%; after
information has been sent; b) C; cannot receive information
through f% or f&;, or send information through f{ or fio;
c) only one initially enabled transition, ¢}, in C; can receive
tasks from the dispatcher; d) only one transition, ¢, in C;
can send information to the dispatcher; e) C; can receive a
new task only after it reports the result of the previous task
execution.

Fig. 7 presents a simple coordination structure. In the
following sections, we will concentrate on the analysis of
simple coordination structures.

V. FROM COORDINATION STRUCTURES TO PETRI NETS

From the examples given in the previous section, we have
already seen that Petri nets can be naturally obtained from the
coordination structures by considering the connection points
as places, and the receiving and sending mappings as the
input and output functions, respectively. We formally define
the Petri nets which underlie the simple coordination structures
and show how they can be used to describe the operations of
the coordination structures. Similar procedures can be applied
to derive the Petri nets which underlie the other types of
coordination structures. It should be pointed out that once these
Petri nets have been obtained, then all the concepts, methods,
and tools developed in Petri net theory for system analysis
and synthesis [14] can be used to address various analysis and
synthesis issues of the coordination structures.

Definition 9: The Petri net N underlying a simple coordina-
tion structure CS is a Petri net, specified as N = (P,T,1,0),
where

P=P;UPsUF, T=T4UTc;
Po =UL P, Tc=ULTs;
I(t) _ Id(t) U {f | (t,f) € RD} if t € Td
TVLEOU{F () €ERcYifte T
o(t) = Oq(t)U{fI(t,f)ESD} ift€T4
T10LRV{f| (& f)eSctifteT:

The initial marking of N is

pa(p) or pi(p) ifpe Pyorp€ P}
u(p) = { n if p= fsyor fso
0 otherwise

In terms of the Petri net N, a token in the input point
of a coordinator indicates that a task has been issued to the
coordinator. The dispatcher can send a task command to a
coordinator when there is a token in the input semaphore
of the coordinator indicating the coordinator is available for
task execution. A token in the output point of a coordinator
indicates that a task has been completed by that coordinator,
and the feedback information of the task execution has been
contained in that token. A coordinator can send feedback of
task execution to its output point when there is a token in
its output semaphore, which implies that the communication
facility is ready for information transferring between the
dispatcher and coordinator. Once a transition in the dispatcher
takes the feedback information from the output point, it will
reset the output semaphore of the coordinator. The overall
operation of a coordination structure can be described below.

To start operation, a CS receives a task plan from the
organizer, puts it on the input tape of the dispatcher D, and the
D begins the process of dispatching. Once a transition ¢ of D,
with f}‘ R Ii‘ as its output places in F, has been fired with
respect to the current marking of N to execute a primitive
task a, it will send the selected control string z € o4(t,a)
to the coordinators C;,, - - -, C;,, and activate the synchronous
composition

Ci,||eee|iC;,
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for the processing of 2. Upon to the completion of a task by
a Cj,, transition ¢} will put a token (feedback) to f¢}, if it
was enabled with respect to the current marking of N. The
feedback will be read by the dispatcher to continue the task
process, and C;, will become idle again. Once the dispatcher
reaches its final markings and the coordinators are either in
the initial marking (i.e., no task processing for a while) or the
final marking, the entire task process is completed, and the
requested job is accomplished successfully.

Clearly, the synchronous composition provides the dis-
patcher a mechanism of synchronizing the task execution of
the coordinators, and the Petri net N specifies the precedence
relation of the activities in the dispatcher and coordinators, and
therefore, defines the information structure of the CS. From the
point of view of the execution of N, a task plan issued by the
organization level can be considered as a path specification
in the N4, and, in turn, the control actions selected by the
transitions of D can be thought of as the path specifications in
the Petri nets of the coordinators. This fact demonstrates again
that a PNT provides a mechanism to control the executions of
Petri nets.

VI. SOME REQUIREMENTS FOR TASK PROCESSING

In the model of coordinate structures, the input alphabet
3, of the dispatcher represents the set of primitive events in
the organization level [22]; the input alphabets, Y, of the

coordinators, ¢ = 1,---,n, are the set of primitive control
actions in the coordination level; and the output alphabets A%
of the coordinators, ¢ = 1,---,n, give the set of primitive

operations in the execution level. To ensure the continuity of
the task translating process, the following relationship must
exist between the output alphabet of the dispatcher and the
input alphabet of the coordinators,

n
Ag=%c =3
=1
The behavior of the dispatcher and coordinators are
specified by the transition sequence sets L(Ny,puq) and
L(N§, pé),i = 1,---,n, tespectively. As in the theory of
program verification, where the behavior (i.e., all possible
routine sequences) of a program is used to prove the
correctness of the program and to guide the implementation,
the transition sequence sets L(Ng, p14) and L(N&, pi) can
also be employed for the design , analysis, implementation and
simulation of the models for the dispatcher and coordinators.
A coordinator must have the capability to process (or
translate) all the possible tasks issued by the dispatcher.
In terms of input language of the coordinator, these task
processing capability requirements can be specified formally
as,

teTs

a(C;) 2 U{ad(t, a) T(Tdi)*
and a € Lp},i=1,---,n, where
t={t|teTyand (¢t fi) € Sp}
By the closure property of Petri net languages under the union

operation and Theorem 2, this requirement is guaranteed to
be satisfiable.

265

A task plan s € Aj is said to be executable by a coordina-
tion structure CS if the following final configurations can be
reached by the dispatcher and coordinators:

(4a,8,A) =™ (m,A,y)  for some m € Fy, and
(ues A ye)s or (mg, A, y;), for some mg € Fy,i=1,---,n

It should be pointed out that the A-moves (the firings of
transitions caused by o(t,)\)) have a special interpretation.
They may represent the internal operations occurring in the
dispatcher or the coordinators which are activated to provide
the necessary information or resource for the continuity of the
coordination process.

VII. PROCESS PROPERTIES OF THE COORDINATION
STRUCTURES

One of the merits offered by modeling the coordination level
with the coordination structures is that the underlying Petri nets
can provide us a way to use Petri net concepts and analysis
methods to investigate the properties of the processes in the
coordination level, such as liveness, boundedness, reversibility,
consistency, repetitiveness, etc. In this section, we present three
theorems on the boundedness, liveness, and reversibility of the
coordination structures.

Theorem 3: The Petri net N underlying a simple coordina-
tion structure CS is bounded if all the Petri nets N4, N,i =
1,---,n are bounded.

It is also easy to show that when n; = 1, the safeness
of Ng,Ni,i = 1,---,n, will guarantee the safeness of N.
The boundedness of the underlying Petri net guarantees the
structural stability of the coordination structure CS. It can be
shown, however, that for a PNT M with a bounded Petri net,
we can define an equivalent finite state transducer M’ using
the reachability set of the bounded net such that 7(M') =
7(M). This implies that the input and output languages of the
bounded PNT are regular languages. This fact indicates that
the language complexity of PNTs with the bounded Petri nets
is very simple. Therefore, for some cases, the unbounded PNTs
in the coordination structures are required if the express power
of regular languages is inadequate.

Theorem 4: The Petri net N underlying a simple coordi-
nation structure CS is live if all the Petri nets Ny, N} i =
1,.--,n are live.

It is clear from the proof that a transition in 7; can be
enabled through the same number of firings of transitions in
both Petri nets N and Ny from the same marking. However,
the firing sequences in N and N; may be different. Especially,
two transitions in Ty that are parallel in Ny may no longer be
parallel in N, since they may require inputs from the same
coordinator with the task buffer capacity equals one.

The liveness of N ensures the absence of deadlock in the
coordination structures. The following example shows that
the connection constraint ¢) 2) is necessary to guarantee the
liveness of N.

Example 5: Consider the coordination structure CS shown
in Fig. 8. Obviously, the Petri nets for the dispatcher and
coordinator are live nets. The possible firing sequences of
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Fig. 8. A coordination structure with deadlocks.

transitions in Ny is,
(tartaztas)*tar, (Lartaztas) taitaz, (taitaetas)  tartastas
Clearly for any finite number K, we have

#{t' |t/ in (tartastas)™M& (¢, i) € Sp}
— #{t" |t in (tartaotas)M&(t", f5) € Rp} > K

VM > [%] + 1. Therefore, 2c) is violated here when the
task buffer capacity n; = 1. It is easy to check that after the
firing sequence

tan sty laz tas ts tp ta1 ts
the net NV will be in deadlock. Thus, the underlying Petri net

N is not a live net. Actually, for any finite n;, we can find an
firing sequence which leads N to a deadlock state.

Finally, the following theorem gives the reversibility of the
underlying Petri net N with respect to its component nets.

Theorem 5: If all the Petri nets Ny, N:,i = 1,---,n, are
individually reversible, then Ny, and N:,i = 1,---,n, as the
subnets of the Petri net N underlying the simple coordination
structure CS, are still reversible.

Therefore, the dispatcher and coordinators in a simple
coordination structure are always capable of re-initializing
themselves.

Unlike in the previous two theorems, no conclusion has been
made about the state of the connection points in this theorem.
It is not clear whether the underlying Petri net N is still
reversible when the connection points are included. However,
this is not an important issue since the theorem already
guarantees the reversibility of the states of the dispatcher and
coordinators.

e
SN

Fig. 9. The layout of the assembly workcell.

oo

Conveyer

v /n

Manipulator Assembly Table

Fig. 10. The Petri net model for the dispatcher.

VIII. CASE STUDY: A PROTOTYPE INTELLIGENT
ROBOTIC SYSTEM

To demonstrate the application of the coordination structures
for the integration specification in intelligent machines, a case
study of modeling an intelligent assembly robotic system
(IARS) for assembly tasks has been conducted. The major
components of the IARS include: 1) a general-purpose manip-
ulator with a gripper; 2) a vision system with several cameras;
3) a sensor system with touch, crossfire, and force/torque sen-
sors; 4) a communication network for information exchange;
5) a high-level digital computer for control and communication
activities. The particular assembly job considered here is to
move parts from a conveyer into the slots on an assembly
table. Fig. 9 presents the layout of the assembly workcell.

The coordination structure for the coordination level of
the IARS consists of a dispatcher (D), a vision coordinator
(VC), a sensor coordinator (SC), a path planning coordinator
(PC), a motion coordinator (MC), and a gripper coordinator
(GC). Individual PNTs for the dispatcher and coordinators are
presented in the sequel.

A. The Dispatcher (D)

The input alphabet is £, = {e;, ez, €3, €4}, where ey, e, e3
are task primitives involved with the vision, motion, and sensor
coordinators, respectively; e4 is a task primitive of grasping
or releasing parts. The task plans from the organization level
have been assumed to be generated by the grammar

G =(N,%,,P,S)

Authorized licensed use limited to: INSTITUTE OF AUTOMATION CAS. Downloaded on June 22, 2009 at 10:19 from IEEE Xplore. Restrictions apply.



WANG AND SARIDIS: TASK TRANSLATION AND INTEGRATION SPECIFICATION

[
® le

Fig. 11.

where N = {S, M, Q, H} is the set of non-terminal symbols,
Y, = {e1,ez,€3,e4} the set of terminal symbols, and P =
{S = etM, M — e25|e2Q, Q — e3H, H — e4QlesSles}
the set of production rules.

The output alphabet is A, = L, UX,UX, UL, UL, where
v, X, Lp, X, and X4 are, respectively, the input alphabets
for the VC, SC, PC, MC, and GC:

¥, = {contr,, proc,, analy,, send,y, sendyym, finish}
s = {contr,, proc,, analy,, sendsg, move_sendys, finish}
L, = {path, send.p, sendpym, finish}

Yo = {move, sendpym, finish} and

Iy = {sendsg, move_sendgs, finish}.

The meanings of these control instructions are given in the
descriptions for the corresponding coordinators.

Fig. 10 gives the Petri net model for the dispatcher. The
translation mapping o4 for the D is specified as:

a4(t1, e1) = {A, contr,.proc,.analy, . finish}

a4(t2, e2) = {(contr,.proc,.analy,.send,y.path
sendpvm.move)+.ﬁnish}

o4(ts, e3) = {, contrs.proc,.analy,.finish},

o4(te, es) = {(contrs.proc,.analy,.sendsy

.move_sendys) " . finish}

where s¥ = {s",n > 1}. All other transitions of the
dispatcher are internal operations.

The input language of the dispatcher is exactly the task
plans issued by the organizer (i.e., grammar G). The empty
string A in the translation mapping o4 means no action
since the required visual or sensory information is already
available. The interactive motion control strings, (contrs.
proc,. analy,. sends;. move_sendgs)™.finish,or (contr,.
proc,. analy,.sendyp.path.sendpym.move) ™ finish, of the
dispatcher involve the synchronous composition of two or
three coordinators, i.e., SC||GC or VC||PC||MC. When these
control strings are issued for the motion or grasping tasks,
the corresponding coordinators have to work cooperatively to
achieve the required task. The additional information scripts
or data files associated with control instructions will not be
discussed here.

B. The Vision Coordinator (VC)

The subtask plans to be processed by the VC are
{A, contry. proc,. analy,.finish, (contr,. proc,. analy,.
sendyp. sendpym)t.finish}.

The output alphabet A,, of the VC consists of the hardware
operations for the cameras. Since we are not going to be

Te
The coordination structure for the IARS.

involved with the execution level, we do not specify A, in
detail and only describe the function of the translation mapping
o, for the VC. The Petri net model for the VC is given in Fig.
11. The translation mapping o, is specified as:

ay(t1, contr,) = {instructions to control the camera
devices and to take pictures},
ay(t2, proc, ) = {algorithms for image processing},
o (t3, analy,) = {algorithms for image analysis
and fusion},
oy (5, sendyp) = {procedures for sending the
information to the PC},
o, (t7, finish) = o4(ts, finish)
= {procedures for formulating
the feedback information},
Ty (tcom, s€ndpym) = {procedures for receiving the

information from the PC}.

C. The Sensor Coordinator (SC)

The subtask plans to be processed by the SC are {A, contrs.
procg.analy,.finish, (contrs.proc,.analy,.sendsp.
move_sendgs)t. finish}.

The Petri net model for the SC is the same as that of the
VC. The places and transitions also have the similar meaning.
The output alphabet A, of the SC consists of the hardware
operations for the sensor devices. The translation mapping o,
is similar to the mapping o,,.

D. The Path Planning Coordinator (PC)

The subtask plans to be processed by the PC are {(sendp
.path.sendyym)T . finish}. The PC is based on the obstacle
avoidance path planner developed in [S]. Fig. 11 gives the
Petri net model for this coordinator.

The translation mapping o, for the path planning coordina-
tor can be specified as:

op(ts, sendyp) = {procedures for receiving
the information from the VC}
op(t1, path) = {procedures for searching
the path from memory}
op(t2, path) = {algorithms for constructing
the geometrical path}
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op(ts, sendpym) = {procedures for sending
the information to the VC and MC}
op(t7, sendyp) = {procedures for receiving
the information from the VC}
op(tr, finish) = {procedures for formulating
the feedback information}.

E. The Motion Coordinator (MC)

The subtask plans to be processed by the MC are {(sendpvm
.move)¥.finish}. Fig. 11 gives the Petri net model for the
coordinator.

The translation mapping o, for the motion coordinator can
be specified as:

om(t1, move) = {procedures for evaluating
the trajectory},
om(ts, finish) = {procedures for formulating
the feedback information}.
Om (tcom, sendpym) = {procedures for receiving
the information from the PC}.

F. The Gripper Coordinator (GC)

The subtask plans to be processed by this coordinator are
{(sendsg.move_sendgs)* .finish}.

The Petri net model for the coordinator is same as that of the
MC. The places and transitions also have the similar meaning,
except that the transition t; here has to determine the fine
path to approach the desired object. The translation mapping
o4 for the GC can be specified as

og4(t1, move_sendgs) = {procedures for determining
the fine motion for hand and
sending information to the SC}.
o4(ts, finish) = {procedures for formulating
feedback information}.
04(tcom, sendsg) = {procedure for receiving information
from the SC}.

All the unspecified transitions in the coordinators are internal
operations.

The coordination structure (CS) for the coordination level of
the IARS now can be constructed from the individual PNTs
by introducing the connection points, and the receiving and
sending mappings (see Fig. 11). Note that the coordination
structure constructed here is not a simple coordination struc-
ture since it allows direct connection between coordinators,
and although the individual PNTs are unbounded, the CS
obtained by integration, viewed as a Petri net, is bounded.

The CS is operated according to the execution procedures
described in Section V. When control (conir,.proc,.analy,,.
sendyp. path.sendpym.move)t finish is issued by the
dispatcher, the actual number of iterations is determined
by the PC as it finds that the desired arm motion is
completed. In this case, the PC will send a message to

the VC and MC to indicate the termination of execution
and to fire the transition t; for the finish task. Note
that this control action guarantees that the PC can always
received the new information from the VC for its path
planning. Similarly, the number of iterations of the control
action (contr,.proc,.analy,.sendyy.path.sendpym,.move)t
finish is determined by the GC as it finds that the required
task is accomplished.

IX. CONCLUSION

An analytical theory of coordination for intelligent machines
has been established in this paper by establishing a formal
model for the coordination level. It has been demonstrated
that this model can enable the establishment of an information
structure in the coordination level. The information structure
specifies the necessary task precedence relationship in the
coordination of the diversified activities.

A new type of transducers, Petri net transducers (PNTs),
has been introduced to serve as the basic module in our
analytical model. PNTs provide a formal description for the
individual processes within the dispatcher and coordinators.
The concurrence and conflict among these processes can be
represented by PNTs conveniently. Another application of
PNTs is to control and to synchronize the operations of Petri
nets.

Several coordination structures have been defined as a
formal tool for specification of the connection and cooperation
between the dispatcher and the coordinators. The relation
between the coordination structures and Petri nets is inves-
tigated in detail. The results of using the concepts and the
analysis methods in Petri net theory to investigate the process
properties of the coordination structures present one aspect of
their advantages as the model for the coordination level. More
important, the coordination structures provide a structural
formulation for a mechanism of control and communication for
task processes in the dispatcher and the coordinators. The use
of colored Petri nets for modeling the coordination structures
is a possible direction for future research.

The coordination theory for the coordination level presented
here, together with the mathematical formulation for the
organization level and the well developed control theory for the
execution level, completes the first step toward a mathematical
theory for intelligent machines. Such a mathematical theory
will provide a solid scientific and engineering foundation for
the design, simulation, verification, and implementation of
intelligent machines such as the machines in the Intelligent
Robotic Systems for space exploration or in the Computer
Integrated Manufacturing Systems for future factories.

APPENDIX
PROOFS OF THE THEOREMS

Proof of Theorem 1: Let N be the Petri net of M =
(N, Z,A,0,1,F), N= (P, T,1,0). For any t € T, if there
exist two different a; and a; € LU{\} such that both o(t, a;)
and o(t, az) are defined, we introduce a new transition ¢’ with
I(¢y = I(t), O(') = O(t) and modify ¢ in such a way
that o(t',a2) = o(t,az2), o(t',a) is undefined for all other
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a € £ U {A}, and o(t,az) becomes undefined. Similarly, if
lo(t,a)| > 1 for an a € X, we can introduce new transitions
t's such that the transitions ¢ and t's will have a translation
mapping with |o(t,a)] = 1 or |o(¥,a)| = 1. Continuing
this procedure until no transitions have more than one input
characters in ¥ for which o are defined and |o(t,a)] = 1
for all t € T and a € X, we will finally get a SPNT
M = (N X,A,¢',u, F) with N' = (P, T',I',0’). The
construction of M’ clearly shows that 7(M’) = 7(M). QE.D.

Proof of Theorem 2: ForaSPNT M = (N,X,A,0,,u, F),
a labeling function 3 associated with o can be defined as:

B:T — X U{A}, and B(t) = a if o(¢, a) is defined

and we the labeled Petri net v =
labeled Petri net underlying M.

By Theorem 1, we only need to consider the case for
SPNTs. Let M = (N,%,A,0,u,F) be a SPNT and v =
(N, %, 8,1, F) be the labelled Petri net underlying M. The
fact that input language is a Petri net language follows
immediately from the relation a(M) = B(L(N, u)) = L(v).

Let v = (N, X, 8, i1, F) be a labelled Petri net with a free
labeling function 3’, and L(v’) be its Petri net language. It
is clear that w(M) can be derived from L(v') by replacing
character 3'(t) in L(+’) with the character o (¢, #'(t)). Since
Petri net languages are closed under finite substitution, it
follows that w(M) is a Petri net language. Q.ED.

Proof of Theorem 3: 'The proof is very simple. First of all,
by the connection constraints 2a) and 2b) in Definition 8, for
any m € R(N,p),

(N,Z,8,u, F) [14] as

m(p) < n; for some i, ifpe F

Let R4(N, u1) be the set of all markings on the net Ny which
are part of the markings of R(N, 11). In other words, Rg(N, u1)
is the restriction of R(N,u) on Py Since Ny is a closed
subnet of the net N, it follows immediately that R4(N, p)
is a subset of R(Ng4,uq). Similarly, one can show that the
restriction of R(N,u) on P! is a subset of R(NZ,pi),i =
1,---,n. Therefore, the boundedness of Ny, Ni i =1,---,n
guarantees the boundedness of the net N. Q.ED.

Proof of Theorem 4: By the connection constraint 2d) for
simple coordination structures, for each C; there exist transi-
tions in Ny which take fi and fi as their input and output
places in F, respectively. From connection constraint 3c), ¢
takes both f{, and f§; as its output places. Since only t}
has output places being the input places of ¢ by 3d), it is
guaranteed that if a number of tokens is displaced into f%, the
same number of tokens will appear in fé when N? is live.
Therefore, in order to show N is live, we only need to show
that N, as a subnet of V is a live Petri net.

Let m € R(N,p) be an arbitrary marking; R(N,m,k)
be the set of markings reached from m by firing at most k
transitions in Ty. Let mq and Ry(N, m, k) be the restrictions
of m and R(N, m, k) on Py, respectively; and R(Ng, mq, k)
be the set of markings reached from m, by firing at most &k
transitions in Ty when N, is considered as an independent
Petri net. Let T'(k) be the set of transitions in Ty which are
enabled under R(N, m,k) and T’(k) be the set of transitions
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in T; which are enabled under R(Ng,mg4,k) when Ny is
considered to be independent. We first prove that for any
k>0,

Ra(N,m, k) = R(Ny, mq, k) and T(k) = T'(k)

When &k = 0, Rd(N, m,O) = mg = R(Nd,md,O), and,
obviously, 7"(k) 2 T(k). Let t € T'(0) be an enabled
transition with respect to Ny. If (¢, f) € Sp and (¢, f5) € Rp
for all ¢, then it is clear that ¢ is also enabled by m in N
in this case, so t € T(0). When (¢, fi) € Sp, let s be the
firing sequence of transitions from m, k% be the number of
transitions ¢’ in s such that (', fi) € Sp, k% be the number of
transitions ¢ in s such that (¢, f,) € Rp,p}s be the number
of tokens in f}g, p} be the number of tokens in ff,, and kj
be the number of firings by transition t}. Since there are n;
initial tokens in f}s and fés, respectively, we have,

phg = mni — kb + ki
ki < ki < min{k}, n; + ki}.

However, by the connection constraint 2c) in Definition 8, in
this case,

0<ki—kh<n;

which implies min {k§, n; + ki } = k%. Therefore, t‘} can be
fired enough times such that pg > 0, which indicates that ¢
may be enabled under m in N, i.e., t € T(0). Similarly, when
(¢, f5) € Rp, we have,

o =k — kg
the constraint 2¢) indicates in this case,
1<ki—kh<n +1

which implies min {k%,n; + k& } > k§+1. Therefore, ¢} can
be fired enough times such that p}, > 0, hence t € T(0). In
all the cases, t € T'(0) = t € T(0), therefore T'(0) = T(0).

Assume that Ry(N,m, k) = R(Ny4,mq,k),T'(k) = T(k),
for k < q. Clearly, Rg(N,m,q + 1) = R(Na,mg,q + 1)
follows immediately from 7”(¢q) = T'(q). Since T'(g+ 1) 2
T(g + 1), by the same procedure used the proof of T'(0) =
T'(0), we can show that T(g + 1) 2 T'(g + 1). Therefore,
T(qg+1) = T'(g+1). So Rg(N,m,k) = R(Ng,mq, k) and
T(k) = T'(k) for any k > 0.

Since Nj is live, it is possible to fire every transition ¢ from
mg in Ng. However, Rqg(N,m, k) = R(Ng,mq, k), T'(k) =
T(k) for any k, we see that the same transition ¢ is also
possible to be fired from m in N through the same number of
firings of transitions. Therefore, N is live. Q.E.D.

Proof of Theorem 5: The proof is based on the analysis
in the proof for liveness. First of all, it is easy to see that
the reversibility of the Petri nets for the coordinators is still
held when considering them as the subnets of N. To show the
reversibility of the Petri net Ny for the dispatcher, let us use
the following result from Theorem 4, i.e.,

VYm € R(N,u),k > 0,
Rd(N,m,k) = R(Nd,md,k)
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Since Ny is reversible, and mg € R(Ng,pq), where pg
is the restriction of p on Py, then, ug € R(Ny,my), ie.,
ttqa € R(N4,myq,q) for some g > 0. From the above equation
it follows that

td € Rd(N7 m, q)

for the same ¢. This shows that N; as a subnet of N is
reversible. Q.E.D.
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