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Abstract:

This paper introduces Petri-Net sodels of
raobots for the analysis and design of robet
networks.

Saveral levels of robot models are
introduced. The sisplest seaningful sodel is a
two-transition four-place one which can be used
for quick "executive” modeling for first or quick
designs. Beyond this a detailed technician level
sodel is introduced which can scdel fine points
of the robot operation. Tha state eguations for
these sodels are given and application to
networks of robots iljustrated by the sodeling of
a ring network.

I. latraduction

Robot netsorks for industrial needs can be
very extensive and involve quite complicated
operations elaborate connections, as for enasple
can be seen by mxasining the Gardner testing line
ti] for automated testing of printed circuit
boards. Conseguently, therm is a nead for
sathemsatical descriptions of interconnected
robots such that cosputer aided analysis and

design of such elaborate robot systess can be
undertaken. For such & purpose we introduce in
this paper place-transiticn network sodels,
otherwise called Petri-Nets and sbbreviated PTN,
for describing the connection of robots. The
sodals we introduce include the sisplest possible
ones for exscutive design and very elaborate ones
for technitian lLevel design. These sodals provide
s framework for detersining the dynasic behavior
of the robot network systea structure,
throughput, cosmunication cost and a basis for
detersining contrel.
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Petri-Nets are ideal for describing
interconnected objects such as robots in networks
since they can abstract the operations into a
graph theory framework and at different levels of
cosplexity for different purposes. For PTN
backgraund we refer to the papers of feterson and
Murata where the concepts are clearly forsulated
[2) - [5]1. But to establish our nbtaticn we
aention that a PTN is taken as & directed graph
with & node being either a place or a transition.
Thus, there is a set of m places {Psy.eay Pal,
with each place allowing the presence or absence
of a token, and a set of n transistions (Toyeesy
Ta), with wach transition capabls of eithar
tiring or not firing. Along mith these at tiee 3
are a sarking a-vector M(x), an input s-vector
Ini%), and a firing n-vector Fix} al} wmith
entries being binary nushers, with a i
representing the presence of a token (in the case
of M or In} or the firing of & transition {in the
case of F). The PTN has & set of directed arcs
connecting nodes where an arc a;, can be drawn
from place i to transttion j or from transition i
to place § (with the entity at i the input and
that at j the cutput). To represent these
connections there is an nxe connection matrix,
C=lc.;], where c.y=-1 if node i is an output #roas
node j, =0 if nodes i & j are disconnected, =+l
i$ node i is an input to node j. Then one can
write [5) for all positive integer % (using &
superscript T to denote satrix transposition and
a dotted equality sign to denote replacensnt of
any positive component on the right by 1}

Nix)l = Kin=-1) ¢ Inin-1) + CYFI(x) m
Here % reprusents the time at which a transition
is considered and its increaents are normalized
to be unity, this representing the least tise
needad for a robot activity (it being assused
that ali transitions occur at aultiples of this
least timel. For (1) the dotted equality sign is
needed to reduce all entries in W{.) to be binary
nusbers. In Section Il we obtain this
representation for the sodels given and in
gection I11 we use it on a ring network of
robots.

11. PTN Robot Representatien

In this section we desonstrate that a PTN can
be used ta describe a robot metwork in a top down
¢aghion at various lwvels of abstraction and
detail. An entire network may be replaced by a
single place or transition for sodeling at
sxecutive level, or places and transitions may be
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replaced by more elaborate configurations to give
asore detailed modeling.

Il.t. Executive Levels

Accordingly, a robot with input and output
can be represented as in Fig. 1 by a singie place
called R; cossunication and connections to other
robots are represented by single transitions.
This simple represention of a robot i what we
call level zero sodeling with Figs. 2 k 3 using
it to represent a three robot network in ring and
feedforward forms, respectively. These two
figures could be used for quick designs but since
level zero is very prisative, it is such more
useful to advance to level one, which is shown in
Fig. & and which can still be used for first or
quick executive designs. In the level one acdel
the fact that a robot takes some internal actions
is incorporated with the places and transitions
representing the following:

Pyt the robot has an input on hand for
processing

Par the robot is taking action on the
received input

Pst processing is idle

Pa: the robot has an output to deliver

Tyt robot input is transferred fer action

Te: robot activity is coaplete

If there is only this one robot in a network
then the level one sodel gives for (1)

. (23)
Podad| = [P (a=10] ¢ [Ingix=1)] & |-5 O][F.(2}
P2y Pe(2-1) 0 1 =1]{|Faia}
Ps(3) Pyin-1) 0 -1 1
Pald} Palr-1) 0 o 1

If the initial marking is as shown in Fig. 4 then

nioy = |t (2b)
0
1
0

And if the robot is part of a larger network, we
note that (2a) is a subportion of a larqer
description.

11.2. Technician Level

in many cases the level one model is too
primative to yield the detail nesdsd about the
operation, Then it is isportant to have more
detailed robot models. In essence refinessnt to
any desired detail can be sade but the one we
concentrate on here, called the technician level
sodel, should usually be sufficient and in any
svent illustrates the salient points. And,
although robots cose in a varjety of
architectures, they all have soae kind of input
.gensors (such as a camera), some kind of actuator
devices for output (such as arms that deliver
j$inished products), and a microprocessor with its
‘own local mesory. Further, the sicroprocessors of
two robots in a network may cossunicate directly
imith sach other. Incarporating thess concepts
leads to the technician level socdel of Fig. §
where 14 places and B transitions are used. In
Fig. 5 a correspondence of soae of the nodes can
be sade with those of Fig. 4, for exasple the

997

input P, is the same in both cases while the
{product) output Pe of the technician level aodel
corresponds to Ps of Fig. 4. In Fig. 5 Pe & Psa
are direct aicroprocessor signal inputs froms
adjacent robot processors {on the left and right,
say) while P;o & Pyo are similar signal outputs
that allow for direct cossunication betwean robot
microprocessors. Table I gives the ssanings we
ascribe to the places and transitions of this
technician level aodel.

I11. Robot Network Representation

Biven a robot network we can replace every
robot in it by cne of the PTN models given here
along with other connection transitions to
represent cosaunication links, as has already
been jllustrated in Figs. 2 & § using level zero
aodels, In turn we can replace a given level
node! by one of a different level. For example,
consider a ring network of robots for which the
zero level model is that of Fig. 23 on
replacement by level one models the PTN graph of
Fig. & results, In Fig. & the second subscript on
a place or transition denctes the robot nusber
while the first subscript refers to the
transistion or place as it occurs in the leval
one model of Fig. 4. The state equations (1) are
readily found for which we note that different
initial markings M(0) can represent significant
differences in use of the network. For example,
if the initial marking is that shown in Fig. &
then the network can be considered as
progressively taking one ites through the
network, finishing it completely before another
ites is started {that is, with that sarking twe
robots and their processors are idle while the
other one is doing its job). By adding tokens to
the input places of the second and third robots a
aore efficient use of the robots is undertaken
since all of the robots will be working
sisultanwously.

IV, Discussion

Biven a robot network one can represent it
via Petri-Nets as we have described here. This
representation can take different forms by using
different levels of PTN =odels for the robots
contained. Conversely, given a job that it is
desired to set up a rcbot network to perfora, aone
can design the systeas via PTR's by laying down a
suitable PTN, first at the executive level to set
the dasired structure and then at technician
level to do computer aided analysis to check that
the design perforas as needed. In this design
area more research is needed to be able to
proceed in a sore synthesis type of sanner, but
the paper of Buzuki & Murata (4] seess a good
step and one to develop further. Also it is
isportant to develop equations for the firing
vector Flx} since it controls the operation.
Because of the laws of the transitions, there is
a Boolean expression tor the entries of the
firing vector (albeit a rather aesty one) and it
is this which needs to ba prograsmed on a
computer to complete equation (1) for computer
aided analysis of robot networks. Among the
results of computer aided analyses using the
sodels presented here would be tise for parts to
go through a production line, checking for
Geadlock, cost sifectivensss of diéferent



configurations, effects of robot coaponent
jailures, and {through the introduction of
probabilistic quantities) reliability measures.
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Pyat & sessage for a neighboring robot is
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P.s: the aessage of P, is ready to send

Piat the neighboring robot ready to receive
data

¥.1 the sensor transmits data to the processor

Ta; the processor is receiving data fros the
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Tat the processor acknowledges receipt of
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Tat the processor generates actuator cosaands
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