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Multilayered petri-nets for distributed decision making*
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ABSTRACT

Decision making networks, employed for the control of complex cybernetic sys-
tems,>"&% 9 operate on the “Command, Status, and Message Layers” of concur-
rent decision making activity. Decision making “nodes” function as multitasking
operators on all three layers, by executing command decomposition, status report-
ing, and message exchanging tasks for the concurrent implementation of various
control policies. Aspects of real-time concurrency in hierarchical command decom-
position over the command layer of the dm-net are, more particularly, analyzed in
this paper, using concepts and tools of Petri-net theory.>* %1144

*This work was partially supported by National Science Foundation Grant Number IST B4-08063.
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INTRODUCTION

The control of systems that are significantly more complex
than any single decision maker can deal with alone, has
motivated investigations of distributed decision making
organizations.' '* The employment of multiple decision mak-
ers, coordinated in their local decision making efforts to reg-
ulate complex systems, underlines the approaches followed in
these investigations.

In a more general sense, distributed decision making is used
in the design of real-time management and control organiza-
tions for the regulation of “cybernetic™ systems, such as vari-
ous large scale business, military, and complex engineering
systems. Cybernetic systems are characterized by strongly
nonlinear interactions, and by regulatory processes designed
to counter the homeostatic tendencies of the controlled sys-
tem and the incoherent (noisy) or regulated forces from the
environment, so as to derive the system away from certain
intigenous behavioral trajectories and toward preferred
“gainful’” ones,*”™? as illustrated in Figure 1.

Hierarchical decision making organizations for the control
of complex cybernetic systems have been used by military,
government, and business establishments for centuries. How-
ever, the concept of real-time, computer-based, hierarchical
control of complex systems is a recent development, > &7-12- 1
The adaptive implementation of strategies and policies along
a command decomposition hierarchy, in the face of continu-
ous environmental and system perturbations, involves the
concurrent and coordinated functioning of many, level-
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Figure 1—Designed, homeostatic, and incoherent forces on a controlted
cybernetic system

organized, decision making modules. Command decom-
position along the behavior generating hierarchy is guided by
the incitement of the “best” monotonic attainment of local
goals, derived from the goals and constraints contained in the
input command statements, and from the options of alterna-
tive actions available.

In top-down hierarchical decision making networks (de-
noted “dm-nets”), high level commands are decomposed both
spatiaily and temporally into related temporal sequences and
patterns of subcommands, unfolding from top-down. This
makes command decomposition a highly dynamic, behavior
generating, activity. Decisions at one level of the hierarchy
directly affect the decision making environment at other
levels, both lower and higher, by exerting influence on the
states, conditions, and alternatives available to other decision
makers.

Because of the highly concurrent and dynamic character of
hierarchical dm-nets, the use of concepts and tools of
Petri-net theory™® ™ > offer special advantages for per-
formance-analysis and system-specifications. In this paper we
will show the use of Petri-net concepts for the analysis of
hierarchical multilayered dm-nets, in which decision making
modules are allowed to operate concurrently on various poli-
cies and on the various layers of the coordinated decision
making activity. In the second section we review concepts of
dm nodes and nets, and in the third section we derive the
equations for concurrent processing of commands along the
command decomposition hierarchy, using Petri-net sym-
belism. We conclude with comments in the last section.

DM NODES AND NETS

Decision making networks with emerging collective goal-
seeking capabilities operate like highly asynchronous, real-
time, cellular automata. The decision making nodes (denoted
“dm-nodes™) receive, process, and distribute commands,
status reports, and messages from/to other dm-nodes of the
network in a highly asynchronous, real-time fashion. As such,
a dm-node operates concurrently on three “layers” of activity,
namely the command decomposition, the status reporting,
and the message exchanging layers, as illustrated in Figure 2.
In this paper we will limit our discussion to the role of the
dm-node within the command decomposition hierarchy. As
illustrated in Figure 3, the dm-node, A.(m, n) (i.e., the vth
node at the uth level), has m input connections and n output
connections. Input commands, &', are received over the m
input channels in a totally asynchronous manner, and, after
some processing delay, output subcommands, §°, are trans-
mitted to lower level dm-nodes in the hierarchy. In output
transmissions, subcommands are distributed in accordance
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Figute 2—Layered concurrent operation of dm-nodes and nets

\[[-/

/1

\ /

Puv(mn)

11\

Figure 3—dm-node: B, (m, n)-model
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with the spatio-temporal distribution programs, which are
part of the output plan of the decision maker, functioning like
microprograms of subcommand distribution.

Borrowing concepts and symbolism from Petri-net theory,
we may represent the dm-node as the combination of an inter-
face place, m.,, and of a decision making transition, p,,,
where the ordered subscripts uv denote the “level, individ-
ual"-number designation of these components, as shown in
Figure 4(a). In accordance with the symbolism of “binary”
(also called “safe™) Petri-nets,"*** %112 places within the
dm-nodes designate the presence of commands by a singie
“set-token.” Each dm-transition has only one incident arc
(place connection), and it is enabled to “fire” if a set-token is
present in the incident place. Firing of a transition is also
enabled by the satisfaction of a ocal condition.

Figure 4—dm-node: (a) n,, /p,, model; (b) more detailed model.

On a more detailed level of description, the transition m,,
may be broken down to an input transition p', a command-
fusion place and transition combination, =g/, the actual com-
mand decomposition place and transition combination, = p?,
(further detailed in A.Z. Ghalwash’s Ph.D. dissertation®),
and an output place, %°, connected to the output transitions,
p°, that distribute the output subcommands, 8° as it is
illustrated in Figure 4(b),

Each dm-node functions within its own characteristic “*deci-
sion making worlds™ (denoted “dm/w”), each specified by a
corresponding “domain of objectives™ of the decision making
activity, and each composed of domain-related attributes, ob-
jects, and events of the decision maker’s concern. In response
to different input command statements, specifying temporal
goals and constraints, the decision maker of the dm-node (p“)
determines the corresponding “decision making subworlds™
(denoted “dm/sw”), on which the current decision making
attention is focused.®*'°

The dm-nodes may operate concurrently on various tem-
poral tasks (within corresponding dm/sw’s), specified in the
different, concurrently received, input command statements.
Decision making tasks deal with the analysis, implementation,
and monitoring of different policies specified over the various
domains of objectives of the decision maker’s concern, as, for
example, a manager in a business organization may deal con-
currently with various tasks as part of implementation of dif-
ferent policies of production, marketing or finance.

There are various characteristic time-delays in the oper-
ation of a dm-node. In order to analyze and determine various
temporal aspects in the operation of a dm-net, processing and
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propagation delays must be defined and determined. Most
critical of such delays are those that must be determined in
real-time and are dependent on conditions and data measured
only dynamically.?

For purposes of demonstration, we derive now the average
delay in a dm-node under the following simplifying assump-
tions: The decision maker, p®, deals with a finite set of objects
in his dm/w, each object, Q,, taking only a finite number of
discrete values, g, . Input command statements contain condi-
tions (IF part) of the type “Q; is g4,” which are found to be
satisfied in the dm/w with a probability (distribution) F;. We
let £, be the probability that the next input command, §', will
address the object Q;, and Py be the probability that the value
gy will be addressed given that Q, is addressed. Also we let
that Py, be the probability that both O, and gy are addressed
in &'

The average time between two successive input commands
is T, while the time required to check an IF-condition about
object O, is T, and the actual execution time for a command
when the IF-condition is satisfied is T;.

Then,

ﬂ&,t:ﬂu'ﬂ

and the average firing time delay in the p“transition is easily
derived to be,

L= 2 T:
=] o
T'=R-T!+ Zn&,[(l—l)m T.]
j=1 ﬂi

where m, is the number of the discrete values of Q;, and n is
the number of objects in the dm/w. Note that the total delay
in the dm-node p., may be determined if the delays in the
other transitions of the node (see Figure 4(b)) are estimated
and added to the delay in p?. This derivation of 7., demon-
strates that temporal aspects in the command decomposi-
tion hierarchy may be computed under various statistical as-
sumptions, or by estimations of delays from data collected in
real-time.

Within a hierarchical command decomposition organiza-
tion, each dm-node is appropriately connected and is desig-
nated to operate within specified dm/w's, in accordance to the
various assigned domains of objectives. As new policies are
generated by global commands issued at higher levels of the
command decomposition hierarchy, each defining its own
global goals and constraints, related decision making activity
is generated and ripples-down the fired dm-nodes of the hier-
archy. We classify the commands reaching and leaving each
multitasking dm-node by color-coding the different policies
generated by the global commands. Different color-codes are
used to identify the related decision making activity, which
evolves over the three concurrent layers of command decom-
position, of status reporting, and of message exchanging. We
distinguish three types of global commands which regulate
the generation, the maintenance, and the cancellation of
the active color-coded policies over the dm-net, namely:
“new policy-generating,” “policy-modifying,” and “policy-
cancelling” types of global commands.?

In the following séction we derive functional relationships
about the operation of command decomposition hierarchy,
using Petri-net concepts.

RELATIONSHIPS AND EXAMPLES
OF PETRI-NET ANALYSIS

A hierarchical organization of N decision makers (dm-nodes)
consists of transitions and interface places, as illustrated in
Figure 5. The decision making transition p,, is connected to
other such transitions through interface places that hold set-
tokens according to their markings. The transitions will “fire”
(i.e., will perform decision making activity) if their incident
place holds a token and a corresponding firing condition is
satisfied. The places are represented by circles, the tokens by
dots in the places, and the transitions by bars. Each level of
the hierarchical organization contains interface places with
single outputs incident to corresponding transitions at the
same level, Incident upon each place are conmections from
transitions at higher levels and from sources external from the
hierarchy. “External” inputs incident on the place m,, are
denoted as x...

At the firing time A, tokens are moved through the fired
transitions from the corresponding incident interface places
into the places on which the transition is incident, in accord-
ance with an “activity vector” associated with each fired tran-
sition. Netice that, in general, the activity vector may be time

Level

Ground
Lewel (0}

Figure 5—Command decomposition hierarchy
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variable. The activity vector helps us to compute the next
marking (i.e., the marking at firing time A +1).

If we assume that only one external incident arc x,, may be
accepted at most per interface place ., , and that only one
external output (to an actuator) y,, may be transmitted by a
transition p,. , then each dm-net is characterized by an N-bit
external incidence input vector X =[...,x,,...] and by a
N-bit external output vector Y =[...,y.,...].

Petri-net Description of Operations

For purposes of analysis we consider the hierarchical or-
ganization shown in Figure 5. For a Petri-net representation of
N places and N transitions, we use the P-vector (N-bit binary)
of markings at time A, Mq(A) and the T-vector (N-bit binary)
of firings at time A, F(A). An entry equal to 1 in the firing
vector F denotes that the corresponding transition will fire at
time A, In addition, the P-vector X(A) denotes the external
inputs at X to the interface places of the hierarchy, and the
T-vector Y (A) denotes the outputs to external actuators at h.
An N-diagonal matrix is defined to designate whether the
corresponding transitions are “ready” (i.e., conditioned) for
firing. An entry equal to 1 in the Condition (diagonal) matrix,
§(A) denotes that the corresponding transition is conditioned
for firing at A. The N-bit activity vector associated with the
transition p., is denoted with C..{)).

Equations of Operations

A marking of the dm-net at time A, M(A), designates the
distribution of tokens over the interface places at A. In order
to take the input X'(A) into account we use the dotted equality’
to obtain the total binary marking vector at X, as follows:

M(A) = Mo(A) + X (A)

For the dot equality we use normal integer arithmetic and we
replace any resulting positive number with 1 and all other
results by 0.

Since a transition is enabled to fire by both a token in its
incident place and a satisfied condition, we may calculate the
firing vector at A + 1 as follows:

FA+1)=85(0\)-M(7)

When a p,.-transition fires, a token moves from the place
incident on p,, into those places on which the transition is
incident and are designated in the associated activity vector at
. We use again the dotted equality to compute the marking
at time A + 1.

MO +1)=MM\) - FA+ D+ KA +1)

where
Kh+1)= E@ C.(A)

P 0
where ¢ is the set of “firable” transitions (enabled by token
and condition) at time A.
We may calculate the Output (external actuation) vector at
time A + 1, Y() + 1) as follows:

Y+ 1) =D F(A+1)

where D is a diagonal matrix, D =diag(y./p..) and
Yuvpue = 1if p,. is connected to an external actuator (denoted
with triangular arrows in Figures 4-6). Using the above de-
rived relations we may compute the ripple-effects from an
initial marking to the outputs to the external actuators.

If we assume that all transitions cause the same average
delay T,,,, then the levels will fire synchronously and the total
ripple delay from the time of global command input, Ampa: , to
the time of (say, ground level) actuation, Aou, is given by

T;'.pple = (Anul - Alnp\.ll) * T;v'

If the assumption of uniform delay, T.,, is lifted, asyn-
chronous firing will result, which will alter the timings over
the various firing paths. An N-diagonal delay matrix,
V =diag(T../p.. ), will have to be defined, or determined in
real time. Particularly interesting will be the formulation of a
solution for the ripple-time, if the delays T,,, are time variable
and situation (command)-dependent,®

IHustrative Example

Let us consider the dm-net shown in Figure 6, where

= [ws i T W Iy 2 W3 ma )™
7= [pa /P21 Pz Pas Ipu P prapua )’

We will assume that

M.(0) = [0/000/0000]™

X (0} = [1/000/0000)"

F(\) = diag(1/111/1111) for all A,
D (M) = diag(0/000/1111) for all A.

and the activity vectors as

Cu(A) = [0/111/0100]7
Cu()) = [0/000/0100]7
Cz()) = [0/000/0010)7
Ca(A) = [0/000/0011])7 for all A.

Level 3

Level 2

Lovel 1

14 hi3 Y12 %) Ground level
actuators)

Figure 6—Example of hicrarchical dm-nct
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At Ao there is only one input to the place %31, and at Aoy, the
hierarchy affects the controlled system only through the tran-
sitions py , 1z, Pr3 - pis - If the Condition matrix enables all
transitions to fire, then

M(0) = My(0) + X(0) = [1/000}0000]T
]

F(1)=8(0)- M(0)= 17 = [1/000/0000])

1 0

1 0

1 0

1 0

1 0

1 0

e 1— - 0-—
At the next firing time, only ps, will fire.
K(1) = C5(0) = [0/111/0100]7
Mo(1) = M(0) - F(1) + K(1)
=[17 [17 [ 0] =[0/111/0100)7
0 0 1
0 0 1
0 0 1
AEINE
0 0 1
¢ 0 0
Lod LO] 0
We have
Y(1) = D - F(1) = [0/000/0000]", no effect on external
actuators.

M (1) = Mo(1) + X (1) = [07111/0100]7, assuming no
external input at A=1
F(2) = 5(1)- M(1) = [0/111/0100]"
K(2) = Cn + Cxz + Cyz = [0/000/0121]7 = [0/000/0111)7
Mo(2) = MQ1) - F(2) + K(2) = [0/000/0111]"

The My(2) marking shows that at A =2 there are tokens at
Tz, T3, Ma. Also,

Y(2)=D -F@2)=
{0/000/0100]™, (i.e., there is an output yi3).

Assuming again that X(2) = 0, we have

M(2) = Mo(2) + X (2) = [0/000/0111)7
F(3)=S8(2) - M(2) = [0/000/0111]"
K (3) ={0/000/0000]"
Mq(3) = M(2) - F(3) + K(3) =[0/000/0000]"
Y(3) = D - F(3) = [0/000/0111]" (i.e., there are outputs
at ¥13, %12, ¥n to the corresponding external
actuators}.

We see that the sole initial marking at ws, has generated an
external output at A=2, (ys), and again at A=3,
(¥13,12,¥n ). Since the hierarchy received no further exter-
nal inputs, there were no more actuations (no more tokens left
in the Mp-marking).

Having assumed uniform delay in the dm-nodes, the exter-
nal actuations were delayed by 2T,., and 3T, respectively.

CONCLUSIONS

This paper has presented some aspects of applying Petri-net
symbology and concepts to the analysis of layered dm-nets,
and more particularly to policy implementation over com-
mand decomposition hierarchies. The work is currently being
extended® on all three concurrent layers of dm-nets. Problems
of reachability, timing, reconfigurability, and stability are es-
pecially being investigated, and resuits will be reported soon.
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