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I. INTRODUCTION

Y One of the key categories in which a distridated
tacticsl decision making organization must be evaluated
to assess its effectiveaess is tize-related perxformance

peasures, Examples of tlese measures ianclude: tle
rates at which different tasks gze completed, tle
probability that shared czcesources sre gveilable whez
requested, the average number of tasks waitiag to bde
performed, the percezatage of tasks successfully
completed, etc. These periforzmaace measures depend
strongly om the delays in decisionmaking due to
organizational srchitecture and sssociated

coordination protocols, If we are able to understand
the effects of these architectares sad protocols onm
the performance mesasares, we will be one step closer to

being able to desiga effective distribauted, real-time
decisioamaking organizations,
A realistic wmodel of distributed —real-tixe

decisionmakiag organizations zust incozporate at least
three featares: asynckronous protocols, coacurreat
operations, aad rsadom task-completioa tizes, —The
gsynchronous protocols are aecessary since_ﬁiiljroups

or sgeats which compose gation “cannot be
tightly synchronize e, they do not communicate with
each other a Prespecified times. The concarreat

oper:tiqg;-t?e necessazy since differeat psrzts of the
orgaaizition work independently, coordinatiag their
agtivities regulacly to make sure the overall objective
achieved. Finally, ranodom task-completion
times are necessary since most agents or groups perform

¢ wide  variety of tasks wunder many different
conditions, -~ .
, Stochastic Timed Petri Nets (STPNs) naasturslly

incorporate all of these features, The basic objective
of this paper is to introdauce sz methdology that caz be
ased to snalyze the dynamic and steady state behavior
of these nets aad, consequently, enhance osr
understanding of the time-related issues of the
organizations they model. —

The methodology presented in this paper can be
used to analyze live and save STPNs (terms defined
later)., This class of STPNs can model organizations
with finite queues and interesting protocols such as
priorities and/or probabilistic choices, For
organizations that can be modeled with this class of
STPNs, the time-related performance measures listed in
the first paragraph, among others, can be calculated,

So as not to lose sight of applications ian the
sbstraction of mathematics, all steps of the
methodology will be illustrated by an example., This

the use of a shared resource by three
could correspond to three naval
responsible for a geographical
ina charge of defeading a naval
submarine attacks, The shared
situation could correspond to
based on the main carrier

example models
grosps, The groups
batzle groups, each
sector, collectively
task force against
resource in this

special purpose helicopter,

of the ¢task force, equipped with bouys and sonar
equipmeat (i.e,, a LAMPS helicopter)., Periodically,
1This research was supported by the Office of Navsl

Research under grant ONR/NOOO14-77-C-0532 (NR 041-519)

and ONR/NO0OO14-84-K-0519 (NR 449-003).
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the captaia of esc) battle group will zequest ths use

of the helicopter.® We assume tiat the probadility
distridution for the time betweez cequests for each
battle group «captaiz is kaown, as well as the
probability distribution for the time <that the

helicopters will spead ia ecach secter, Iz additiom, we
assume that the protocol or decision rule tlhat deciles
which amomg the three captains will get onse of =X
helicopter, ia case of a conflict, 4is assamed (or
bypothesized), Givea the requized :izformatioz, this
shared resounrce problem can be modeled with g STPN and
such questions as the perceatage of time the
helicopter (the shared resource) is being used and by
whom, the average amount of time tkat eack captaia zust
wait after he has requested use of the helicopter, the
rates st which each csptain will get use of the fleet,
etc., can be answered.

Aa overview of this paper goes 3s follows, Ve
start by definizg STPNs and preseating the relevant
concepts, We thea show how the opezition of a STPN caz
be viewed in teras of the opecation of an infinite
collection of Unfolded STPNs., This decomposition is
then used to writs state equstions for the system,
which in ta-a can be used to analyze the STPN (and the
ozganization it models) with respect to time-related
pezsforsance zeasures,

II, STOCHASTIC TIMED PETRI NETS

Stochastic Timed Petri Nets are graphs with two
types of nodes: places (drawn as & circle snd labeled
p:) and traasitions (drawn as a line segmeat and
labelled ¢t ), along with directed arcs going from one
type of node to the other (see Figure 1) Besides

STPN Model of Naval Defease

Figure 1,
Shared Resource Example

nodes and arcs, a STPN assigns to every place a nom-
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aegative asmber of tokens, called the marking of the

aet, and a1 jonnegative random processing time”, When a
tokea arrives at a place, it is defiaed to be
a=availabie ‘fyllswing Sifakis (307, Tte tcien remai:z

iz this state amtil the imstant wiex tle processing has
finished, At this time, the tokea bYecomes available.
Fe assiaze that tle processing ti= probability

disgzridurioas for every place aze given, and that they

are statioanary and iadepeadexnt ace to place,

froa 31
Iz =e STPN shown iz Figure 1, tle skarzed-zesounsce
eza=ple, & okea arcivizg st . represex=ts  tle
Telicoptes Yeizg sea: to geogrsphidal seczor No. 1.
The tokez beizg processed iz tkat place zepreseats the
telicopzer peciormiag its tasks iz tist sector., And
£i , tte tokea becomiag availadle agaiz rcepresents
the ktelicopter coxpletizg its tasks, a time after whici

it is availadle to be sent elsewkece,

Toke=s 2ove 4szouad by toazsiti
trezsition is eaadbled, tiaat is, <t a3y
2l of iss izpmt places Zave availadle
trazsiticz does fire, it redoves & IOk
its izpzt places azd adds s tokea to all of its ozipst
olaces, If tzamsitioa t, ia Fig., 1 firzes, for exazple,

neztioned tramsition ¢t in

L iriag of the 1°
tecas of the aaval exazple, represents the 2c: of
seadizg ¢the LAMPS to the first geographical sector.

Before the LAMPS will be dispatched, however, two facts
zust be true, Tze LAMPS (represeated by a token iz pj)
zust be available, and tke captaia of the first
geog-aphical sector =ust request its use (request
representsd by s token iz p.). Thus, trasasitionm ty
coordinates the requests from the captain of Battle
Group No. 1 with the availability of the shared
resoarce. Moreover, while the LAMPS is performing its
tasks iz the first gzeog-aphical sector, the captaias of
the otker geographical sectors camaot use it, Ia tle
STPN, this restrictions is enforced by the fact thacz,
during this time, 30 token is available in p, to fize
transitioas t, or tg.

Two or 2ore transitions sre szid to be ia conflict

others, Ia Fig., 1,
in conflict, If an

conflict, it fires

if firing one will disable the
traasitions tl' t3 and te are
enabled traasitiom is =not in
instantly. If several enabled transitions are in
conflict, then a decision rule, specified a priori,
selects one and that transition fires iastantly., These
decision rules can depend on the relative firing times
of the traasitions that feed tokens into the input
places of the traasitioans which are in coaflict,

In the naval defense example, this conflict
represeats the situation where two or dore captaias
reqaest the use of the LAMPS, while it is in service ia
the area, A decision rule must be provided to settle
this conflict, This decision rale can be a faaction of
the relative firing times of €, tg, € snd either t,,
ty or tg (whichever transition fed the token into p0§.
Passible decision rules include priorities, and the
fleet assigned accordingly, or probabilistic choices,
whereby the fleet is assigned according to some
probabilistic rule (which =might accouat for varying
baztie conditions), or some combination of the above.

Iz the precediag paragriphs, we have formmliated
tie rales of opercatioa for a STPN, Ia szdez to
izpleameat tiese rmales, it is ixportaat to determiae
what iaformation must be recorded in order to predict

.
“For simplicity, we assume that thers is oaly one

Yelicopter., Generazlization to many is easy,

JWnny suthors, Ramchandani {2], Zuberek (5] and Molloy

[1], associate processing times with transitions
instead of places, The distribution makes 1o
difference for the class o ~-oblems studied in this

paper,

the future behavior of the system, That is, we need to
determine the “state” of s STPN, Ope fact we need to
know, certainly, is tlhe position of every token (the
=arkiag c¢cf tke ge:’ siace th:is spec:ifiles
traasitions will poteatially be snabled. Ia addition,
we need to kaow tlhe azount of time that each tokea las
been iz each place to deterzine whether it is availadle
or aot. Omne way of determining the amounmt o0f time a
pacticaler tokean lhas bYeea processed is to remember the

wzz:

tize at which the traansition that created tiat okea
€ized, a2d szbiractizg tlat tize from real time. Ia
the 2exTt sectioz, we will take this last approach.
Tzzs, & state for a STPN coansists of the macking of the
2et plas the time tlat each token has bees ia each
place, We caz fzstter srgue that if a3y of this
izfcr=stioz is =missizg, thea we do aot bhave eaocugh
inzfor=atioz to predict the fatare behavior of tle
s¥stexn

. Ttas, the zeatiozed state is also 3:aimal,

-] ¢ item that we st spec:ify ia
to follow tie evolation of a STPN, aad c:that 1is
itial condizioas, Givea the previouns d:iscass:oz
93 the state of a STPN, we assume that the ia:zz:ial
zackisg 134 the tize that each token has beez iz each
place st tizme zero are given, With the givea initial

conditions, the kaown decision rules, and t'e
processiag times determined by their —respective
probadility distzibotions, the STPN evolves

It is this sutonomoss evolation
undecstand, sad coapute

actonomously in time,
what we wisk to stady,
pezformance measures for,

One caa think of the operation of a STPN as a

sccess:oz of smackings, with the chaages <froa one
=azkizg o anotler specified by the tramsition firiags
and tke rzles for moviag tokeas., If the aumber of
tokezs ia azy particalar place caa never exceed one,
regaczdless of whkat processing time probability
dist-ibutions and decision rules ace assigaed, the SIPN
is said to be safe, If the probability that asay
pacticular transition firing gets acbitrarily close to
one if we wait long enough, regardless of what stare
tke STPN has reached, the STPN is defined to be live,
Asd finally, if there exists s directed path from any
sode (place or transition) to any other node, the STPN
is st-ongly connected,

Throughout th:is psper, we will assume that the
STPNs we are studying are strongly connected, live,
safe, and with a finite number of nodes, The first
assumption is 8 necessary condition for the STPN to be
safe (Ramchandani [2]) and also easures that we are not
solving a problem that could be split into two or more
iadependent problems, The second assumption, liveness,
says that all parts of the system will operate
regularly, If there exists a transitioa that is anot
live, thea the part of the system associated with that
transition should be deleted since it is not perforaing
any activities, Liveness is also a necessary condition
for convergence, The third condition, safeness, is
necessary to impose ordering. If we allowed multiple

tokens in a place, then they would be free to cross
each other depending on their variable processing
times. In order not to keep track of all possible

orderings of tokens, we require safemess, Notice that
this still allows us to model (bounded) finite first-in

first-out gqueues by concatenating a sercies of safs
places, as shown ia Figare 2,

Now that all the necessary concepts have been
defined, we can specify the performesance measares that

we are interested ia obtaining, These performance
measures are the average tramsition firing rates, the
average number of tokens in each place, the average
amount of time a token spends in each place, and
finally, the probability that & tokea will enable one
of several transitions which may be in coaflict. The
basic methodology actually obtains much more since we
tlso obtain the probability distribution (aad not just
the mean value) for the time a token spends im each

oy v




e T~

3
L‘,
*
L < < o < s e
“y £ 3 it ]L f ty
N BN W < ) N
F — l N A ~ !
4
K X
Figaze 2. STPN Mode! of s Fizite First-Ia Fizrsct—Ou: 7 t, X
Quene :::> f / a
Yo —_———
place., Froa tke lis: of pezfocmaace measuzes, sosz, if ; | /
a0t 2ll, of the time-zelated percformazce zeastoss of /// /

the original orgaaization caa be aaswered,

III. STATE EQUATIONS

III.a Iatzodsction

In the previous section, we estsbiisted that tle
state of a SIPN consists of the =markiang of the zet and
the time each token has speat in sach place. Ve also
mextioned that onme could deduce the tize a zoken spends
in each place by recording the firing tize of the
transition that fed the tokem into that place, Ia this
section, we will derive equatioms which keep track of
the transition firing times aand from which tke marking
ez bhe dedaced, Tass, ia ligkt of tke oprevious
discassion, these equatioas caa be used to follow the
state of the SIPN as it evolves.

Tae dezivation is pezformed in two steps., Iz the
first step, we show that the evolution of a STPN can be
visualized in tezas of the evolaution of aan imfinite
collection of Unfolded STPNs. This wvisualization
provides an ordered index that can be wsed to decribe
the system mathematically., Ia the second step, the
meationed index is used to write firiang time state
equations,
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Figure 3., Unfolded STPN Corresponding to
Shared Resonrce STPN of Fig. 1
an infinite collection of Unfolded STPNs., Since the
latter form s disjoint collectiom, we must specify what
we mean by the operation of the collection Uniolded

STPNs, We do this now,
III.b Unfolded STPNs Imagine having an infinite collection of Unfolded
One of the main difficulties of analyzing STPNs, STPNs numbered k=1,2,3,... The &°© copy of this
or any other mathematical model of asynchromous collection is referred to s the Ktk stage, Now

concurreat systems, is obtaining an ozdered index which
can be used to describe the system matlematically, The
usual index, time, is not appropriate since different
parts of the system work independently, But STPNs are
cansal systems, that is, certain transitions must fire
and certain tokens mzust be processed before other
transitions can fire, The Unfolded STPNs, which we
discass in this subsectiom, captuare this causality and
provide the ordered iadex that wve seek.

An Unfolded STPN is coastracted by taking the

suppose we place & token in every place of stage 1 for
which the corresponding place in the regular SIPN
contains a token in the initial marking, Also suppose
that the time esch of these tokens has been processed
at time O is initialized to be the same as the izitial
times specified for the regular STPN. Then we can
implement the rules of operation that we describe in
the previous section for stage 1. Since the Unfolded
STPN contains no directed c¢ircmits, two thiags can
happen to the tokens, The first possibility is that

original STPN, catting every directed circuit at am they will leave the stage by having some of the
appropriste transition, and “unfoldiag” the net. For transitions labelled with the superscript 2 fire, The
example, Figure 3 shows the Unfolded STPN corresponding oOther possibility is that the tokeas will be
to the STPN of Fig. 1. deadlocked.

As can be seean from this example, every place and
transition {is labeled by the superscript k, This
varisble indicates to which copy of the Unfolded STPN
the places and transitioms belong, This labelling is
important since, as we already mentioned, the operation
of the regular STPN can be viewed in terms of the
operation of sn infinite collection of Unfolded STPNs,
Also observe that the Unfolded STPN bdegins and ends
with the same set of transitions, each trasnsitioa ia
the first set labeled with the wvariable X and each
transition in the second set labeled with the variable

As an illustration, consider the STPN of Fig. 1
along with its corresponding Unfolded STPN ia Fig. 3.
Initially, stage 1 contsias & tokem im py, p7, pg aad
Py Also ipitialized are lthe firing times for
traasitions ts, ty, tg, and tg (this is equivalent to
initializing the times each token has been processed at
time 0). Now, suppose the given decisiga rule picks t3
as the transition to fire (siace ty, t3 aand t3 l!i
in conflict). This firiasg takes a token from p; and py
and places a token iato Pa. where it is, processed,
Aftor that token is processed, transition t; fires, and
Meanwhile, the tokens in p

k+1. This fact does not mean that subsequent copies of that token leaves stage 1.

the Unfolded STPN are connected, Rather, it means that and p are deadlocked since the output of those
. there are two copies of each of these traasitions. The transitions will never fire,
- reason we need duplicate copies of these transitions So far we bave explained how stage 1 of an
S will become obvions later, Uafolded STPN will operate, To initislize stage 2, we
o As mentioned previously, the operation of the must remember which transitions fired at the ead of
{: regalar STPN can be viewed in terms of the operation of stage 1, A token is placed ian the output place of
AN
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every tramsition that fired. Thos, for the example
that we have been considering, s token is placed of 29
and 21 We also place 3 token in every place of stage
2 whose corccespoading oplace iz stage 1 comtaias a
deadiocked tokea. In the cxgpylc. this correspounds to
placiag s token in p and p . The traasition firing
times tlat oti;innlgy fed these tokens are also
recorded 1n stage 2. Iz the ezample, the firing time
of t‘(ts) is set to HYe tXe same as the firing time of
:}(ti) Now, stage 2 Nas !l the aescessary state
variables isitialized and we caz izplemezt the rules of
operation for it,

Tazs, the collectioa of Cafolded STPNs operatss
one stage st & tizme. Each stage evolves sccordiag to
the r2les of opezstioa =2atil every tokea has left the
stage or is deadlocked. Thea the folloviang sctage is
initialized accordizg to tle discassior givea above,
sad the collection of Uafolded STPNs keeps operatiag in
this mazne: forever,

Iz is not hazd to see t2at the operation of the
Uzfolded STPNs zeflects tle operation of the original
STPN. Ia zatheasatical tecms, tlhere exists & ose to one
correspondence between the sample paths of the Unfolded
STPNs and the sazple paths of the regular STPN (see [4]
for proof), Tais correspondence allows us to study the
evolution of the regaular STPN by studying the evolutionm
of the correspoading Unfolded STPNs. This spproach is
exactly the one we sball take,

ITI.c Trazsition Firing Tizes
The evointion of tke TUnlolded STPNs can be divided
into two sepacate processes., Ixe first process keeps
tzack of the evolution from oze markizg to the next
which results from trazsition firings. The second
process keeps trzack of tle tzansition fizing times snd
the processing of tokeas, The two processes are
coanected since the first process, through its
markings, deteraines which transitions will potentially
be ensbled while the second process sctaslly picks the
transition which fires =zext., The rules for keeping
rack of markings have alzeady been given im Section
II. Therefore, in this section, we will derive
equations which will eaable us to keep track of the
traasition firing tizes.
In order to perform this derivation, consider the
STPN shown in Figure 4, which we assume is part of a
larger Unfolded STPN, Let xl(k) be the firing time for

Figure 4: STPN for Derivation of State Equations

transition tE and zi(k) be the processing time for
place p;. Our objective is to obtain an equation which
will give us the numerical value of z, (k) given xl(k).
x,(k), ‘g(k) 7y (k) and z,(k) In order to do this, we
sust know st vhn: times the tokens entered py and Py,
The time the token entered p§ is given by xl(k), and

the time the token entered p, is given by

nux[x,(k), x4 (k)]., We can deduce this lest fact siace
we know only t~ or ty fired, and the latest fi-ing is
the one which fed the tokem into Pa. After each token
enters their respective places, :hew gre processed.
Whea botk _tokens have finished beiag processed,
traasition B fires, We conclude that

x‘(k) a a:x(zl(k) + xl(k).
:2(k) - :ax[xz(k). xs(k)l}

If trcapsition ek had contained moze tlhaz two izpu:
places, thea tie =giz =zaximizacioa opesatoar ia this
last  equation wonld have contazized soze tecr=s
Similarly, wore inmput tramsitioas to plsces 25 ©T 73
coald also be ezsily haandled,

Firing time equations caa be written in tkhe =manaes
prescribed sbove for all trsasitions that fize ia zke
x° stage, Which transiticas fire in eacli stage depezd
oa the imitial =zarking of that stage snd :the decision
rules. As specified previously, the evolucion of the
%2 stage of the Dnfolded STPN will termizate whea
transitions corresponding to tle nexr stage fire or
when the tokens become deadlocked. To inmitialize the
calculatioas iam the mext stage, the deadlocked tokens
must be “transported” to the corzespondiag places ia
the next stage and the firing times of the transitions
that fed these tokens must also be initialized,

Let us fllustcate this discassion with the shazed
resource exaxzple, Snp%?se the initial markiang of stage
k places s tokea in Pg- p., 2s azéd , a=d thkat tte
kaown firing times _ace xz(k xq( aad  zg4(k).
Further assupe that t is the t::nsz:xon that £e the
token into pj,. Tae only transition that can fire from
this state is s, and

x7(k) - zl(k) + xz(k).

Now let the tokem in ps be processed, Once tlhis has

been sccomplished, the decision rule picks ty. t§ or t
to fire, Suppose it picks t3. As a result of that
decision t4 will also fire. The equations are

xs(k) = nax(zs(k) + xs(k), zo(k) + xz(k)}
and
x‘(k+1) = 24(k) + xs(k).

As & result of all these firings, s tokean is
placed in pk’l and pE*l. Meanwhile, the tokens in py
snd pg are a.dlocked The:efora, these tokens mus: be
moved to .’1 and f respectively, snd the firing
times of t7 and tg éh inxtxnlized as follows:

x7(k+1) =- x7(k)

and

x9(k‘1) - xg(k)

Thus, we started with a state in stage k and esded up
with & state in stage k>1, The state squations can be
ussed in this maaner to follow the evolution of the
Unfolded STPNs, and of the regular STPN that it is
derived from.

III.d Basic Methodology

Similar state equations to the omes just discussed
can be derived for any live and safe STPN. Once these
equations are obtsined, they caan be used to snalyze the
STPN with respect to the time related performance
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measures cited previously, The basic methodology uses Deen waiting the lomgest. (Ia case of a tie, the
the state equations to recursively calculate the Belicopter is sent to the Bacttle Group No, 1.) Battle
probability distributions of the states as a function Group No, 3 is given lowest priority. The LAMPS will
of %, the srdersd index that tells 3s wvhat stage the O¢ seat thers onmly if the captains of the otler battle

evoinczion of ctie Unfolded STPNs is going tarough, 87oups bave not requested it. Tae decision rule jast

staztizg from tie imitial state, The details, described might be reasomable if the submarine attack

slgorizias, and conditions necessary for convergeace i$ Dost likely to come from the geographical regions
» azd azigmezess are givea in [4], protected by Battle Groups Nos, 1 and 2, snd is less
. The state eguations that we derive for a STPN likelr to coze froa the geographical regiom protected

could also be 3sed to sizmlate thke systea By usizg Dy Battle Group No. 3,

razdo to determize tle processiag tizes and the Tie reszlts of the prograa are listed in tke

FEEETE: decisions. T=e skared sesousce exaxple followiag table, From these results, we can deduce

tiac ss iz tkhe zex: secrion was solved by a3sizg

L1-13-3 e2alysis a=d sizulation, As tley

s2zald, tke valzes of performazce 3easures obtaized by

S0tk pragrias sgree.

Iv. CoMPTR IXAMPLE Place Zxpected Expected Number
—_ e = = Nuzmbe: Deizy of Tokezs
Tarczghozt this paper, we ave 3sed tke 2aval -y PR
defezse sha-sd rcesouvsce exazple $o Rotivate tie study 9 ;;63::8? ;44:’?-81
of STPNs 22d explain the steps of the =zethodology. In o 7'9;99e‘00 2.57§3e:01
this section, we preseat tke resalits of a computer 5 ".<:’00e;01 7."3‘4:-01
?To3r23 that izplexmeats this methodology aad intezpret 1 ‘;:;;99&‘-00 2.565913-01
some of the resalts in terms of the anaval defense 5 3‘5500e‘:_01 7:5795e-01
exa=ple. [ 7.9999%9e-00 1.708Ce-01
As aoted ia Sectios I, iaputs to the =zmethodology b 1.6173e-00 4.6055e-02
azs tle probadbility dists-idbations for the processing 8 1.7429e-00 4.9454¢-02
tizes of every place, aad the decision rale whkich 9 3.33632-00 7.1233e-32
dezeraizes which bYattle group will get ase of tlie LAMPS
helicoptes in case of conflictiag demaxds, The
processiag tize probadility distributions are shown ia
Fig. §.
Trazsitioz Expec:ted Probability
Nu=ter Rate of Decision
1 2.8475e-02 3.6424¢-01
~ ~ 2 2.8475e-02 1.0000e+00
A Y= 23 s
AGEEY 3 2.837%¢-02 3.6272¢-01
I 4 2.8374e-02 1.0000e+00
R 5 2.1350e-02 2.7302¢-01
bR 6 2.1350e-02 1.0000e+00
as 7 2.3475e-02 1.0000e+00
N 8 2.8374e-02 1.0000¢+00
P T e
L_E( ! | | [ [ [ i | [ |.; 9 2.1350e-02 1.0000e+00
3/ E- S-S S S T T L S A L I
Table., Output of Computer Programs
~ [~
S ) that the LAMPS is idle 37% of the time (averazge number
=3 of tokeas ia p,), that the probability of the LAMPS
being seat to Battle Group No., 2, once it is available
l is .36 (probability of decision t3). that the captaia

saits of time after a request for the LAMPS (average

1
33

RS of Battle Group No. 3 must wait, on the average, 3.3
e time token spends in p;), that the LAMPS is sent out at

f—
 —
S

<4

Y 1 P 40 an sverage rate of ,078 (sam of ty, ts and ts firing
o )'S X » W » » 3 3 3 rates), etc. These and similar measures give a
i~ complete picture of the situation with respect to time~
1 PLtT) B ?1(?'): PEQT‘) lA pzo(.') h PZ%?) B PZg(T) related performance measures,
L h (S
Tp (7

',Q3 ze, V. CONCLCSIONS AND FUTURE RESEARCH
I” ! i We have shown, how STPNs can be used to =model
‘F" ‘ distributed tactical decisionmaking orgsaizations. We

T then outliased tke methodology by which STPNs cam be
r analyzed with respect to time-related perfordance
measures, Finally, the modeling and methodology were
applied to a simple, yet interesting, naval defense
shared resource example, The results clearly indicate
Figure §. Processing time Probability Distributions. that the study of STPNs will help us vunderstaad the
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°
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o
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dynamic and steady state behavior of the organizatioas

The decision rule that the program wuses is they are capable of modeling.
Future research directions are many, One of these

is modeling of more complex organizations using STPNs,

sssigning equal priorities to Battle Groups Nos. 1 and
l and sending the LAMPS helicopter to whichever has




In the naval defense oxample, for instance, we could
have modeled the asynchronous protocols and delays of
each battle group’s own operations. These models could
then be sobstituted for places 21, 23, and p., azd tte
resulting asnslytical program would provide s xore
accarate assessment of the sitaation., Asother arez of
research is performing & seasitivity analysis to s=all
chazges in processing times, Txis analysis could help
an organization designer nnderstaad what chaszges could
be =ade to improve the orgszization, Aad fimally, s
thizd ares of reseazsh is findiag alterzate, fastes
wvays of using tlhe state equations to fizd the steady
state probability distsibutions. The 3etlodology
outlined in this paper calcalates tlese discridgctiozs
recursively, which can converge zatler siowly,
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