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INTRODUCTION

In certain Command, Control, and Communication (C3) environments, a
number of human operators function as a group to achieve some desired objec-
tive. They are usually aided by computers and other automated systems. In
such supervisory control problems proper coordination is necessary for suc-
cessful operation. It is not always clear how and when various functions

must be allocated to different operators.

Certain operations require some specific type of attention (and action
by the human) and are allocated to a particular individual. But there are
also a number of operations that do not fall within the domain of a particu-
.ar operator. [Iwo or mers operators may be jointly responsible. Depending
upon the relative worklcad levels at any particular point in time, one of
*he operators jointiy responsible wiil perform the task. The objective here
18 to understand the nature of attention allocation and task sharing respon-

sibililies when muitiple entities are responsible for system operation.

A3 a first step, this requires an understanding of how one individual
might act in an environmerit where his attention must be allocated between a
number »f competing systems, or where a number of performance criteria are
contlicting. Due tc the cooperative nature of the problem (since the opera-
tor wanta to optimize all the elements of the vector of performance indices)
the. appropriatz sclution might be to find the Pareto optimal set of solu-

Lionsg.
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The Pareto optimal set is then reduced to a single preferred solution
by the use of heuristics or other relevant infbrmation employed by the human
operator. Desirability indices for various alternative actions can be found
using fuzzy set theory. The particular control strategy having the highest
value for this desirability index can then be implemented. A model for the
human has been proposed earlier [1,2] that incorporates the above features.
Experiments that take into account the above characteristics are needed to

validate the model and/or refine it if necessary.

OBJECTIVES

An experimental paradigm was developed for a threat assessment
scenaric, based on monitoring the spread of forest fires. Fires originated
from five sites and spread outward. Certain areas were more valuable than
cthers, and were denoted as protected zones (PZ). These were shown as cir-
cular arcs [1,2). The envelope within which the path of the fire was ex-
pected to lie was indicated by fans emanating from the sites. More accurate
infcrmation about the path of the fire was available as time progressed.
The subjects could update these at any time. Decisions concerning threat
were to bte made before a certain time limit. Experiments were conducted
where a number of human operators participated. Complete details are given

in [1].

As the subjects performed the experiments, data were collected about
the decisions made by the operators, and the times at which the decisions
were made. These included updates as well as threat classification. The

primary cbjective of the mini-grant has been to analyse the experimental




results for modeling purposes. In particular, the following objectives were
desired.

(1) Identification of the heuristics and strategies used by the hu-

man operator.

(2) Comparison of experimental results of various operators for the

purpose of identifying the decision making strategies.

(3) Preliminary verification of the model structure with regard to

the appropriateness of the use of various heuristies.

(4) Study of possible alternatives for the model structure, and

modifications of the experiment for further research in modeling.

STATUS OF THE RESEARCH

As a means of achieving these objectives, computer programs were writ-
ten to analyze the experimental data. Using the data, the programs "re-
created” the experimental conditions when the subjects made decisions con-
cerning threat. This enabled us to determine the exact configurations at
the time of the decision. 1In particular, the probability of damage (pd) and
tne positions of the fans with respect to the protected zones were evaluat-
ed. The programs were fairly complex since the exact configurations were
required. Modules from the program that was used in the experiments simpli-

fied the programming effort somewhat.

Analysis of the data was carried out to identify the operator's stra-
tegiles. Since a large amount of data have been collected, the analysis has
not been completed. Certain major trends were apparent from the analysis

thus far completed. A brief summary of the results is given here.
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The subjects cycled through the sites in a more or 1less sequential
order when there was a lot of time available: After about two or three cy-
cles, the subjects started to investigate specific sites. Easy identifica-
tions were completed before going on to more difficult (i.e., uncertain)
sites. More updates were required for difficult sites. Sites where the
probability of damage was near 0.5 proved to be more difficult than the ex-
treme cases (i.e., py close to 0.0 or 1.0). This agrees with what one would
expect intuitively. There was a strong tendency to identify the sites with

py near 0.5 as threats. Details can be found in [2].

In general, most of the heuristics proposed earlier seem reasonable.
Formulation of appropriate fuzzy relationships is necessary to test the de-
gree of applicability of the rules. A major observation is that there are
two distinct phases in the operation of threat identification. During the
first phase, uncertainties of all the sites are reduced to a sufficiently
low level by cycling through all the sites. This phase is quite straight-
forward, and does not seem to impose any unusual decision making loads.
During the second phase, the human generates a set of alternatives from
which a single site is chosen for update and/or threat classification. De-
cision concerning threat is made from the estimated value of the probability
of damage. Errors in identification were higher when decisions concerning

threat were made early. There was perhaps no "Uncertainty Reduction" phase

in such cases.

A crucial point in the development of the model is the determination

of when the subject switches from the initial "Uncertainty Reduction"™ phase

to the "Threat Classification" phase. This is expected to be a function of




the time remaining, as well as the perceived probabilities of damage. De-

tailed analysis is needed to study this problem further.

During trials, certain sites were more error-prone than others. These
must be studied separately. Detailed configurations corresponding to these
sites might reveal some features not anticipated in modeling. Also, the
order in which sites were classified could reveal some configurational bias.
Individual variations can be taken into account in the model by appropriate-
ly varying the fuzzy relationships. All these features will be studied in

detail later.

SUMMARY

Experiments involving decision making in a time-constrained environ-
ment were completed. Results of the preliminary data analysis indicate that
the human operator might be using subjective criteria after the initial un-

certainty has been reduced to a sufficiently low level.

The heuristics proposed appear to be reasonable. Testing of these and
identificat.on of additional heuristics and rules can only be performed
after additional modeling effort. This would be possible after the ap-

propriate fuzzy relationships are developed based on various heuristics.

Alternate modeling techniques are also being explored. In particular,
Semi-Markov Decision Processes and Artificial Intelligence techniques appear
to be attractive. Another possibility is to study this as a Closed Queueing

Network problem with time varying arrival time statistics. A formal

research proposal is being prepared based on the results of the research

T




conducted during the duration of the mini-grant.

The proposal will be sub-

mitted to the Air Force Office of Scientific ﬁesearch in the near future.
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HUMAN ATTENTION ALLOCATION STRATEGIES IN SITUATIONS WITH COMPETING CRITERIA

~ DEVELOPMENT QF AN EXPERIMENTAL PARADIGM AND OUTLINES FOR A MODEL

T. Govindaraj

School of Industrial Engineering, Purdue University,
Grissom Hall, West Lafayette, Indiana 47907, USA.

R. J. Poturalski, M. M. Vikmanis, S. L. ward

Air Force Aerospace Medical Research Laboratory,
Wright-Patterson Air Fforce Base, Ohio 45433, USA.

Abstract. In supervisory control situations involving multiple human opera-
tors, proper cooperation and coordination among the operators is essential.
- In addition to their individual responsibilities, the operators are jointly
responsible for certain aspects of the system. Time available for decisions
may be limlited, and various criteria may conflict with each other. Proper
scheduling of tasks is necessary for optimal performance. In such situa-
tions it is usually not clear when and who should take responsibility for
the joint tasks. Understanding how multiple operators interact requires the
understanding of single operator performance. A model based on Pareto op-
timality and fuzzy set theory has been proposed for the human operator. An
experimental paradigm has been developed based on a threat assessment situa-

tion. Features of the paradigm are explained. A detailed outline for the
model structure is given, and experimental results are discussed.

Keywords. Man-machine systems; Air traffic control; Cognitive systems; De-

cision theory; Game theory; Optimal

theory.

INTRODUCTION

in certaxg Command, Control, and Communica-
tion (C”) situations, a number of human
operators function as a group to achieve
some desired objective. In their efforts to
perform their work they are aided by comput-
ers and other automated systems. Irn such
systems, the human operator is more of a su-
pervisor than a simple controller. In super-
visory control where wmore than a single
operator is involved, proper coordination is
necessary for successful operation. Among
other things, a need for more than one per-
son i3 necessary due to the increased com-
plexity of the systems that dictate various
kinds of expertise, as well as the mere
rumber of components involved. In such sys-
tems, more often than not, sllocation of
various functions to different operatora is
not usually clearly defined.

Of course, there are certain operstions in
each of the various subsyatems that require
some specific type of attention (and action
by the human) and are sllocated to a partic~
ular individual. But there are also a number
of operations that are not clearly definadble
as falling within the domain of a particular
operator. Two or =more operators may be
Jointly responaible for the functions.
Depending upon the relative workload levels
at any perticular point in time, one of the

systems; Applications of fuzzy set

operators Jointly responsible will take
responsibility. In genersl, computers when
working with the human cen be used to per-
form some of the functions. It is our desire
to understand the nature of attention allo-
cation and task sharing responsibilities
when mpultiple entities are responsible for
the operation.

We need to understand how different entities
work together in a cooperative environment
to share responsibilities. As s first step,
this requires an understanding of how one
individual might act in an environment where
hia attention needs to be allocated between
a number of competing systems or where a
aumber of performance criteria are conflict-
ing. Though a numbder of mathesatical models
have been proposed for multiple task
sequencing by a single operator, (Rouse,
1977; Krishna-Rao and others, 1980), they
are not applicable for our prodblea. Our
problem has the important characteristic
that sultiple performance criteria are in-
volved. The oriteria are distinctly 4if-
ferent from each other, and cannot simply de
added to obtain s single perforsance index.

Satisfaction of a particular criterion might
require some specific action that aight con-
flict with another action dictated by the
need or desire to satisfy another criterion.
ln an actual situation there may be more

R T o ]
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than two criteria that must be satisfied
simultaneously. By satisfaction of a cri-
terion 1is meant taking an action that would
produce optimum results if that criterion
alone were *to be considered. In practical
situations, compromises are often made sn
that 1instead of optimizing a single perfor-
mance criterion, a number of criteria are
optimized simultaneously. Since the various
criteria are in general not additive, they
must be considered as elements of a vector.
Due to the cooperative nature of the problem
(since the operator wants to optimize all
the elements of the vector) the appropriate
solution might be to find the Pareto optimal
set of solutions. These are the non-
dominsting set of actions, no single action
being more preferadble to any other in the
absence of additional information or con-
straints.

When a human operator is involved, he uses
his experience and various biases to reduce
the set of solutions to a single solution to
be used at any particular cholc? point.
Hence the Pareto optimal set is reduced to a
single preferred solution by the use of
heuristics or other relevant information
(see Covindaraj, 1980). In man-machine sys-
tems, the human operator's heuristics are
better expressed in terms of sultable
linguistic expressions. Since we need to
quantify the variables expressed linguisti-
cally into a form usable when the {nforma-
tion from the system is in terms of numbers,
the most appropriate method appears to be
via the Fuzzy Set theory. Various heuris-
tics and rules used by the human can be used
to define the appropriate relationsnips
between the different entities that make wup
the overall system. The Pareto optimal solu-
tion set can be generated and various con-
trol strategies can be assigned appropriate
"desirability indices” based on the rules.
The particular control strategy having the
highest value for this desirability index
(membership function in fuzzy sets) can then
be implemented. Certain features 4in the
development of the model closely follow 2a-
deh (1976).

QBJECTIVES

The fundamental problem of intereat concerns
development of an approprlate paradigm for
studying the human operator characteriastics
discussed above. In particulsar, a good
understanding of the features of the
problem/environment that are useful to the
human in arriving at decisions to be imple-
mented {s desired. Possible heuristicy and
strategies that the human uses to redyce the
size of the feasible set of solutions must
be 1identified. Hence, the experimentasl
paradigm must incorporate the relevant
features of the environment, without making
it overly complicsted that it becomes impos-
sible to isolate the various factors in-

volved. It should slso be possible to vary
different parameters so that the effec.3 of
different paramters can be studied. The ex-
perimental paradigm is set up with the ain
of modeling the human, using Pareto optimal-
ity and Fuzzy Set Theory. Research current-
ly 1in progress towards realization of these
objectives {3 described in the following
sections.

AN EXPERIMENTAL PARADIGM

A typical situation that has the charac-
teristics of interest {s the monitoring of
the spread of forest fires that occur during
summer. This threat assessment scenario is
simplified asomewhat to make the probles
tractable. The essential characteristics
have been retained. Since the primary aim
of this work is to evaluate the possibiltity
and suitability of modeling using the tech-
niques discussed earlier, the details of the
problem are not crucial &s long as tae
essential factor=z are taken into account.
Details of the problem can be better under-
stood with reference to Fig. 1. The main
features are the number of points at which
fires have originated ("sites"), from which
fires could spread to other areas in the
forest. Certain areas in the forest (or on
the fringes) are more valuable than others,
for example, due to housing and/or other
property. These are called Protected Zones
(PZ) and are indicated as circular srcs in
the figure. The number of locations at
which fires can start has been fixed at 5
for our experiment. The operator Bust
determine froo the information displayed on
the screen whether the sites pose a threat
to the protected zones. A limited amount of
time is available to make this decision.
This time 1is taken to be between two and
three minutes. (In practice, threats aust
be identified in a few hours, and the avail-~
able resources must be allocated optimally.)
Mistakes in making proper decisions are ex-
pensive. There are two types of nmiatakes:
declaring that a site is a threat when it is
not a threat, and declaring that a site is
not a threat when it is really a threat. The
operator makes this decision based on the
information availasble on the acreen.

The angular envelope within which the tra-
Jectory is expected to 1ile is indicated by a
fan. The fan providea the 953 confidence
interval for the trajectory. Within this
fan, 95% confidence interval for the expect-
ed range 1is indicated by the dotted lines.
The envelopes displayed on the screen are
based on the estimate of the information
available at the time the display was origi-
nally drawn. As time progresses more accu-
rate information becomes availadble for each
site, but it is not displayed automatically.
At any time the operator haa the option of
asking for more information concerning any
particular site. Since it takes a certain.

=
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amount of time to obtain the required infor-
mation from a site, and since the total time

availadble within which the decision must be
made is limited, proper scheduling is very
important.

A line perpendicular to the center 1line of

the fan gives an indication of the estimated
position of the fire-front with reference to
the starting location. This line is con-
tinuously updated, based on the assumption
that the velocity of the front is known.
Even though the direction of the center line
may change with time, the front position
line moves along the center line correspond-
ing to the 1last update. This line is the
only direct indication of the elapsed time.
The operator gets an estimate of the remain-
ing time from observing the position of this
line.

At any point in time the operator can decide
if a particular site is a threat or not a
threat, cr can continue to moniter in the
hope of obtaining more reliable information
later. Better quality information can be ob-
tained by requesting for additional informa-
tion at any time. Since the initial infor-
mation is rather crude, the rate of improve-
ment in the quality of the {nfermation 1is
greater in the beginning. This, along with
the fact that more time is available to make
the final decision, might encourage the
operator to ask for more information in the
beginning. However, as iime goes by, the
pressure to classify a site increases be-
cause appropriate action must be taken if ;t
is a threat. Hence, the identification of
threat

factors.

is made taking into effect all these

EXPERIMENTAL DETAILS

In our experiment, at the beginning of the
trial fires start from all five sites. I: o
more realistic scenario, fires from 3if-
ferent sites might start at different timcs.
In fact, we do not know how many distinc:
fires start in a forest. Our objective is
to understand how decisions are made vhen
there are conflicting criteris. It is devir-
able to avoid factors not directly related
to the basic problem. Hence, 1t is adequate
to start all the fires simultaneously. The
subject can update any site merely by typing
the site number. 1In a rea) 1ife situat.on,
updating information take:s some Ltime This
reflects processes such as ca2lling up a
source of information, obtaining relwvant
information, processing it, and updating the
display. In our experimert this s dune by
freezing the displsy for 5 seconds when
the subject! requests an update for a jartic-
ular site, a message appears indicating that
the requested site 18 being update”, ant
after 5 seconds, the 95% confidence inter.
vals are updated. Wwhen the nature ol ! eat
is identified for a site, {i.e., a declsionr
is made, that site is removed {rom the
display. The experiment proceeds until al.
the sites have been identified or urtil the
pre-determined time Yimit, whichever occurs
first.

The experiment has been run in real time on
a PDP ") /34 computer using the VI1! Graphics
syatem. initial trazining runs were conducted
for a week to familiarize the sudbjects with
the experiment. During this period the sub-
jects were expected to develop & set of con-
sistent strategies for decisfons. The sub-
Jjects were encouraged to svoid making errors
of any type. A score based on tLhe correct-~
ness of the decision concerning threat and
the quickness in making the correct decision
was calculated for each site. The acore for
a site 1s the time remaining at the time the
decision was made. At the end, the display
was redrawn to indicate the final configura-
tions of the confidence intervals, and the
scores were displayed. Incorrect identifi-
cations were shown by flashing the confi-
dence intervals and giving 3zerc acores.
This form of feedback wvas provided during
the data runs ss well.

A number of different experimental oondi-
ttons characterized by different configura-
tions of the fans were used. The configura-
tions differed in termy of the sres of over-
lap of the uncertainty envelopes with the
proteated zones. This represented different
levels of threat prodbadllity. Ten confi-
gurations for each of the 10 sessions were
used. For a particular session, the order
of presentation was randomiged.

Ji
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PROPOSED OUTLINE FOR THE MODEL

The operator functions in an environment

and F &8nd R are the fan width and
At any point in time,
ranking the

values,
range respectively.
the human might possibly be

where a8 aet of criteria, not necessarily various sites in order of importance as po-
commensurable, must be simultaneously satis- tential ‘threats and decide on the appropri-
fied for optimum performance. The informa- ate action. The number of sites (actively)

tion the operator has about the system can
be divided intc two main categories. One is
tne information concerning the Predicted End

competing for action as well as the time
remaining will influence the control.

Point PEP) at which the fire 1is ex- . .

tinguishéd. )The PEP 1; shown by the width For making decisions concerning the nature
of the fan and the dotted lines indicating of the threat, the human estinmates a :upber
the range. In addition, an indication of of quantities, such as the time remalning,
the actual range of the fire is available positions of the fire-fronts, and the re-

fromp the front position line. The other in-
formation is the perceived probability of
damage to the protected zone, p,, given by
the relative size of the area gf overlap of
the PZ and the confidence interval. These
are related to each other, and the human de-
cides on a particular action based on the
above and the time available.

gions of uncertainty. The estimation prob-
lem 1is a difficult one because the operator
has no control over the fires' propagation.
The parameters influencing their propogation
are not known. Hence, identification of the
parameters is necessary for the estimation
procblem. When the uncertainty envelopes are
updated, the information gained could be
used for the identification. The values of

The threat assessment for this situation the parameters thus identified could be used

consists of assessing the potential threat for estimating the variables between up-~

from each of the individual sites. If it is dates.

nossible to eliminate some of the sites from . i

further consideration, 1.e., by deciding if From the estimates of various quantities
thus obtained, a set of alternative solu-

they are threats or no-threats early in the
rycle, wore time is available to decide on
the remaining sites. To set up the cost

tions is generated. Methods of generating
this Pareto cptimal set are being explored.

functionals for the problem each site will Heuristics and other information concerning
e assigned a set of costs. For any site the threat assessment problem are formalized
the uncertainty/pressure associated with using fuzzy set theory. Fuzzy relationshipa

elapsed time (or eyuivalently time remaining
for making the decision) Hill form one of
the costs (J for the i site). The other
cost is the amount of uncertainty associated
with PEF. This latter cost could be directly
~elated tC the area of the region of uncer-
winty assoc‘ated with PEP For site i, the
costs are {(J , the cost associ-

developed from these are used to reduce this
Pareto optimal set to a single alternative.
Figure 2 shows a schematic block diagram for
the operator model. It should be noted that
the identificetion block gets an input only
vhen there is an information update. When a
decision is mpade concerning threat or when
the operator is uncertain, and after infor-

sted with the i?me ﬁAcertainty increases mation updates the cycle restarts at the es-
continuously with time. In addition, a cer- timation block. The arrow from the identif-
tain amount of fixed cost should perhaps be ication Dblock to the estimation block

added whenever nev information is requested,
reflerting the fact that some time is lost
:n that process.

The control sction corsists of the determi-

nation of which site tc investigate at any ({IDENTIFICATION
particular tigme. This could be done by

scheduling two or more sites to be investi-

gated consecutively. Depending upon the un-

certainty, in general, one could reqguest in- —{ ESTIMATION

formation concerning the range (the linear
dimension) and/or the fan width for PEP.
(In our experiment both of these are updat-
ed, though it 1s possible to update only
onz.; The general forw of control vector is
given by

ut 2 (t‘.tz,..,) (1)

where t, is tne time at which aite i 1is to INFORMATION UPDATE
e updited. The perceived probability of

damage, Py is given by,

Py = Pyt FooR P2) )

where the subscript p denotes the perceived

represents the transfer of parameters. De~
tailed structures for the various blocks are
being worked out.

GEhENATION CHOICE OF
LTERNATIVES ALTERNATI

DECISION (THREAT/NO THREAT) OR UNCERTAIN

Fig. 2. Schematic block diagras of the amodel
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Appropriate "desirability indices® pust be
associated with various controls that form
the Pareto optimal set. Rules and heuris-
tics that might be used by the human need to
be identified for this purpose. Examples of
some possible heuristics are given below.

1. Do not ask for information from the same

site consecutively, unless that site
could be eliminated from further con-
sideration,

2. After each enquiry for additional infor-
mation, p, is updated and used to decide
on the nest action. If p, exceeds an
upper limit Py s the site is classified
as a threat, ané if p, falls ‘’elow a
ilower 1limit p, , the Site {s classified
as a non-threa%? (Otherwise a decision
i3 postponed due to uncertainty.)

3. If the time available is decreasing, and
the pumber of sites is large, the no-
decision range (p,, - P ), is reduced.
this reduction uld Secur after each
update or it could be a continuous func-
tion of time. The reduction could be
achieved by lowering Py raising plo'
or by changing both.

4. If dazage probabilities are "about
#qual” for two sites, the tendency would
be to update the site having the higher

uncertainty.
5. ‘or two sites naving "nearly equal® p
'alues, choose the site having the valug

closer to the decision boundary (i.e.,

near ¢ . or B ).

ity ?ér sit%oi is closer to p,,, and

P or site § is closer to p, , choose

3§te i (potential threat is mo}g impor=~

tant than a non-threat).

7. in trying to reduce the uncertainty as-
sociated with a PEP, if the reduction in
one dimension is greater than in the
other dimension, choose the control that

>

would result in maximum expected reduc-
tion.
8. The uncertainty, and hence the tendency

*0 classify a site as a threat, in-
creases as the PEP goes closer to the
PZ.

. If two fire-fronts propogate with dif-
f{erert velocities, the front with the
faster velocity is more of a threat.
This reflects the faster rate of reduc-
tion of the available time for the (fas-
ter front.

'0. After the "desirability membership func-
tion" values are calculated, the control
is not implemented if the value of this
function falls below a certain thres-
hold. The action is to continue monitor-

ing.

Tnis list is by no means complete. Validity
and/or relevance of the various rules can
cnly Le tested by matching the model results
with the experimental results. Unlike the
direct problem where known set of heuristics
are used in various fuzzy relationships, we
need to identify proper heuristics and stra-

12

hence, this is
important

tegies by matching results.
in effect an inverse problem, ar
distinction to be noted.

EXPERIMENTAL RESULTS

Experiments have recently been completed.
Detailed analysis of the results are being
carried out. Only a few of the important
observations will be given here. A thorough
analysis must vait the later stages of the
wodeling  process. The subjects cycled
through the sites in a more or less sequen-
tial order, in the beginning, when a lot of
time was available. After about two or
three cycles, the subjects started investi-
gating specific sites. Easy identifications
were completed before going on to more dif-
ficult or uncertain sites. Difficult sites
required more uypdates. In most cases, al-
moat all the subjects had & tendency to
identify the uncertain sites with about 50%
probability of damage as threats.

Another interesting observation was that
often the subjects declared a site a threat
if, after an update, the "fan"™ moved towards
the Protected Zone. The subjects could be
using some fors of a predictor. The model
could include this as a dynamjic system
driven by a noise. The driving noise
characteristics must be determined by the
model .

POSSIBLE APPLICATIONS

In addition to its use in the monitoring si-
tuation considered here, the model could be
useful in a number of other situations. The
.general principles apply whenever there is a2
limited time is available for malking deci-
sions, and different criteria conflict with
each other. Environments where such condi-
tions could exist include: air traffic con-
trol, air defense system, monitoring and
control of the spread of epidemics, monitor-
ing the propogation of oil spills, chemical
and nuclear wastes eto. The time scales
could be different, and various amounts of
time wmay be available for differeant con-
texts. Also, priorities could be different.
When these factors are properly taken {nto
account, the model should provide a means of
anzlyzing the situations.

CONCLUSIORS

One of the most important aspects of under-
standing hovw a husan operator makes deci-
sions {n situations involving multiple, pos-
sibly conflicting criteria, is to develop a
good experimental paradigs. Such & paradiga
has been developed. The model structure has
been formulated. Possible heuristics that
might be useful for the godel aré given.
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Govindaraj, Poturalski, Vikmanis and hard

These form the basic steps that are essen-
tial for the mathematical modeling.

Experiments have been conducted. The
results are being analyzed to determine what
strategies and heuristics the human wmight
have used for the decision making problem.
A detailed model structure is being worked
out. The mathematical model is expected to
p vide results that match what is observed
in the experiments. Modifications and re-
finements of the mathematical model wmay be
necessary for a good match with the experi-
mental results.

As indicated earlier, the problem considered
here i» part of s such bigger probdblem, viz.
wodeling of wmulti-operator systems. The
current modeling effort is expected to lead
directly and naturally into the bigger and
more complex problem of supervisory control
with a number of interacting entities.
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ABSTRACT

certain supervisory control
systems, decisions must be made in a limited
smount of time, and various performance criteris
ccontiict with each other, Proper scheduling of
tasks and sppropriaste atlocation of resources are
‘necessary for optimal performance, and in some in~-
_stonces, for overall safety. Conditions may pre-
vell where 1t is usually not clesr when different
. tasks could be performed. An experimental pars-
dign has been developed to study how the humen
aonitor operates in such situations. The scenario
,used i3 similer 1o monitoring the spread of forest
fires, and timely identiticstion of threatening
iconditions. Experiments have been conducted based
.on the above mentioned paradigm. A model based on
Pareto Optimality and Fuzzy Set theory has been
‘weveloped tfor the human operator. Resuylts of the
‘experiments are described, and their {mplications

;?or the model are discussed.

'ln the operation of

INTRODUCTION

.1n supsrvisory control where more than a single
operstor {s involved, oproper coordination 1is
,necessary for successful operation, Atlocation of
various functiors to different operators is not
jususily clearly defined. At any time, depending
.upon the relstive workload Levels, one of the
;operstors jointly responsible witl perform en
‘operation. Computers when working with the human
jean aslso be used to perform some of the functions.

IA nusber of systems may compete for attention.
and/or 8 number of performance criteris may con~
flict with each other, The criteris could difter
from esch other, and cannot simply be added to ob~
tain a single performance index. Since the opera~
r0r wants to optimize all the elements of the vec~
tor, the appropriate solution would be to find the.
Pareto optissl set of solutions, From this 2 sin—.
gle preferred solution is found by the use of
heuristics end/or other relevent infarsastion. An
experisentel psradigm has been developed to study.
this situstion. Efforts are being mede to sodel
the hman's decision making behavior. Detsils of!
the experiment snd the model sre given in the fol=
Llowing sections. !

OETAILS OF AN EXPERIMENTAL PARADIGM

A typical situation considered here is the nmoni-
toring of the propagation of forest tires (Figure
1). The main features are the points at which
tires have originated (“sites"), from which fires
could spread to other sreas in the forest. Cer~
tein aress are more valuable than others, for ex-
ample, due to housing., These are called Protected
lones (P1) and are indicated as circulsr arcs,
The operator must determine from the information
displayed whether the sites pose a threat to PZ.
Time available to make this decision is Limited.

fig. 1. Threst assessment scenario

The sngular envelope for the path is {ndi-
cated by a fan. It provides the 95X confidence
interval for the path . The confidence {n-
tervel for range is indicated by the dotted (lines.
The envelopes displayed are based on {nformation
sveilable at the time the display was orfginally
drawn, As time progresses more accurate informs~
‘tion becomes avatleble. The operator can ask for
.sore information concerning any particular site at
.ony time. i
‘A Line perpendicular to the center (ine of the fan
gives an indication of the estiwated position of
the fire=front. ' This Line 1s continuously updat-
ed, based on the asswmption that the velocity of
~_t_l§g"1gqug,fl_:' known. The lfmt position Line moves
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‘along the center Line corresponding to the Last
update, This Line is the onty direct indication
of the elapsed time. The operator gets an esti-

sate of the remaining time from this line.

At any point in time the operator can decide if 3
particular site s a threat or not a threat, or
can continue to monitor in the hope of obtaining
more reliable intormation Later. Since the ini-
tisl information is rather crude, the rate of im~
provement in the quality of information is greater
in the beginning.

At the beginning of the trial fires start from all

five sites. The subject can update any site by
typing the site number, (During updates the
disptay is frozen for 5 seconds. In a real life

situation, updating information takes some time,
This reflects processes such as calling up a
source of information, obtaining relevant informa=-
tion, processing it, and updating the display.) A
message appears indicating that the requested site
is being updated, and after 5 seconds, the confi-
denre intervals are updated. when the nature of
threat 1is identitied fcr a site, that site is re-
moved from the display. The experiment proceeds

until all the sites have been identified or until
the pre-determined time Limit, whichever occurs
tirst,

.The experiment has been run in real time on a POP
j11/73¢ compLzer using the VI11 Graphics system, In-
-it1al training runs were conducted for 2 week (o
‘familiarize the subjects with the experiment. Tne
.subjfcts were encouragea to avoid making errors. A
,score based on the correcuness ot the decision
concernwng threat and the qQuickness in making the
ycorrect decision was calcul:ted for each site,
}The score for & site is the time remaining at the
‘time the decision was made. At the end, the
display was rudrawn to indicate the final confi-
guratiors of the confidence 1intervals, and the
score3 were aisplayec. Incorrect identifications
‘were shown by fleshing the confidence intervals
‘and givirg z2ero scores. This feedback was slso
lprovided during the dastas runs. Details can be
found in 13,

OQUTLINE FOR THE MODEL

{The information the operator has about the system
can be div'ded into two eain categories. One is
‘the information concerning the Predicted End Point
(PEP) 3t which the fire is extinguished. The PEP
{13 shown b, the width of the fan and the dotted
’linos indicating the range. In addition, an indi~
Lcaticn of the sctusl range of the fire is avail-,
'abte from the front position Line. The other in-
{ formation is the perceived probability of damage
l“ the protected zone, o, 31"“ by the relative
{stze of the area of overls the PZ and the con=
| fidence interval.

[
Contra! actior consists of determining which site
to investigate at any particular time. This could
bc dune by schedu'ing two Or more sites to be in-
vostn atid  consecutively. At sny time, the human
olight possibty be ranking the various sites in

[ _—— - ——— T il e
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order of importance as p.tential threats and de-
cide on the appropriate action. The number of
sites competing for action as well as the time

remaining will influence the control.

To decide the nature of the threat, the human es-
timates a number of quantities, such as the time
remaining, positions of the fire-fronts, and the
regions of uncertainty. The estimation problem is
rather difficult because the operator has no con-
trol over the fires' propagation. When the uncer-
tainty envelopes are updated, the information
qgained could be used to identify parameters of the
human's model. The parameters thus identified
could be uysed to estimate the variables between
updates.

A set of alternative solutions is generated based
on available information. Heuristics and other
information concerning the threat assessment prob-
lem are formalized using fuzzy set theory. Fuzzy
relationships developed from these are used to
choose a single alternative from this set. When a
decision is made concerning threat or when the
operator is uncertain, and after information up-
dates the cycle restarts. Detailed structures are
being pursued.

Appropriate 'desirability indices" must be associ-
ated with various controls that form the Pareto
optimal set. Rules and heuristics that might be
used by the human need to be identified for this
purpose, Examples of some possible heuristics are
given below. More can be found in (1],

1. 0o not ask for information from the same site
consecutively, unless that site could be elim=
inatezc from further consideration.

2. 1t Py for site i is closer to p_ ., and p, for
site”j is closer to Plos choose Site i (Poten-

tial threat is more 7nportnnt than a non-

threat).

These rules are being tested by matching the model
results with the experimental results. Urlike the
direct problem where a known set of heuristics are

.used 1in fuzzy relationships, we need to identify
jproper heuristics and strategies by matching
‘results.

i
'EXPERIMENTAL RESULTS AND IMPLICATIONS FOR MODELING

Experiments have recently been completed. The
results are being analyzed. Only the preliminary
results are given here. It was observed that the
subjects cycled through the sites in a more or
‘less sequential order when » Lot of time was
svailable. After asbout two or three cycles, the
'subjects started investigsting specific sites.
Easy d{dentifications were completed before going
‘on to more difficult or uncertain sites. Diffi-
cult sites required sore wpdates. In most cases,
the subjects had » tendency to identify the uncer—
tain 3“" with p, near 0.5 as thrests.

Some subjects declared a site a threat if, after
“an update, the fan moved towards a Frotected Zone.

K

<u They might be using some form of a predictor to
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svtrapocate the PEP. The ariving noise charac-
rrr1stics tgr the predictor could be dependent on
.ne motior of the fan during the (ast update.

The subjects updated a site prior to the decision
concerning threat, Sites with p  near 0.5 were
mure diffizult to classyfy than thoge with 0.0 or
B Afrer cessions with retatively large number
ot errors i classification, the subjects were
“yund to toke more time and make smaller number of
ctrevs,  This ¢ uld perhaps he accounted for in
‘ne model by changes in thresholds and/or the ap~
Jropriate descriptive parameters of the membership
ToentiIong.,

it spoears that tiere are (wo distinct phases in
Tna o gperativn. the *irst phase consists of at-
vempts to (educe tr. Jr rtainties 3ssociated with
are the sites t v suffaciently tow levei. In the
secone ghase, <. .cs are chesen tor  interrogation
and ciassificarion. It s during this phase that
tne human gen- (es a set of alternatives from
“hret oA st e st -« ¢hosen for update. The
phases ¢ouid » label 2 as (1) Uncertainty Reduc~
“Yon (URY ar frreay Ciassification (T0).

Nygrding ot Y oe L2, (e most pnpular scheme  ap~
Leacs [ e tegeental Lopgates of sates. A crum

ST 3 Uhe e cpment o* the model is  the
Jeterringtys 0 3t Lter The huran switches to the TC
whave Y~ s ovs obvioustv @ function of the time

renRINYSG L ge wali as various thresholcds and rela-
vive va'uoe bt Lercetvec crobabitities af  damaye.
Cwlatied Aracysis ot reLulti 13 expected Lo pro-
e muT e 1S gnt vte this phose.

in the . ase, rthe sites could be grouped 1nto
Lhres classes, The most 2 *ficult are the ones
it s arcwnr Q0% with decreasing order ot gif-
1.L1tvY, the other two zlasses are: (3.25,0.75)
wd 0.0, 1.0, fuzyy sei membership functions
rat depe. oo probabicity shoulo thu; be symmetr-
voal oabout 0.3, This  clansifilation along  with
certain focectolds cou'y he used to ting the Pare-
o optimsl set. Heur stics characterized by ap-
capriate fuZzy rules and re.stionships could then
Se use? o rhouse one particuiar s te for investi-
qation.

LLtarnatives are possible 1o accoms
olieh  the serectior of g site tor update. The
rutes  cootd  De notvadualiy useon to  evaluyate
wembe-sh o Ficiion valyes. ror amy site, the ap~
popriate valos 1y~ (ne desirabiiity index could
he chose 2vr e 1) by usiang the nighest member-~
ship function value, or (1i) by using & weighted
tund tion of a merarcrican ordering hetween rules.

s Argtrer alternative s 1o develop and/or identifty

variuus fuzzy relationships that would provide the

d-eirabyity function value. Retative importance
ot wvarious cuies could form the basis tor these
reistionsnips. The site having the highest valuye

» eould then be interrogated. Parameters in the

“otene could Le changed to reflect individust
alfferences between operators, and trial-to-trial
‘arjation amorg operators.

3 aumber of

- . Ce - . s =]
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"ALTERNATE MODELS

An attractive alternative for modeling appears to
be the use of Semi-Markov Decision Processes (21,
In addition to the number of sites, a state for
monitoring, and an absorbing state corresponding
to site identification could be used. The main
proplem here 1is the determination of the transi-~
tion probabilities., These are time varying, and

there appears to be no method to evatuate these
probabitities. They could vary depending on the
number of sites remaining, and after each update.

Positions of fans relative to the protected 2ones
might also have a direct influence on the transi-
tion probabilities. This method is being studiea.

Yet gnother method is the develop a computer model
using LISP or other symbol manipulation languages.
Programs in LISP seem to be particularly attrac-
tive sinte various relations and hierarchical org-
erings between rules could be easily programmed.
This and other artificial intelligence techniques
such as Production Systems witl be explored in cde-

tail. Incorporating the history (configuration
changes with updates) 1s relatively straighttfor-
ward in these approaches.

CONCLUSIONS

An important aspect of understanding how a human
operator makes decisions in situations involving
multipee, possibly conflicting c¢riteria, s to
develcp a good experimental paradigm. Such a
paradigm has been developed. The model structure
has been formulated, These form the basic steps
rhat are essential for mathematical modeling.

Experiments have been conducted. The results are
being analyzed to determine what strategies and
heuristics the human might have used for decision
making. This should help identify the useful
model features. A detailed model structure is be-~
ing worked out.

In addition to its use in the monitoring situation
considered here, the model could be useful in a
number of other situations. The general princi~
ples apply whenever there is a limited time avail-
able for making decisions, different criteria con~
flict with each other, and priorities are dif-
ferent for various subsystems.
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