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EXECUTIVE SUMMARY

This investigation addresses the problem of formulating an
integrated decision aid from several functionally related decision aids
developed as part of the Operational Decision Aids program sponsored by
the Office of Naval Research. These aids include:

 The Integrated Sciences Corp. Route Planner - An aid that assists
the decision maker in selecting the optimal air route from

carrier to target through a radar detection field. The criterion
for optimization is a function of detection probability and fuel
B . i consumption.

The Analytics Air Strike Timing Decision Aid--ASTDA - An aid that
assists the decision maker in selecting the optimal time to launch a
strike as a function of weather and force readiness factors that
impact the engagement outcome.

The Decision-Science Applications, Electronic Warfare Decision Aid-EWAR
An aid that assists in formulating electromagnetic emission control
plans by balancing surveillance coverage benefits and information-
given-away costs.

P R The SRI International Strike Outcome Calculator-SOC - An aid that
| R estimates the consequences of alternate courses-of-action for a

i carrier based air strike campaign, using a deterministic engagement
il model covering both adversaries' operations plans.

| § Requirements for an Integrated Decision-Aiding System

z
!
} The aids itemized above were analyzed with respect to the generic
{ mission problem that they addressed, the specific process model that charac-
*1 : terized the engagement (mission) actions, the value model used to quantify
F .# measures of effectiveness, the variables and parameters used in describing
A

[

the systems and decision factors, the optimization and analysis procedures
utilized, the methods used to display outputs to the decision maker, and the
roles of human judgment and heuristics assumed in the decision process.
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Several properties that an integrated decision aid should exhibit
were identified. These properties are: consistency, flexibility, efficiency, : h
validity, extendibility and understandability. '

The mutual compatibility of the component models and the means by
which they interface with one another are discussed.

It was decided that the integrated aid should be compatible with the
diverse styles and strategies used by different decision makers and should
permit the explicit incorporation of the user's expertise in the decision
making process. Aid features should be implemented as user-controlled options
n in order to allow the aid to conform to the needs of the individual user. It

should be possible to treat all data and processes as certain and deterministic
%- s according to the characteristics of specific situations or, optionally, to :

consider the consequences of statistical uncertainty in data estimates and
: 4 process events. The user should be able to focus only on the features of a
# | | specific decision problem from a single perspective or, alternatively, con-
figure the aid to address the problems of both adversaries in a war-game
exercise. An optional operator-aided optimization technique based on a non-
linear programming aglorithm might eventually be added to the integrated system
i for determining an optimal strike approach route and this technique might also
E " be extended to other strike planning problems. The ability to examine the
I intermediate results in a process (intraprocess analysis) and to analyze the
i sensitivity of an outcome criterion of a process to the principal input vari-
- ables (sensitivity analysis) should be available so that the decision maker
can make reliable assignments of value to process results. Finally, the Tinkage
between short-term action and longer term mission goals should be clearly displayed.

[
[

Conclusions

The four problem-specific aids discussed contain effective tech-
niques applicable to an integrated aid. Integrating these separate aids
necessitates considerable additional work to achieve the required compatibility
in their overlapping domains. For ASTDA, EWAR and SOC to work together, a
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consolidated engagement model is needed that will replace the individual
models; the consolidated model should be operable in both deterministic and
stochastic modes. A common procedure for valuing strike mission results is
required to replace the separate value models of the Route Planner, ASTDA,
and EWAR. Variables such as the flight altitude of the strike force on
approach to the target, the duration of engagement between the strike force
and the enemy interceptor force, and the damage levels sustained during the
engagement must be incorporated into the models of the engagement and radar
detection processes to improve their operational accuracy. Standardized
display formats should be adopted for tables, graphs, and maps offered by
the integrated aid.

Recommendations

Development of the integrated decision aid involves a two
pronged effort -- a "top-down" approach in which the task force objectives
and the consequent model requirements are further definitized and a "bottom-
up" approach that defines a compatible interface between the component decision
aids. As a first stage of integration, an integrated aid might support the

planning for a single air strike mission. In such an aid, key elements of
the Route Planner and ASTDA would be combined into a higher level aid known
as SCAMP-1 (Strike Campaign Planning Decision Aid - Version 1). This aid
would be upward compatible, allowing features of EWAR and SOC to be incor-
porated in future development efforts. SCAMP-1 would assist in a broad range
of strike time, strike force complement, and target assignments. The first
step in the development of SCAMP-1 would be the adaptation of existing process
and value models. This step can be accomplished in a short time because the
available models provide most of the necessary components. Subsequent
development phases will require the development of new program components

to achieve an efficient extendible system.
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1. INTRODUCTION

In the Operational Decision Aids program, the Office of Naval
Research has sponsored the development of a variety of decision aids for
naval command and control decision problems. These aids have been designed
to assist in the solution of various tactical decision problems tha: a task
force command would encounter in a wartime environment. Aids have been
developed for the specific problems of determining a flight path for an air
strike force, selecting a launch time for an air strike, developing a com-
prehensive plan for a battle campaign, and constructing and analyzing electro- |
magnetic emission control plans. Two general purpose aids have also been
developed, one to construct and analyze decision tree structures and another
to perform Bayesian updating and expected value calculations. At a more
basic level, an extensive data base has been constructed to support experi-
mental versions of the decision aids and a sophisticated superstructure
has been developed to interface the user with the data base and the aids.
Together, all of these aids and supporting systems offer assistance to the
task force command in a wide range of decisions concerning task force
operations.

In contemplating the simultaneous installation of all or some of
these decision aiding systems in a task force command center, there are a
number of important considerations which have not been addressed in the
development of any single aid. These considerations bear on the issue of
how the aiding systems interface with one another, both in concept and in
practice. On the practical side, there are questions about how the user
accomplishes the transfer of data from one system to another in cases in
which two or more aids perform related functions and how the user can
implement a component of one system (e.g., a Bayesian updating processor
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or a multi-variate optimizing algorithm) to perform a related function for
another decision aiding system. The lack of an adequate interface can com-

pletely block any complementary use of distinct systems despite obvious
interrelations between the real situations being represented.

Conceptual interface problems can arise from an inconsistent
interpretation of similar concepts by different aiding systems. The same
real-world variable might be defined or quantified very differently in
separate systems, thus requiring the user to enter the same data repeatedly,
each time according to a different arbitrary convention. Distinct systems
that deal with the same process may focus on different descriptive variables
for the inputs and outputs of the process, and they will almost certainly
employ different mathematical models for the same process. Different levels
of details and degrees of aggregation are Tikely to be represented in the
input and output variables of different systems. Thus, the lack of an
effective conceptual interface between a set of functionally related aids
can generate confusion and aggravation on the part of the user because he
is required to supply more input data than appears necessary and because he
is pressed to interpret a variety of conflicting outputs. Interface problems
at the conceptual level can also be expected to interact adversely with any
mechanical interface problems that are also present, thus disposing the
user to operate each aiding system as if none of the others were available.

The research described in this report has focused on the identifica-
tion and solution of the interface problems that would arise from the collective
implementation of the four ODA decision aids which deal with specific tactical
problems. The aids to be interfaced with one another include the Route
Planner developed by Integrated Sciences Corporation, the Air Strike Timing
Pecision Aid (ASTDA) developed by Analytics, the Electronic Warfare Decision
Aid (EWAR) developed by Decision-Science Applications, Inc., and the Strike
Outcome Calculator (SOC) developed by SRI International. Attention has been
restricted to these problem-specific aids because they pose more substantial

e e O I RN 07 W 5
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interface problems than the more general systems and because they deal with
clearly related processes. The SOC simulates offensive and defensive task
force operations in order to provide estimates of the results of protracted
campaigns directed by precise contingency plans. The EWAR aid simulates
defensive task force operations to predict the results of various emission
control policies in specific threat situations. ASTDA simulates single

air strike missions to provide estimates of the outcomes of missions launched
at different times and manageable evaluations of those outcomes. The Route
Planner does not incorporate any simulation process, but it does employ a
value function for the potential effectiveness of a strike mission that
approaches a target by a particular route through a field of enemy radar
stations. Major interface problems can thus be expected regarding the SOC
and EWAR simulations of defensive task force operations, the SOC and ASTDA
simulations of offensive task force operations, and between the Route Planner
and ASTDA identifications of the factors that determine the strike potential
of the strike force upon arriving at the target.

There are undoubtedly many ways in which the ODA aids could be
effectively integrated to avoid interface problems. Each particular problem
can be resolved by adopting the mechanism or concept of any one aid for the
integrated system or by developing a new compromise feature for the combined
system. In order to resolve just the more serious interface problems, sub-
stantial modifications will have to be made to all of the component aiding
systems. The ultimate extent of these modifications will be determined by
the particular interface problems that are addressed, the manner in which the
problems are resolved, and any additional system development that is under-
taken. The subject of additional system development should be considered in
1ight of the incomplete or experimental status of all of the systems to be
integrated.

The first step in the development of an integrated aiding system
from all four prototype systems is the careful examination of each component
system. Accordingly, Section 2 of this report offers detailed descriptions 5
of each of the problem-specific decision aids as gleaned from available
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documentation and conversation with the aid developers. We must note that
the observations, interpretations and conclusions that are expressed through-
out this report, and in Section 2 in particular, are the responsibility of
the report authors alone and do not necessarily represent the views of the
developers of the individual decision aids or of the ODA steering committee.
Since the existing documentation for the decision aids varies considerably
in organization and level of detail, we constructed a single general outline
for the discussion of all of the aids in order to facilitate comparisons
between them. The outline is designed specifically to highlight the funda-
mental differences between the aiding systems which must be resolved as the
first step of the integration process. The main points in the outline of
decision aid features are as follows:

° Identification of target problems.

-- In what type of situation and what timeframe is the aid
designed to be used? On what types of decision options
does it focus?

o Identification of process models.

-- Does the aid incorporate mathematical models of any real-
world processes such as military engagements or repair
operations? How are any such models implemented?

° Identification of value models.

-- Does the aid determine a numerical value for each decision
option to represent the overall desirability of that option
in terms of the objectives of the decision maker? What
mathematical formulae are used for such calculations?

° Description of variables and parameters.

-- What input variables and parameter estimates are required
by the aid? What outputs are offered? How are decision
alternatives represented? How, if at all, is uncertainty
in estimated quantities represented?

® Description of analysis procedures.

-- Does the aid provide an automatic procedure for determining

a configuration of input variables which results in an
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optimal value of some output criterion? Can the user
examine isolated sensitivities of output variables to
input variables? Are other auxiliary analysis techniques

incorporated in the aid? What are the mathematical bases
of such analyses?

° Description of display features.

-- What display techniques are used to convey information to
the user? Is data displayed in tables or graphs? How
is statistical distribution data coded?

® Discussion of the role of human judgment and heuristics.

-- In what way does the aid complement or preempt the judgment
of the user? Can the aid be used equally effectively with
a variety of decision making strategies or does it dictate
a single, fixed strategy? Does the aid require the user to
provide any estimates that he cannot make reliably and
confidently?

Following the description of the individual aids in Section 2, we
discuss in Section 3 the specific problems that are addressed in the inte-
gration process. These problems concern the issues of how the component
systems interface with one another and also some important shortcomings in
the current systems with regard to their operational objectives. While it
is appropriate that the current prototype decision aids should have incor-
porated some simplifications to expedite their development and implementation,
it is important to avoid building such simp]ifidations into the integrated
system in a manner that will hide the simplifications or will make them more
difficult to rectify in subsequent aid development. The discussion in Section
3 identifies the specific areas in which modifications and further develop-
ments of system features should be considered both to improve the interface

between component systems and to enhance the usefulness of the integrated
system.

Descriptions of two approaches to the design of an integrated
decision aiding system are presented in Section 4. The first approach,
characterized as a bottom-up design, consists of piecing together the available

1-5
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decision aiding components to create an harmoniously functioning system. A
first stage application of this approach is described for the planning of a
single strike mission. The second approach, termed a top-down design, focuses
on the problem of structuring the decision situation. The basic concept

of this approach is to conduct a systematic analysis of objectives before
proceeding to an analysis of action options available to the decision maker.
This type of system design is appropriate for expansion of the integrated
system from the domain of single strike planning to that of comprehensive
campaign planning. The relationship between the two approaches to system
design is represented in Figure 1-1.

A general software structure suitable for the integrated system is
presented in Section 5. The structure calls for the separation of the decision
aiding system into the distinct component functions of data base establishment,'
problem specification, and solution description. The object of this organiza-
tion is to segregate data that is relatively permanent and general from data
that is transient and situation specific. At the same time this structure
facilitates the development of common software routines for performing
related data input and analysis functions for all component decision aiding
applications.

Finally, conclusions and recommendations- for further development
are presented in Section 6. It is suggested that both the bottom-up and top-
down approaches to system development be pursued in parallel. New display and
analysis techniques for strike planning should be developed and experimentally
evaluated as one effort while a structure for analyzing task force goals and
their relationship to decision options should be investigated as a separate
effort. The end result of these two approaches together should be an inte-
grated decision aiding system that both addresses the real needs of the
decision maker and makes optimal use of available decision aiding technology.
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2. THE PROBLEM-SPECIFIC DECISION AIDS

2.1 ASTDA

The Air Strike Timing Decision Aid (ASTDA) developed by Analytics
(Epstein et. al., 1977; Glenn and Zachary, 1978; Epstein, 1978) assists
a Task Force Commander (TFC) and his staff in choosing the optimal time to
launch an air strike mission, given uncertain and time-varying predictions
of the weather and force readiness conditions that would obtain at the time
of the strike. ASTDA combines user-supplied probabilistic predictions of
weather and readiness states with information from an extensive data base
as inputs to an engagement model which produces statistical estimates of
the outcomes that would result from launching strikes at different times.
Outcomes are in the form of unit-specific loss estimates for each type of
own and enemy system. A value model provides an aggregated mission-achieve-
ment score based on these outcomes. Special features of the aid enable the
! user to test the sensitivity of loss estimates and value outputs to variations

in each of the input predictions and to examine the distribution of losses

over the various parts of the simulated mission. The aid is interactive,
t with a variety of tabular and color graphic displays of the input and output
! data. The general structure of ASTDA is represented in Figure 2-1.

2.1.1 Target Problem

ASTDA was designed to aid in the situation in which a decision to
launch an air strike has been made and a strike launch window (i.e., the
total range of possible launch times) has been established, but the precise
time to launch remains to be resolved. It also assumes that many of the
details of the strike, in addition to the launch window, have been predetermined,
such as the type of strike, the optimal aircraft complement, the weapon con-
figurations, and the targets to be attacked. The results of launching at
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various times in the strike launch window are affected primarily by the
different weather conditions and states of own and enemy preparedness
encountered at the different launch times. To the extent that extremely
different conditions may prevail during the launch window than those expected
when the Op Orders were formed, it is possible the the decision maker may
opt to change some of the predetermined mission parameters or even decide

not to launch the strike at all. The aid incorporates arbitrarily fine-
grained predictions of the input variables (e.g., hour-by-hour estimates of
weather conditions and own and enemy readiness) and generates similarly
detailed predictions of the results of the strike. The primary timeframe
for the use of ASTDA is the 24 hour period preceding the strike launch window.

2.1.2 Process Model

ASTDA uses a stochastic engagement model to produce statistical
estimates of the results of strikes launched at each of the specified times
in the strike launch window. The model predicts the results of a single
carrier-based air strike against a defended target. The strike mission is
sub-divided into four segments -- ingress to target, engagement at the target,
egress from target, and landing at the carrier -- each of which is modeled
separately. In each segment, a probability of surviving the segment is
computed for a single unit of each type of Blue (own) and Orange (enemy)
force element. Each unit of a given type therefore has the same survival
probability, but the survival of each unit is treated as an independent
Bernoulli event which is sampled in a Monte Carlo fashion. This procedure
incorporates the uncertainty inherent in a military engagement into the
results of the model. In the case of Blue force bombers, survival in the
ingress segment represents survival to the at-target segment, but some units
not surviving may successfully abort the mission by jettisoning their ordnance
and returning to the carrier. These possibilities are modeled through the
computations of separate probabilities for Bernoulli events representing
success or failure of attempts to abort the mission and return to the carrier.

2-3
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The inputs to the engagement model are the numbers of Blue aircraft
of each type successfully launched, the numbers of each type of Orange
interceptor encountered, the number of operational Orange defense units of
each type, the weather condition at the target (at the time the aircraft
arrives there), and the weather condition at the carrier (at the time the
aircraft returns to the carrier). These values are sampled from their
statistical distributions in a Monte Carlo manner. The outputs of the model
are unit-specific loss figures for each type of Blue and Orange system (air-
craft, defenses, and targets) over the entire mission. The model is run a
sufficient number of times to generate distributions of results which reflect
the uncertainty contained in the input predictions and in the outcomes of the
engagements in each segment.

Es Vel Value Model

ASTDA constructs a composite mission-achievement score (utility)
from the results of each run of the engagement model through the use of its
value model. The utility score distribution statistics are provided to the
decision maker along with the other ASTDA outputs. The utility score is com-
puted from a value model which evaluates the mission as a weighted sum of
all the Blue and Orange losses during the mission. The weight assigned
to each type of unit is based on the estimated impact of the loss of one
unit on the achievement of the mission objectives. Thus, Blue aircraft have
negative weights (losing a Blue aircraft reduces the achievement of mission
objectives) and Orange aircraft, defenses and targets have positive weights
(destroying Orange resources contributes to the achievement of mission
objectives). The relative magnitudes of the weights indicate the relative
importance of the various unit types on a linear value scale. ASTDA assumes
that the values assigned to each Blue and Orange unit on this scale represent
the command level value judgments within which the decision maker must work.

2.1.4 Decision Variables, System Variables, and System Parameters
ASTDA provides the decision maker with a single decision variable,
the strike launch time to be chosen. It divides the strike launch window




into two to six equal intervals (depending on the width of the window), and
; presents all input and output information in terms of the starting point of
each of these intervals. One hour intervals are employed in the current
version of ASTDA, but other interval periods could be implemented.

! | ] ASTDA's input variables represent those independent characteristics

} of a strike that could have an impact on its outcome. There are a total of

. 10 input variables. Eight of the variables describe the numbers of specific

i % Blue and Orange force units that will operate at each possible launch time.

F . The other two describe the weather conditions at the target and the carrier

I o at each possible launch time. The eight unit-specific input variables are

1 grouped for display and data entry purposes into three categories -- Blue
Force Readiness, Orange Air Defenses and Orange Ground Forces. Blue Force
Readiness represents the numbers of three types of Blue aircraft (one fighter'
and two attack aircraft). Orange Air Defenses represents the numbers of two
types of Orange interceptor aircraft. Orange Ground Forces describes the

' numbers of two types of Orange defensive system (surface-to-air missiles

& and anti-aircraft artillery sites) and one type of passive ground target.

' Each input force unit variable is described by a separate probability distribu-

tion for each possible launch time, while the weather input variables are
i represented simply by a probability of "good" weather at each possible strike
launch time.

The output variables of ASTDA are the predictions of the engagement
? - model. There are nine output variables, the number lost for each type of
‘ Orange or Blue system involved, and the composite value or utility score. Each
output variable is represented by a probability distribution for each possible

|
j f launch time.
* The principal system parameters in ASTDA represent fixed factors
‘i from which the segment-to-segment survival probabilities are computed. They
i include:

i (] The one-on-one survival probabilities for each possible
pairing of engaging forces,

g 2-5




° The proportion of total units of a given type that will be
deployed against each type of opposing unit,

° The number of sequential engagements that can occur in a single
mission segment between each combination of engaging units,

@ The number of opposing units of each type that can be simul-
taneously engaged by each type of fighter aircraft, and

° The duration (in hours) of each of the mission segments.

Parameters in the first four groups each have separate values for good and
bad weather. A1l of these parameters are inaccessible to the user.

2.1.5 Optimization and Analysis

ASTDA does not select an optimum strike time. Instead, it computes
and presents its results in a way such that the decision maker can readily :
select an optimum strike time by choosing the strike time with the highest
expected utility. However, since some decision makers may desire more
detailed information than is provided by a single summary figure, ASTDA
provides two additional analyses -- the sensitivity analysis and the intra-
process (or loss-by-segment) analysis.

In ASTDA, each input variable represents a separate, independent
factor which has a separate and distinct effect on each output variable.
ASTDA's sensitivity analysis enables the effects of variations in the individual
input variables on the output variables to be evaluated. This enables the
decision maker to evaluate the effects that errors in the estimation of the
input distributions may have on the results of the engagement. When using a
sensitivity analysis the user must choose a specific strike launch time, an
input variable to be varied, and one to six specific values of the input
variable. For each value of the input variable ASTDA runs the engagement
model at the specified strike time using the same value of the input variable
each time the model is run, but sampling from the distributions it would
otherwise use (for that strike time) for all the other input variables. This
produces distributions of results for each output variable for each specified
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value of the input variable being examined. These distributions are then
statistically summarized and displayed to the user upon request.

The intraprocess analysis allows the decision maker to examine, for
a specific strike launch time, the distributions of losses for both the Blue
and Orange forces in each segment of the simulated missions. The user specifies
a strike launch time, and ASTDA runs the engagement model with the data for
that time, recording all the losses in each segment as well as the overall
mission losses. It then displays losses in each segment for the Orange and
Blue forces.

2.1.6 Display Features

With two exceptions, ASTDA produces simultaneous tabular and color
graphic displays of the same information. Each display shows a group of :
related input or output variables. For the force readiness and loss data
each variable in a display is represented by an uncertainty band “zfined by
three statistics of the distribution -- the mean, the standard deviation, and !
a parameter called delta. The uncertainty band is a two standard deviation
range around the mean that is adjusted to most nearly equalize the portions
of the distributions above and below the endpoints of the represented range.
The amount of offset or bias from a symmetric two standard deviation range
around the mean is called delta. In tabular representation, an uncertainty i
band is displayed by showing the mean of the distribution and the bounds of
the uncertainty band. In graphic form, the uncertainty band is drawn as a
colored bar with the mean indicated by a gap in the bar. For the displays
of weather predictions, the probability of good weather at each relevant
time is represented as a number in a table or a point on a graph.

The two ASTDA displays which have no graphic form are those which
do not display distribution data for any input or output variables. One is
the display of the weights assigned to the Blue and Orange unit types by
the value model. The other is a summary display of the times at which all
the input forecasts were entered and the time windows covered by those
forecasts.
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a.1.7 Roles of Human Judgment and Heuristics

While the presentation and computation of utilities for each of
the possible strike times makes available to the decision maker a simple
form of optimization of strike time, the models upon which the utilities are
based embody a strong set of assumptions. Only a highly restricted repre-
sentation is provided for the context of the air strike mission and the con~
text of the decision situation. Alternate ways to evaluate the results of
the engagement model are not addressed, for example, in terms of exchange
ratios or relative force attrition. The additive linear value function
evaluates the strike mission results by considering only the losses sustained
by the various Blue and Orange unit types without regard to partial damage or
initial force levels. Also, the decision maker may have reason to have more

confidence in some of the input variable predictions than in others, due to
personnel, equipment or other considerations, and he must somehow deal with
these variations in confidence in his interpretations of the model outputs.
While the sensitivity and intraprocess analysis features help the decision
maker to include exogeneous variables into the decision process, the
identification and integration of these factors into the ASTDA input and
output information is left to his judgment.

The displays of uncertainty along with expected values enable the
user of ASTDA to consider the relative risks associated with the strike launch
alternatives. The user is not required to focus only on the expected utility
of possible actions. Although utility functions could, in principle, be
constructed to incorporate the risk attitude of the decision maker, the
elicitation of the relevant judgments for such constructions can be a difficult,
unreliable, and time consuming process. By displaying statistical uncertainty
directly to the decision maker, ASTDA allows him to make explicit considera-
tion of the tradeoff between maximizing expected goal achievement and
minimizing the risk of obtaining unacceptable results.
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.2 ROUTE PLANNING AID

Integrated Sciences Corporation (ISC) has investicated the use-
fulness of a variety of decision aiding concepts for the problem of planning
a transit route through a field of enemy radar stations. The objective of
the ISC research has been to determine the best way to allocate problem
solving functions between the human and the computer. Initial work focused
on evaluating the capability of the human to draw with a graphics input device
the composite detection rate function of several radar sensors (Irving, et al.,
1977). A principal conclusion of that work was that people cculd produce
accurate estimates of the composite detection rate function. The estimates
of detection rate functions drawn by operators were called Sketch Models.

A subsequent investigation (Walsh and Schecterman, 1978) examined
alternate ways to formalize the route planning problem and various degrees ‘
of automation that could be used in search for an optimal transit route. The
basic route planning problem in all cases was to define a path in terms of
connected straight line segments (called path legs) with a flying speed for
each leg. The goal was to maximize the value of a nonlinear utility function
which depends on both the cumulative probability of detection and the quantity
of fuel consumed in traversing the route. Two formalizations of the problem

1 were considered. In one representation, all decision variables were treated

as discrete, the routes being constructed by connecting adjacent points in

a rectilinear grid and the flying speed for the legs being chosen from three

distinct values. In the other representation, the decision variables are

continuous with the routes being comprised of five legs with connecting

“waypoints" Tocated anywhere on the planning map and flying speeds for the

: legs taking any values between maximum and minimum limits. For each type of
problem representation, three general types of decision aiding concepts were
developed -- manual route planning, totally automatic route planning, and

! interactive route planning (called operator aided optimization, or OAO, by

ISC) in which the operator directs a constrained automatic search procedure.

i A dynamic programming algorithm was used for the automatic and 0OAO search
} : functions for the discrete version of the problem and a nonlinear programming
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algorithm performed those functions for the continuous version of the problem.
The main conclusions of the study were that:

° The continuous formulation of the route planning problem was
more appropriate than the discrete formulation.

¢ The OAO-NP aiding concept (i.e., OAO with nonlinear programming)
achieved the best overall problem solving performance.

° The lack of a technical education was apparently not an impedi-
ment to good performance with or without either type of aid.

® The time required to train an operator adequately to use
either aid was relatively short, namely, four hours.

In the following discussion we will use the term "Route Planner" to
refer to the manual and 0AO aiding concepts developed by ISC to address the
continuous formulation of the route planning problem. In the manual mode X
implemented by ISC during the experiments, the operator was only allowed to
make a single guess at the best route. This corresponds to the unaided
manner in which route planning is done today; it served as a baseline for
comparison with the 0AO concept and the fully automated concept. At the time
of this writing, ISC is about to start an experiment to compare a modified
version of manual planning with 0A0. In the modified version, the operator
will enter a route and the computer will calculate and display criterion
values for the path, including cumulative utility, detection probability, and
fuel consumption. The operator will optimize by iteratively seeking improved i
paths based on what he has learned from criterion values obtained from pre- i
viously input paths.

The OAO-NP concept developed by ISC calls for the operator to make
an initial guess at the best route, after which the NP algorithm iteratively
modifies the route parameters (path geometry and flying speeds) to achieve
the local optimum. In general, the operator must try several cycles of the
process of making a guess and having it improved by the NP algorithm before

: he can be reasonably assured that he has determined a globally optimal path. T

e
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It is important to recognize that the decision aiding concepts
developed by ISC to assist in the route planning have been oriented more
toward addressing general issues of decision aid design than toward the
demonstration of a comprehensive aid for an operational decision problem.

The authors of the ISC documentation cited above make it clear that an
operational route planning aid would have to incorporate factors (e.g.,

flight altitude) which they were forced to reject for the sake of experimental
economy. Nevertheless, we will describe the Route Planner as it has been

configured for the ISC experiments in order to indicate the extent to which q

existing software can be borrowed or adapted to perform route planning
functions in an integrated aid. Figure 2-2 diagrams the structure of the
Route Planner.

2.2.1 Target Problem '
The decision aiding concepts developed by ISC are potentially
applicable to a broad range of multivariate optimization problems, but to
date, the system has only been applied to the problem of planning a transit
route through a dense radar surveillance field. The current system requires
an input file that specifies the origin and destination of the route and the
location of each radar station. Al1 radar stations are assumed to have
identical detection capabilities (though in the earlier research with the
Sketch Model, variations in radar detection characteristics were implemented.)
The quality of a route is assumed to depend on the cumulative probability of
being detected and the expected consumption of fuel, though other criteria
are compatible with the aid. It is likely that the route planning decision
would be made by an air operations officer. The appropriate timeframe for
the route planning decision depends on the availability of information about
the locations and characteristics of enemy radar stations and their capa-
bility for movement. If the radar stations are non-mobile land-based
installations, route planning may be conducted days or weeks in advance of\
the transit mission. If the radars are ship-borne or mobile land-based units,
the route planning decisions would be limited to several hours before the
start of the mission. For airborne radars, it would probably be desirable to
have a route planning aid that could be used in real time.
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e.2,2 Process Model

The Route Planner has no engagement model comparable to those used
by the other three aids described here. It uses closed form analytic formulas
to model the consumption of fuel and the cumulative probability of being
detected as aircraft traverse the route from the carrier to the target. Fuel
consumption is computed for each leg in the route by multiplying the length of
the leg by a fuel consumption factor which is dependent on the speed chosen
for that leg. The values are then summed across all the legs in that route.
The cumulative probability of detection is also computed separately for each
leg and then combined over all the legs. For each leg, the cumulative prob-
ability of detection is computed from an integral of the detection rate
function taken over the interval of time the aircraft is traveling the leg.
The time duration of a leg is calculated directly from the length of the leg
and the flying speed. Uncertainty in the input data is not considered in
any of the computations.

2.2.3 Value Model

Two attributes for the value of a route are currently identified
in the Route Planner, cumulative detection probability and fuel consumption
over the approach route. In addition to providing the user with separate
information about these component route criteria, an overall route utility
is defined as a nonlinear function of both criteria. In the utility function,
a fuel consumption term is raised to a power that is a function of the
cumulative probability of detection. The particular form of the utility
function is somewhat arbitrary, with a particularly complicated formula
being used to illustrate the versatility of the technique and to produce a
challenging experimental task in the initial judgment of an approach route.
The fuel consumption characteristics of the strike aircraft are explicit
parameters of the utility function.

2.2.4 Decision Variables, System Variables, and System Parameters
The decision variables in the route planning aid are the features
which define a candidate route -- the starting and ending points and flying

i




speed of each 1eg of the route. The aid defines the complete route as con-
sisting of five legs. Since the starting and ending points of the complete
route are predetermined, four points remain to be established during the
decision process with each point being defined by two coordinate values.
Flying speeds must also be determined for each of the five legs of the route.
Consequently, a total of 13 decision variables are treated by the aid.

Since the Route Planner has not yet been configured for operational
use, we can only speculate as to which variables will be accessible to the
user (i.e, system variables) and which will be inaccessible (i.e., system
parameters). It seems reasonable to expect the system variables to include
origin and destination of the route, sensor locations and type designations
(assuming that more than one type of sensor will be considered). The Route
Planner automatically calculates and displays the composite detection rate
function for the complete field of radar sensors. The output variables that
are available to the user for each route are the utility score and cumulative
fuel consumption and detection probability figures. In OAO mode, the number
of iterations of the optimization algorithm is displayed. System parameters
for the Route Planner presumably include the specific detection capabilities
for the radar sensors and the fuel consumption characteristics of the air-
craft flying the mission.

2.2.5 Optimization and Analysis

In OAQ mode, the Route Planner employs a nonlinear programming
algorithm to determine a local optimum for the utility criterion function
by using the user-supplied candidate route as a starting point and varying
the starting/ending points of the legs and the flying speeds on them. The
terminal points of the legs may be located anywhere on the planning map dis-
played by the system. The search is iterative so that a useful result can
be obtained if the search is terminated at any time. The particular algorithm
that is currently implemented uses a gradient-free method that does not

require the criterion function to be differentiable. In order to improve
the speed of the search for a local optimum, Walsh and Schechterman (1978)
have suggested that a gradient search method be developed.
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In OAO mode, a trace of the "best route to date" can be retained
on the graphic map display along with its various value criteria while
further candidate routes are formulated and evaluated. No special analysis
procedures are available just for the manual mode.

2.2.6 Display Features

The Route Planner makes extensive use of color graphic display
techniques. The operations area scenario is presented in the form of a
colored map with the composite or individual sensor detection rate functions
displayed as iso-detection-rate contours. Differenf colors are used to

code different detection rates. The routes are entered by the decision
maker through an interactive graphics method.

2.2.7 Roles of Human Judgment and Heuristics i

Human judgment is used in the operator-aided optimization mode to
provide the nonlinear programming algorithm with a start in its search for
a local optimum and to determine when the search should be stopped. Humans
are able to process the information contained in the two-dimensional display
(really a three-dimensional display projected onto two) very quickly and
intuitively. The human operator can locate 1ikely candidate routes by
simply examing the composite detection contours or even the overlapping
individual sensor contours. The user is, in all likelihood, applying simple
visually based problem solving heuristics. such as searching for the "valleys"
in the composite detection field, or by seeking an "end run" around the
detection field to one side or another. The optimization algorithm is unable
to selectively choose promising starting routes, a task at which the human
clearly excels.
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2.3 EWAR

The Electronic Warfare aid (EWAR) developed by Decision-Science
Associates (Pugh, Kerchner et al., 1977; Noble, Pugh, et al., 1978) assists
in the development of the emission control (EMCON) plans for a task force.
EWAR facilitates the process of specifying an EMCON plan and, once one has been
entered, it draws upon its data base to produce estimates of the surveillance
coverage the plan provides, the amount of information the plan gives away to
the enemy concerning ship identity, and the portions of the frequency spectrum
covered by the plan. If the user specifies potential enemy air strikes
against the task force, the aid will use a d<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>