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Abstract

We present novel interactive graphical tech-
niques for performing Air Force planning tasks such
as deploying aircraft and weapons against desired
targets, determining the availability of resources,
performing a cost benefit analysis to improve re-
source utilization, and coordinating inter-depend-
ent missions. The most fundamental aspect of for-
ce-level planning is that it is an iterative process,
during each cycle of which it is important to be able
to visualize the inter-dependence among the deci-
sion variables, and to be able to gauge the impact of
modifying specific decisions. Traditional text-based
techniques deny the planner the power of the inter-
active graphical medium for visualizing these de-
pendencies, and for gauging the impact of proposed
changes. In contrast, our techniques help the plan-
ner to understand arbitrary fragments of the current
state of the mission plans, and incrementally im-
prove them to achieve tactical objectives. We believe
that our techniques can be easily generalized to sup-
port other planning tasks.!

1 Introduction

In this paper we present novel interactive graph-
ical techniques for performing strategic and tactical
planning tasks such as deploying feasible combina-
tions of aircraft and weapons against a given set of
targets, determining the availability of resources,
performing a cost benefit analysis to improve re-
source utilization, and coordinating inter-depend-
ent missions. Traditional techniques [1, 2, 3, 4] for
these planning tasks are primarily text based, and
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may be used in conjunction with an expert system,
which tries to maximize the potential value of de-
ploying the resources. What is lacking from the tra-
ditional approaches is the ability to visualize the in-
ter-dependence between the various planned
missions, to see why particular resource deployment
decisions were made, or what would be the effect of
modifying a selected subset of the mission parame-
ters.

We have applied the techniques of graphical in-
terface design [5] to create novel interactive tech-
niques for performing Air Force planning tasks. The
main strength of our techniques stems from the ease
with which the planner may simultaneously visualize
multiple facets of the given planning tasks. Our tech-
niques provide greatest support during the following
steps of the planning process:

» Visualizing the geographical relationships
among the targets and the assets.

*» Visualizing the available resource allocation al-
ternatives.

* Determining the tactical, temporal, and re-
source directed dependencies among the set of
planned missions.

» Determining the cost benefit tradeoffs among
the various resource allocation alternatives.

o Suppressing the display of information which is
not relevant to the specific subtask on hand.

2 Mission Scheduling

The first task during mission planning involves
visualizing the spatial relationships among the tar-
gets and the bases within range, and their relation-
ship to the geography of the gaming area. The most
powerful and time-honored planning tool is the wall
map with colored flags and pencilled paths. We have
retained the map metaphor as the visual interface to
all of our planning tools. A map of a user-selected
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Figure 1. TOT slider

portion of the gaming area is presented in a worksta-
tion window. A planner can choose a target or an air-
base by pointing and clicking with a mouse, which
triggers database queries about the gaming area. Us-
ing a popup menu, the planner can retrieve desired
information related to specific objects of interest on
the displayed map. The information for targets sub-
sumes the following:

» Data on the physical composition and layout of
the target.

» Combinations of weapons and aircraft that can
feasibly eliminate the target, and the attainable
kill probabilities.

« Bases which are within range of the target and
have the appropriate weapons and aircraft
available.

« Information about the planned missions which
relate to the targets visible on the map.

A map-based query provides two levels of con-
text sensitive filtering. The first level filters out every-
thing except the data that pertains to the objects cur-
rently on the map. The second level filters out data
that would not pertain to missions currently planned
against targets displayed on the map. This prevents
the planner from being overloaded with informa-.
tion. In addition, the visual cues from the map in the
background provide the planner with the spatial in-
formation that is itself the basis for planning. By ex-
amining the displayed information, a planner can al-
locate preferred weapons and aircraft from a
selected base, to define a mission against a desired
target.
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2.1 Scheduling Sorties

After the planner has selected the weapons and
aircraft which are to be used for a mission against a
desired target, he must determine the timing of the
mission. For the purposes of this discussion, a mis-
sion is a collection of related sorties. A sortie consists
of one or more of the same type of aircraft, flying
from the same air base and attacking the same tar-
get, and has the following properties. Its geographic
properties define which base it is leaving from, which
target it will attack, and where it will interact with
other sorties. Its temporal properties determine how
long it will take to fly the sortie (When its aircraft will
be unavailable) and when it will interact with other
sorties. Additionally, a sortie has resource properties,
which define its impact on various resource pools
such as fuel, aircraft and weapons.

The most important property about a sortie is its
timing. We have designed a novel graphical device
called tot slider to represent the temporal properties
of a sortie, as shown in Figure 1. A tot slider displays
the mission window (the acceptable time window
during which aircraft can be over the target), the cur-
rently planned fime-over-target, the outgoing and re-
turning flight times, and the turn—around time (the
time it takes to refuel and rearm the planes).

The sensitivity of a sortie to schedule slippage,
resource availability, or other parameters is indi-
cated by the relative amount of the time-over-target
box that is colored red. As the planned time-over-
target approaches the end of the mission window,
more of it becomes red. If the box is moved com-




pletely off one end of the mission window or another,
the box, the flight times, and the turn-around-time
are all colored red.

Recall that the planner defines the resources and
targets for a mission by making selections from the
displayed map. This action automatically creates
one tot slider for each sortie in the mission. The out-
ward and return flight times for a sortie are auto-
matically determined from its geographic proper-
ties, and the performance constraints of the
participating aircraft. The mission window is pro-
vided as a higher level input to the planning process.
The planner has the freedom to select the time-ov-
er-target anywhere within the given mission win-
dow, by moving the tot slider along the time axis.
(The lines for the outward and return flight times for
the sortie are attached to the tot slider, and move to-
gether with it.)

In order to plan missions effectively, a balance
must be struck between the limited resources avail-
able and the targets to be attacked. Planners must
know the type and numbers of aircraft at each base
so they can ensure that no resources are overcom-
mitted and that the planned schedule is not overly
sensitive to slippage. We use a two-dimensional re-
source plot to represent the availability of reusable
resources such as aircraft, as well as consumable re-
sources such as weapons and fuel. A resource plot is
automatically generated for each kind of resource at
every base, by using the timing information from the
tot sliders associated with each sortie.

2.2 Tactical Constraints

Many missions consist of more than one sortie.
Coordination is required so that intermediate tar-
gets are attacked in proper sequence and that ren-
dezvous take place properly. We associate a prece-
dence constraint between two sorties, which defines
the amount of time by which one sortie must precede.
the other. We represent a precedence constraint
graphically by drawing a line between the tot sliders
representing the desired pair of sorties. The length
of this line corresponds to the desired time separa-
tion. If the constraint is violated, an alert action is
executed, which normally displays the constraint.
When a constraint is satisfied, it is not displayed.
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3 Resource Allocation

We use a network of resource and target icons to
visualize (and modify) the allocation of resources to
specific targets, and also to show the alternative uses
for each resource. Meters are asociated with each
target to indicate the probability of mission success
attainable by using any of the alternative combina-
tions of resources. Meters are also associated with
each resource to indicate the costs and rewards for
the current deployment and its alternatives. Our
technique permits the user to visualize the probabil-
ities of success of the feasible alternative plans and
to use the pre-assigned strategic values of the given
targets in order to obtain a resource allocation plan
which provides the best risk weighted return over
the entire set of missions

Traditional tools for job scheduling and re-
source allocation include GANTT charts and PERT
charts [6, 7). The combined use of these techniques
permits the visualization of: (i) the variation in the
usage and availability of several resources spanning
the duration of the planning horizon, (ii) the sequen-
tial dependence amongst related tasks, and (jii) the
reuse of resources across consecutive tasks. The
main novelty of our technique is that it permits a
better analysis and visualization of the risks and re-
wards associated with each of the several feasible re-
source allocation alternatives.

3.1 Resource Allocation Networks

Figure 2 shows an example of a resource alloca-
tion network and the meaning of the symbols. On the
network, time flows from left to right, as in a PERT
chart. Resources are represented by circular icons
and show the resource type, location and available
quantity. Stacked boxes beside a resource indicate
simultaneous feasible (and infeasible) allocations of
units of that resource to different targets.

A target is represented by a rectangular icon and
shows its location and type. Its strategic value is in-
dicated by a green vertical meter to its right. Stacked
boxes beside a target indicate alternative weapons
and aircraft combinations which may be used
against that target. A box with a dot indicates the
currently selected plan for that target. A horizontal
meter next to the target indicates the kill probability
for that target using the currently selected plan (as
is). Pop-up meters can be used to display the kill
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Figure 2. Resource Allocation Network

probabilities for alternative (unselected) plans for
that target.

A line from a resource box to a target box indi-
cates the number of units of that resource which
could be allocated to that target. Since time is repre-
sented along the horizontal axis of the network, the
horizontal projection of the line from the resource to
the target indicates the duration of the mission. A
resource icon can be indexed with a time value and
replicated to the right of its allocated target, in order
to indicate the time at which the resource becomes
available for reuse.

The output ports of a resource box are con-
nected to all the targets against which it is technical-
ly feasible to deploy that resource. For a given de-
ployment, there is a cost, which is the sum of the cost
of using that resource, and the risk-weighted cost of
losing that resource. The value which results from
deploying a particular resource is the product of the
kill probability for that mission and the intrinsic
strategic value of the target of that mission. The re-
wards for a mission M can be augmented by the val-
ues arising from missions which depend on the suc-
cess of M. We assaociate a pop-up risk reward meter
(RRM) with each output port of a resource. An
RRM can be used to determine whether a given re-
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source is being used to the best advantage, consis-
tent with the given constraints of the planning task.

3.2 Managing Conflicting Resource Needs
A resource allocation network can be used for
the following tasks:

« To view feasible alternative weapon and aircraft
(W&A) combinations which can be used against
a desired target, as well as the kill probabilities
associated with each option. The input ports of
a target box define all the weapon and aircraft
alternatives which are technically feasible. The
edges coming into the input ports of a target can
be traced backwards to determine whether the
desired W&A option is feasible in terms of the
current deployments of W&A to various mis-
sions.

 To transform an infeasible allocation into a fea-
sible allocation (if one exists), by tracing through
successive edges in the network and modifying
their end points. If all the W&A options for a
target A are infeasible on account of the current
deployments of resources, then we select one
(technically feasible) input resource port R of 4
and determine another mission B such that R is
deployed for B. We then determine if any other
feasible W&A option can be deployed for B,




deallocate R from B, and deploy R for A. Thus
we see that redeploying resources in order to
make more missions feasible simply involves
tracing through paths (consisting of connected
sequences of nodes and edges) in the resource
allocation network.

To view alternative uses for a selected resource,
and the risks and rewards associated with those
options. The planner can use this information to
optimize the risk-weighted value of deploying
resources, over all the planned missions.

To view dependencies between missions which
are dictated by the reuse of resources. Addition-
ally, a tactical dependency between a pair (4, B)
of missions can be visualized by connecting a
dummy resource after the end of mission 4 and
connecting the dummy resource to the mission
B, which is the successor of A4 in the given tacti-
cal dependency.

3.3 Impact of Weather on Planned Missions

The risk reward meter associated with each mis-
sion can be augmented with additional values to ac-
count for the effects of unfavorable weather. For ex-
ample, a given mission may have a predicted kill
probability if the weather is clear, another if it rains,
and yet another if it snows. The meter would now
show the three reward values for the three different
kill probabilities.

The user can interactively sketch out the extent,
path, and timing for a predicted weather phenome-
non such as a snowstorm. The extent and path can
be specified in an obvious manner as an overlay on
the map of the gaming area. The timings can be spe-
cified by using a clock face,or by means of a pop-up
dialog box, located at the start of the trajectory of the
weather phenomenon, as well as at desired interme-
diate points along the path.

The system can simulate / animate the progress
of the predicted weather phenomena (such as snow-
storms or rain). It can also simulate the progress of
the planned missions. The simultaneous weather
and mission simulations can be used to determine
which missions are unfavorably impacted by the
predicted weather phenomena. This results in an
updated display of the risks and rewards associated
with each mission represented by the resource allo-
cation network.

821

4 Coordinating Missions

At the force level planning stage, a mission is
typically specified by the end points of its trajectory
and its start and end time windows. Also given are a
partially specified set of waypoints along the trajec-
tory of each mission, which are typically used for
coordinating with other missions or offensive / de-
fensive activities. Additional constraints on individ-
ual missions are defined by specifying nearness /
minimum separation with respect to friendly / hos-
tile positions, by topographic constraints placed on
feasible flying routes, and by the performance con-
straints of the aircraft. We are required to generate a
set of coordinated mission plans (including high lev-
el flying routes and times), such that the missions in-
dividually and collectively satisfy the given con-
straints.

A mission can be viewed abstractly as a se-
quence of events, each of which is specified by its lo-
cation and time. The constraints specify how near or
how far apart two events can be. The pair of events
thus constrained may be chosen from the same mis-
sion or from two distinct missions. The central prob-
lem is the ability to visualize a sequence of events,
each of which is specified simultaneously by its loca-
tion and time of occurrence. Given several missions,
each of which is a sequence of events, we are re-
quired to relate two events from the same mission or
from different missions.

We have developed an interactive graphical
technique for visualizing and modifying spatial and
temporal coordination constraints among a set of in-
ter-dependent missions. Using our technique, the
user can interactively sketch the spatial trajectories
of the desired missions on a displayed map of the
gaming area, and also define desired constraints in
the locations and timings of a subset of the events
which constitute the given missions. The novelty of
our technique is the ability to visualize and interac-
tively satisfy the spatial and temporal constraints on
the given set of missions.

4.1 Constraint-Based Mission Planning

The user initiates coordinated mission planning
by bringing up a map of the gaming area on the
screen, which displays labelled icons representing
the targets, bases, and other natural and cultural
features of interest. The user can interactively sketch



Figure 3. Coordinated Mission

out the locations or trajectories of planned events /
missions. For a multi-event mission, intermediate
events of interest can also be identified with labels.
Events at distinct locations can be identified as oc-
curring at the same time by linking a pair of such
events with a line, or enclosing a set of events with a
closed line.

Figure 3 shows an example of the usage of our
technique for coordinating a refuelling mission with
a two step bombing mission. A fighter plane starts
out from the base at Buckingham (A) along the low-
er trajectory, passes through locations (B, C), bombs
the radar site at Trent (D), and returns toits base. A
fighter takes off from the base at Gloucester (1)
along the upper trajectory, passes through locations
(2, 3), and then bombs the bridge at Stanley (4). The
dotted lines identify the pairs {(1, B), (2, C), (3, D)}
of events which are pair-wise simultaneous. The
circle around the radar signifies its range, and de-
fines a constraint that the fighter from Gloucester
may not pass within its range while it is still opera-
tional. The two lines at the bottom show the time
lines of each mission, with time increasing to the
right. The peaks in the time lines correspond to la-
belled events, and the width of each peak defines the
permissible slack in the time of occurrence of the
event.

The location of an event need not be a point, but
could also be defined as an enclosed region of the
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map. Additional spatial or temporal inequality con-
straints between selected pairs of events may be de-
fined interactively by the user. Some constraints on
the locations of events or flight paths may be prede-
fined by means of generic constraints relating to the
underlying terrain or cultural features or the current
status of the line of control. Similarly, a time con-
straint between any two locations of a flight path can
be automatically introduced by referring to the per-
formance constraints of the aircraft.

4.2 Using a Constraint Based Planner

Once the constraints have been defined, an un-
derlying constraint solver attempts to solve for the
locations and time of occurrence of each event based
upon the given initial values and the given set of con-
straints. Violated constraints are highlighted and
brought to the user’s attention. At this point the user
can interactively modify the location and/or time of
occurrence of selected events and see the impact on
the satisfiability of the complete set of constraints.
As an example, a selected flight segment may re-
quire the aircraft to fly faster than its maximum ve-
locity, and this would result in that flight segment
being highlighted (possibly by changing its color).
Then the user could drag either end of a constraint
line relating to either end of that segment, and thus
cause a change in the defined time or location of one
of the offending events. After a sequence of visual




iterations, the user can derive a feasible set of mis-
sions which satisfies all the given constraints. After
the mission planning stage, animation can be used to
visualize the progress of the planned missions over
simulated time.

5 Conclusions

In this paper we have described several novel
graphical techniques which can assist an Air Force
planner to visualize the dependencies among the set
of planning tasks and also to interactively derive a
set of missions which are consistent with the prede-
fined goals. We list below the specific steps of the
planning process where our interactive graphical
techniques can provide support to the planner.

 The user can schedule missions by using fot slid-
ers. The related techniques also enable the user
to specify and visualize tactical precedence con-
straints among several missions and to deter-
mine how sensitive the missions are with respect
to slippages in their schedules.

The planner can use resource allocation networks
to allocate the available resources among the set
of desired missions to maximize the number of
feasible missions. The planner can also perform
a cost-benefit analysis of the planned missions
by using the risk reward meters to determine
whether the resources are being deployed for a
maximum benefit.

If several missions are dependent on each other,
the planner can coordinate their plans interac-
tively by using the coordinated mission maps.
This technique permits the explicit representa-
tion, visualization, and manipulation of the geo-
graphic and temporal constraints present
among a set of interdependent missions.

The most fundamental aspect of force level plan-
ning is that it is an iterative process, during each
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cycle of which it is important to be able to visualize
the inter-dependence among the decision variables,
and to be able to gauge the impact of modifying spe-
cific decisions. Traditional text based techniques
deny the user the power of the interactive graphical
medium for visualizing these dependencies, and for
gauging the impact of proposed changes. In con-
trast, our techniques help the planner to understand
arbitrary fragments of the current state of the mis-
sion plans, and incrementally improve them to
achieve tactical objectives. We believe that our tech-
niques can be easily generalized to support other
planning tasks.
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