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1 Introduction

The spill response configuration system (SRCS)
project is an example of an application of a ma-
ture planner to a real world problem. At the
initiation of the project, the U.S. Coast Guard
(USCG) defined the project in terms of a list
objectives, and it was our insight as to how to
meet these objectives that led to our proposal
to apply the SIPE-2 planner to them. Our ap-
proach is to integrate the planner with several
off-the-shelf "decision support" software tools,
to exploit the conventional user interfaces that
come with these tools. This is how we addressed
the design questions about a user interface built
around a kernel of a generative planner. The op-
eration of the planner is largely hidden from the

user’s point of view, freeing them to regard the
system as a custom, intelligent tool that solves
the spill response equipment configuration prob-
lem.

In this paper we discuss the design process
that led to the implementation of the current
system. We show how the initial design ad-
dressed the project objectives. Then we discuss
some of the implementation questions of how
the diverse modules are integrated to provide
the design functionality. In conclusion we re-
view lessons learned in meeting the objectives,
and present our ideas for further development
and integration of the system, and our hope for

implementation.

The USCG objectives for the system can be
summed up as follows: The situation that the
tool applies to is the allocation and siting of
the equipment that will be available to clean
up anticipated spills. The risk of oil spills in
U.S. coastal waters has been studied extensively
and, for contingency planing purposes can be
described by a set of large-spill scenarios at lo-
cations distributed around the country’s coast
[2]. The system will assist in decisions to de-
termine the adequacy of the equipment to meet
the threat of spills; for instance, either to deter-
mine to purchase more equipment, or, for that
already staged at storage sites near the coast, to
determine where best to site it.

In our approach, these objectives are met by
building plans against simulated oil spills to es-
timate the effectiveness of the USCG’s ability to
clean them up. We saw this as a "messy" op-
timization problem, best solved by automating

the process of building response plans for a set of
spill scenarios as the available set of equipment
varied. In the current version, this is a process of
manually generating and testing scenarios. Cur-
rently, this satisfies the client’s needs. Once the
client becomes familiar with the capabilities and
level of automation in the current system, it will
be appropriate to demonstrate to them means to
further automate the process of optimization.

A previous study, done without the benefit of

the planning step, resembles largely just the risk
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estimate and the accounting phase of this sys-
tem [4], without the planning capability.

The most interesting part of the implementa-
tion has been the integration with the planner
by aspects of planning actions implemented out-
side of the planner, and by extensions made to
the planner. In several places in the design we
had to work with the limitations of the planner’s
ability to handle numeric quantities. We needed
to treat quantities, both as constraints for op-
erators, and to model the physical processes by
which the oil was transported. We did this by
making minimal modifications to the planner,
treating its functioning largely as a black box.

We think we have done this in a clever way
that does not limit the application overall.

2 SRCS system design

Figure 1: Top-level influence diagram.

The design process began by diagramming the
decisions to which the system is applied as a top-
level influence diagram, which is shown in Fig-
ure 1. The first decision in this diagram is the
equipment configuration decision, The next de-
cision node represents the subsequent decisions
that make up the response plan. The scenario
is represented as one composite node that con-
tains the uncertainty about the oil movements
and performance of equipment during a sce-

nario. The value node captures the equipment
costs, the costs of mounting a response to a spill,

and the damages due to the final disposition of
the oil.

The process to solve the influence diagram can
be determined by a method that converts the in-
fluence diagram into a data flow diagram.1 This
data flow diagram is shown in Figure 2.

Figure 2: Top-level data-flow diagram.

The correspondences between the two dia-
grams is somewhat involved. First, the purchas-
ing and siting commitment decision is manual,
and thus not included in the data-flow model.
The user makes this decision by comparing runs
of the model. Secondly the incident scenarios
and risks uncertainty node appears in two places
in the data-flow model. The generation of a sce-
nario (including the scenario’s uncertainty and
generation of its set of possible outcomes) takes
place in the trajectory and oil disposition model.
Each scenario is one point in the node’s state
space. The probability distribution over a set of
scenarios is contained elsewhere in the data-flow
model, in the risk assessment data-store.

2.1 Operation of the SRCS system

To explore a configuration planning problem,
the end user must first provide relevant infor-
mation about the spill scenarios to be exam-
ined and the equipment available for respond-
ing to the spill. This information is denoted
in Figure 2 by the data-store nodes scenarios
and equipment. This information, together with

1A derivation of a method to carry out such conversions
is shown in [1].
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facts, provides the main inputs for the equip-
ment and logistics planner. Before running the
planner, the user can modify the scenario, and
the amount and locations of spill cleanup re-
sources. While planning interactively the user
is given choices of response operations that de-
termine the plan that is generated. The response
plan provides an input for updating the trajec-
tory and oil disposition model, for evaluating
the environmental and cost impacts, and for pre-
senting the plan to the user on a map display.

The core processes in the shown in Figure 2
consist of 1) an oil spill trajectory model that
generates a trajectory for the planner, 2) which
in turn generates a plan to use equipment to
clean up the oil spill, 3) and finally, which is eval-
uated by an accounting model that estimates
how much oil is cleaned up by equipment at each

location (sector), and how much oil remains and
reaches landfall.

For the top level system design we searched
out software with capabilities that matched pro-
cesses on the data flow diagram. Thus, to a good
approximation, each process in the diagram cor-
responds to a module in the SRCS system.

3 Integration of system modules

Equipment deployment (moving it into location)
and employment (setting up and using it) plan-
ning is done with an existing industrial strength
planning tool called System for Interactive Plan-
ning and Execution (SIPE-2). SIPE-2 is a non-
linear, hierarchical planner, one of whose design

goals is "heuristic adequacy." As a non-linear
planner, it builds a PERT chart of procedures,
with minimum and maximum start times for
each, as a plan. As a hierarchical planner, it re-
fines goals into more detailed networks of proce-
dures and sub-goals in repeated passes through
the plan. The intent of heuristic adequacy is to

make its operator language expressive, so that
the modeler can concentrate on the representa-

tion of the domain rather than the operation of
the planning software.

The map display and evaluation modules are
implemented in separate pieces of software that
have been integrated with the planning system,
which runs in LISP. The map integration ex-
isted before we started the project, in a pre-
vious planning project for equipment deploy-
ment and employment. To carry out evalua-
tion, we integrated the planner with the com-
mercial WingZ spreadsheet tool. In both cases,
communication to and from the planner process
occurs by adding and changing files visible to
both processes. Initially the evaluation module
was mocked-up in the LISP environment, as the
trajectory and the equipment databases still re-
main. As the system evolves it is likely that
these two will be replaced with software from
other sources, and implemented as separate pro-
cesses that communicate with the planner.

3.1 Map display--a natural interface

We used an raster map display tool, called
SITMAP, which has been integrated with SIPE-
2. SITMAP displays a scanned version of a pa-
per map, registering it to its latitude and lon-
gitude coordinates. In response to user com-
mands, SITMAP can draw overlays on top of
the map image. Overlays of regions and icons
show sectors, other features and locations ref-
erenced by the planner. One can generate a
variety of overlays to show marine preservation
areas, the trajectory of the spill, the locations
of current response equipment--its home base

or current position--during the response oper-
ation, the transportation routes for the move-
ment of the response equipment to the area
of operations, and the amount and location of
the damage that ensued as a result of the oil
spill. For each of the icons that depict the above
information on the map, it is possible to dis-
play more detailed textual information in pop-
up windows. In this way, the color map dis-



play module provides the necessary capabilities
to display information from the equipment and
logistics planner, the trajectory and oil spill dis-
position model, and the evaluation module.

3.2 Oil trajectory simulation module

Within the planning system the oil spill trajec-
tory module offers a physical simulation of the
spread of oil with which to plan against and
test various configurations. The nature of the
planning problem is a race against time, so that
cleanup actions, to be effective, must be com-
pleted within the time predicted for the oil’s
landfall. This simulation is done by the trajec-
tory model.

The trajectory model is initialized with the
description of an incident that releases oil upon

the water, and the wind, tide, and weather con-
ditions during which the oil spreads. From this
it generates the possible extent of the spill at
each time interval, and ultimate disposition of
the oil upon the shoreline. To plan effectively,
the oil trajectory must take into account the un-
certainty that oil spill cleanup response forces
face during an actual spill. This is only treated
in a limited way, by predicting the oil’s location
at a granularity on the order of a mile.

Oil trajectory modeling based on fluid dy-
namic modeling of coastal currents has reached
a high degree of sophistication and accuracy.
We rely on a more rudimentary technique.
Starting from the initial conditions, a dynamic
model distributes the quantities of oil are over
a grid on one mile centers, using one hour time
steps. This can be described as a discrete two-
dimensional difference equation, or as a cellu-

lar automata, where the transition amounts be-
tween cells of the grid have been calibrated to

well-known empirical relationships for the ad-
vection and spreading of oil over water.

3.3 Trajectory model output to the planner

The level of detail of the model’s results are
sufficient for the planner, and this rudimen-
tary method has the advantage of running fast
enough to be used interactively. Thus it is better
suited to the configuration planning task than
would be a more detailed model. However, it if
the planning system were to be developed as a
response tool to be used during a spill, a full-
fledged fluid mechanics model might be more
appropriate.

The only the data necessary to describe the
oil spill trajectory for purposes of planning and
evaluation is output from the module. The

significant output variables to describe the oil
transport over time are:

.

.

.

The location and probability of appearance
of the oil, shown geographic sectors;

The quantity of oil in each location either

floating oil in a sea sector, or oil washed up
on a shore;

The extent (enclosing diameter) of the slick
within a sector;

.
The thickness of the oil slick, by sector; the
efficiency of oil skimming depends strongly
on the thickness of oil that the skimmer en-
counters.

The planner has available to it all this infor-
mation in the form of predicates about the state
of the world. It reduces the spill description to a
"first arrival time" in each of the eight shore and
five sea sectors. This is the primary information
that the planner uses to build the plan. The
planner does no prediction about the effects of
the equipment upon the oil. Its calculations are
limited to application of some heuristics about

the adequacy of the equipment to handle the

amounts of oil in each sector.



3.4 Integration of the planner with numeric
inputs and outputs.

The purpose of the planner is to keep track of
a large number of equipment operations, and
the constraints in how they are used, to make
it practical to analyze spill responses down to
the level of detail of individual pieces of equip-
ment. During the planning process it presents
choices to the user concerning the selection of
procedures or operations, resources, locations,
or times. Where there is a choice for any of
these, SIPE-2 will present a list to the user of
all operations at that place in the plan that
meet all constraints. The list is not prioritized.
For instance, in choosing an oil-skimming vessel,
SIPE-2 checks whether the equipment can with-

stand the sea state, whether the crew and ancil-
lary craft are available to run the skimmer, and
whether transport is available to get the skim-
mer in place and ofltoad the oil skimmed in the
required location. No constraints are placed on

its capacity to collect the amount of oil present.
In this way, SIPE-2 guides the selection of plan-
ning choices, but requires the user to make the
final choice.

The adequacy of equipment to meet a posted
cleanup goal is described numerically by the re-
quired capacity of the equipment. For exam-
ple, to clean up a harbor, one may need enough

length of floating boom to span the harbor en-
trance. Or, to skim oil off the water at the spill

site, the collection rate of the skimmers must
more than equal the spill rate of the oil. To

meet these conditions, multiple applications of
the same operator must be applied against a sin-
gle goal, until the sum of equipment capacity
deployed meets the goal. To do this, we modi-
fied SIPE-2 so that an operator can re-post the
goal that it addresses, minus the capacity of the
equipment already deployed. This re-posting

continues until the numeric goal is met. This
feature is called a recursive operator. Recursive

calls to an operator all appear in the same level
of the goal hierarchy, i.e., they do not add levels
to the hierarchy.

In the implementation of recursive operators
we made a concession to manual operation to

let users choose to terminate recursion as one of
the available options.

3.5 Static knowledge bases for planning

The databases shown in the data-flow diagram
are implemented as predicates derived from class
hierarchies implemented within SIPE-2. Cur-
rently the LISP environment is adequate to
manage the entire set of facts needed by the
system. When the SCRS system becomes op-
erational, it is likely that some of this set will
be managed by conventional database software.

The underlying knowledge and database that
SIPE-2 utilizes during the planning process
comprises information about the following:

¯ Spill response resources, such as their loca-
tion, type, quantity, and other more detailed
information about their operating condi-
tions and capabilities

¯ Spill response operations, such as the use of

booms, skimmers and vacuum trucks

¯ Geographic information about the sur-
rounding shores and sea-sectors, such as the
location of sensitive areas, equipment stor-
age sites and sea and ground transports, but
also water temperature, wind and tidal data

¯ Spill incident data, such as discharge rates
and quantities, location and time of the ini-
tial spill, and the weather and sea states dur-
ing the incident.

3.6 Evaluation and summarization of the
plan’s results

Damage evaluation combines the predictions of
the trajectory model with the operations that

make up the plan to determine the final dispo-
sition of the oil as a result of clean up actions.



In the evaluation model, the primary step that
evaluates damage is laid out in a table with time
periods represented in the columns, and sectors
represented in the rows. This table combines the
outputs of the trajectory model and the plan-
ning operations to determine the disposition of
the oil. For each time period and sector unit
there is an accounting of the oil. Starting with
the amount of oil entering a sector at the be-
ginning of the period, and the amount previ-
ously contained, the accounting determines 1)
the amount of oil contained and removed by
equipment in the sector during the period, 2) the
amount transformed by natural processes, and
3) the amount that escapes to adjacent sectors--
sea or land--in the next period. The movement
of oil among sectors from period to period de-
rived from the results of the trajectory model
run. By the final period, substantially all the
oil will have left the water’s surface and come to
rest, so its final disposition will be known. On
this table, any of the quantities may be changed-
for instance, the amount of equipment in a sec-
tor in a period, or the amount of oil contained
in a sector, to see the effects of transformation
and transport of the oil in later periods.

The table generated in the evaluation module
on the completion of a plan addresses one sce-
nario. Comparisons of plan scenarios are nec-
essary to determine which response strategy is
best, and, once the strategy is chosen, to choose
the equipment configuration that is most appro-
priate for a range of scenarios that represent the
risk of major spills. Only by comparing the dam-
ages for multiple scenarios can unmet needs and
trade-offs be shown.

Equipment usage enables the module to com-

pare the deployment generated in the plan with
the quantities of equipment originally at each
site. By comparing scenarios with different
amounts of equipment, the evaluation module

can calculate the effects of the equipment that

was not employed or that could have been de-
ployed had it been available.

The evaluation module is implemented in the
WingZ modeling tool, as a spreadsheet that is
generated by the planner. Upon completion of
a plan, the user can execute a command that
generates an evaluation as a spreadsheet macro
file. When this file is loaded into the spread-
sheet modeling software, it is executed and con-
structs an free-standing evaluation model spe-
cific to the scenario and plan. In this way the
evaluation module can be used to perform what-
if analysis on the results of a scenario and on the
plan generated in response to the scenario. Fur-
thermore, the versatility of the modeling tool,
and the explicit display of the entire evaluation
model and its assumptions, enable the user to

extend and customize the model to answer new
concerns that may be addressed to it.

3.7 Treatment of numerical predictions

In the data flow diagram, Figure 2, there is
a loop between the trajectory model and the
planner, to represent their interaction at each
stage of the plan. To implement this, our initial
thought was to have each response plan parti-
tioned into stages, with separate response goals
at each stage. At the conclusion of oil spill
cleanup planning for a stage, the amount of oil
left in each sector would be reported back to the
trajectory model, which would update its trans-
port for the benefit of planning the next stage.
The amount of oil in each location, in period
n, represented by a column vector, Sn, would
be determined by a recursive calculation on the
state of the oil, as affected in each stage by both

transport and cleanup equipment operations.

This loop would be represented by a set of
repeated calls to the trajectory model, T(), and
a cleanup function to determine the effects in

stage i of equipment deployed by the planner,

ci(), on the initial oil spill, so:



Sn = cn(’" T(cl(T(so)))).

This design was awkward, because 1) it in-
troduced stages into the plan generation that
were just an artifact of the design, and did not
contribute to the solution of the problem; 2)
it required two-way communication between the
planner and the trajectory model during plan-
ning; 3) it taxed the ability of SIPE to handle
numeric quantities.

This calculation was simplified by exploiting
the linearity of the oil transport model in the
quantities of oil. The proportion of oil that
spreads from one sector to another does not de-
pend upon the amount of oil in the sector. This
gave us a way to factor the evaluation function
and separate the interaction of the planner and
trajectory model, so that re-solving the trajec-
tory model at each planning step was not neces-
sary. Instead the trajectory calculation is com-
pleted before planning is begun, by calculating
a set of transition matrixes Mj for each period,
j of the fraction of oil in each sector that trans-
fers to adjoining sectors. Mj is a row Markov
matrix. The evaluation calculation that deter-
mines the fate of the oil can be done after a plan
has been completed, at evaluation time:

Sj+l = Mj[sj - e(sj,j)]

where sj is a vector of the amount of oil in
each sector at time-step j; and e() is the vector-
valued function to determine oil removed by

equipment deployed at time j in each sector.
The time-steps indicate that evaluation is a dis-
crete dynamic calculation, but the planner is ig-
norant of j. The linearization assumption that
the amount of oil transported by wind and cur-
rents to adjoining sectors in a period is a con-
stant proportion of the oil in the originating sec-
tor is hardly an extreme assumption.

The evolution of the oil state can be repre-
sented in a chain of influence diagram nodes as

shown in Figure 3. This model of the physical
world is outside of the planner’s world.

Figure 3: An ID fragment of the trajectory
evolution algorithm.

This simplification removes the evaluation of
the success of the plan from the planner. It is
an indication that the planner is not well suited
to expressing evolution of the physical environ-
ment in which the plan operates. The disadvan-
tage for the planner is not to know the physical

results of its actions, which tend to be the indi-
rect results of stochastic processes. This creates
a distinction between the goal structure from
which the plan is built, and the outcomes by
which it is evaluated. The planner’s goals are ex-
pressed in terms of arrangements of equipment
that correspond to the doctrine for addressing
spills. These goals are intermediate effects that
must be further elaborated to determine the out-
comes of the physical system. This distinction
is basic to planning representations as compared
to quantitative objective functions, and will be-
come stronger as we begin a comprehensive de-
velopment of a plan utility function and intro-
duce uncertainty into the physical model and
the effects of the plan operators.

The result to the user of this separate evalua-
tion function during planning is to decrease the
interactiveness of the session. The user must
leave SIPE-2 and load a spreadsheet to see the
progress of the cleanup. Then after changes are
made on the spreadsheet to improve the cleanup,
these changes must be introduced in the planner
by modifying the plan, to see if they meet the
constraints of the operator. For the user this
does have the advantage of being able to run

sensitivity analysis on the evaluation model, and
understand the difference in the effects of the oil
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model constraints and the plan constraints. But
this is clearly a second-best solution, and the

closer integration of the two modules is planned
in further development of the system.

4 Project implementation

We pursued a rapid prototyping approach to de-
velop and implement the design. This approach
involves developing an initial design of the pro-
totype, producing a rapid implementation of the
prototype, getting feedback as soon as possi-

ble from potential users on the capabilities and
features of the prototype system and revising
the prototype based on the feedback. We felt
that such an approach would encourage users to
influence more directly the development of the
prototype system. As a result, we proposed and
gave four demonstrations of the system in the
course of the year.

The users desired a system that allowed signif-
icant manual input. This translated into loos-
ening the constraints on plan operators, and let-
ting users apply their own ideas of which con-
straints to apply to the choice of equipment.
Perhaps over time, as we become more famil-
iar with the options taken by the USCG we can
capture them in further pre-conditions on the
operators.

We have had the benefit of close access to ex-
perts during development of the system. Con-
current with our development work, USCG was

involved in an "area contingency" planning pro-
cess, with local from which we derived a base of
information and expertise. This manual plan-
ning process paralleled our efforts, and served
as a source of data and a "reality check" for our
design. Most of our domain knowledge was de-
veloped by our association with the USCG local
area contingency committee.

The system runs on a SPARCStation 2, in Lu-

cid Common Lisp, together with the compiled
SITMAP system and the WingZ spreadsheet.

5 Planned future developments

SRCS is undergoing further development under
a grant from the USCG, to create a tool that
can guide the user to find better cleanup plans.
The purpose of the system under development is
to generate more effective plans and to demon-
strate the ability to guide users in their gener-
ation. Currently the SRCS system guides the
user through construction of feasible plan for oil
spill cleanup, without distinguishing the perfor-
mance among feasible plans. To augment this,
we have begun the design and development of a
system that will determine, in addition, which
set of actions constitute a better plan, in terms

of accomplishing better cleanup with fewer en-
vironmental impacts. For the planning system
to distinguish among plans, it needs to evalu-
ate plans more fully, taking the uncertainty of

the incident into account, and be able to trans-
late this evaluation into making planning choices
that improve plan outcomes. For this to be
of value to the user, the planning system must
know something about how users approach oil
spill cleanup problems, and present information
by means of an interface that is understand-
able to the user. There are four aspects to this:
1) Replace the evaluation module with a model
that includes some of the uncertainty in cleanup
outcomes, and can optimize over some of the re-
sponse choices. 2) Examine how experts under-
stand the cleanup response problem. 3) Incor-
porate this understanding into a user model, to
be able to explain the optimization results in a
way that the user understands. 4) Improve the
user interface to facilitate this interaction.

5.1 Replacing the evaluation module with an
influence diagram.

The optimization functionality to be added to
the SRCS system, called the "Bayes network
critic," is an application of an influence diagram

solver
In the system to be developed, the oil spill re-
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sponse plan will be generated interactively by
the user with the planner, as in the current

SRCS. Unlike the current system, the optimiz-
ing critic will take the place of the evaluation
module, and execute once a plan is complete.
The optimizing critic will perform the same pre-
diction of the consequences of the spill that the
current evaluation module does. In addition, it
will review the choices presented to the user dur-
ing planning, to determine if alternate choices
have a chance of improving the performance of
the response plan. If so, the critic will generate
a sequence of suggested actions to improve the
plan.

The critics suggestions will be presented to the
user after first comparing them to a model of
how the user thinks about the problem. The
output of the critic is likely to be cryptic from
the user’s viewpoint, and represented in a man-
ner that bears little similarity to the way an
expert thinks about solving the problem. The
user model will be built fl’om experience of ex-
perts working with the system and will cap-
ture the intuitions and possible mis-conceptions
about how to respond to spills. By comparison
of the critic’s suggestions with the user model,
the user can be presented an explanation of why
the suggestions the system offers are likely to
improve performance. The system then offers
the user the choice of making modifications to
the plan in the planner. By introducing sug-
gested changes back into SIPE-2, they will be
checked for consistency, effectively "closing the
loop" with the planning system. Making modi-
fications to the plan will take advantage of the
dynamic replanning capability that is under de-
velopment in SIPE-2.

5.2 Interface

The current SIPE-2 interface presents a menu of
operators to the user when a goal and its pre-

conditions can be met by more than one opera-
tor. Operators are identified only by their name,

leaving it to the user to imagine or recall what
their attributes and effects are. Since most op-

erators correspond to an action to be taken by a
piece of equipment, we speculate that the SIPE-
2 menu interface could be replaced by a direct
manipulation interface on the map to deploy and
employ equipment. For instance, the user would
move equipment from storage sites to active sec-
tors directly on the map. Various visual cues
could be used to indicate the availability and
suitability of equipment for each goal. The ques-
tion remains of how to represent the higher level
goals on a map, especially when operator con-
flicts arise that require replanning.

6 Conclusion

We envision the SRCS design as a basis of a
tool that can be applied to general emergency
response planning and configuration. In the
course of developing SRCS we have explored the
use of the SIPE-2 planning tool for configura-
tion in coastal oil spill response planning. The
ability of the planner to work at a level of con-

crete detail that the client is familiar with, and
at the same time manage constraints both at a
detail and an abstract level has been a signifi-
cant innovation. The benefits of this approach
are apparent in comparison with the concurrent
manual planning efforts that the client has un-
derway. Since the next major oil spill incident
is unpredictable, all of their published plans are
subject to major revision were an incident to oc-
cur. The ability to quickly tailor a plan to an
incident would be a major benefit.

To work in conjunction with a quantitative
physical model, we had to address the ability of
SIPE-2 to work with numeric quantities. One

extension, made within SIPE-2, allows numeric
preconditions to be met by recursive calls to an
operator. Extensions to allow numeric effects
are more open ended, and turn on the difference

between a goal that can be met directly as the



result of an operator, and the indirect effects
that determine the utility of the plan. We were
able to address this in a way specific to the phys-
ical world model of the domain, by factoring the
effects model. This was done without sacrificing
realism, but does impede the interactiveness of
the planning process. We make some observa-
tions about how this can be extended to a more
fully integrated system with a more complete
decision model.
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