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Abstract

The Space Propulsion Robust Analysis Tool
(SPRAT) project is developing technology 
support Space Shuttle ground operations personnel
as they manage and carry out mission preparation
analysis and related analyses in missions. The
initial SPRAT prototype provides intelligent
support and automation for mission analysis set-up
and documentation for Propulsion consumables
analysis. SPRAT models the actions taken by
flight support personnel during mission preparation
and uses this model to generate an action plan.
SPRAT represents mission preparation actions as
they relate to planning and scheduling, and thus
provides a general action representation for a broad
range of tasks.

1 Introduction

The analysis and interpretation of scientific and
engineering data combine manual and computer-
based activities in sequences that vary as the
conditions of the analyses change. Thus,
applications designed to assist analysts in
performing these activities offer challenges for
planning technology. We have developed the
SPRAT system to assist space flight design
personnel and flight controllers in planning
analyses conducted prior to a mission, and in
performing analyses in response to anomalous
situations during a mission. The SPRAT prototype
automates and supports managing Space Shuttle
Propulsion (PROP) mission preparation in the task
area of consumables analysis.

SPRAT assists users in building an action item list
of required consumables analysis tasks, and in
managing the results of performing these actions.
These tasks include both executing analysis
software and producing mission preparation
reports. The user interacts with SPRAT
throughout mission preparation. Actions are added
to the list when new or changed mission def’mition
data becomes available. Results of actions are
stored in SPRAT once they are executed.

We have recently delivered our phase 1 prototype
to the targeted user group (the PROP flight
controllers) for evaluation. This paper provides 
progress report on how the current SPRAT
prototype supports flight controllers in performing
mission preparation activities, and how we propose
to enhance this support through extensions to the
current planning capability. Support for planning
analysis tasks is described, and related to the
consumables analyses performed by PROP flight
controllers. We focus on user interaction with this
planning process, and the evolution of the
predominantly manual planning system we have
today to a more automated planner. We also
discuss how the knowledge representations
developed for SPRAT support this evolution. The
paper closes with our plans for future work and a
summary of our conclusions.

2 Planning for Analysis Tasks

SPRAT is an example of the class of applications
that provide support to users performing scientific
and engineering analysis tasks. A common
approach is to provide assistance to the analyst in
defining a plan for performing the analysis, in
executing that plan, and in documenting relevant
results of the analysis. Thus, a common aspect of
this type of application is the requirement for
representation of the actions that the analyst
performs to accomplish his analysis tasks. Action
representations developed for scientific and
engineering analysis include the task of developing
scientific models [2], data interpretation tasks for
geological exploration [5], and data preparation
tasks for image data [6, 1]. AI modeling concepts
have also been applied in representing information
to ensure that the software (often model-based)
used in these analyses is appropriate to the task [2,
5].

These analysis tasks are typically complex and
iterative, with trial and error refinement of the
analyses. Task complexity is often managed by
providing hierarchical organization of the task’s
actions. Task interaction and refinement requires
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providing techniques for repairing the plan to
reflect what was learned in previous, unsuccessful
analyses, and for reusing old plans. The software
that these systems integrate with is often custom,
legacy software, requiring an open, distributed
architecture integrating heterogeneous systems.

The characteristics of analysis tasks in general have
resulted in the need for considerable user
interaction with the planning process. This
interaction is needed both when developing (and
repairing) the plan and when executing the plan.
During plan development, the user specifies the
task to be performed (corresponding to a set of
analysis goals). Configuration information about
the specifics of the analysis situation may also be
provided. During plan execution, the user often
initiates specific actions and may suggest plan
changes. It is also important to permit the user to
define and modify action definitions in response to
changes in software and requirements for specific
analysis situations.

The consumables analyses conducted by Space
Shuttle PROP consumables officers are an example
of these types of analysis tasks. Typical tasks
performed during consumables analysis are: (1)
determining the quantities of fuel available and
required to achieve mission objectives safely, (2)
scheduling fuel tank interconnections to maintain
mass balances, and (3) placing propellant-
consuming events on a timeline that is part of the
mission plan. Throughout the year preceding a
flight, several types of mission changes initiate
new cycles of analysis to determine how changes
affect consumables. Iterative evaluations are
needed for nominal and contingency situations and
for proposed mission plans and objectives, flight
rules and procedures. These situation what-if
analyses are used to determine impacts to mission
objectives and procedures. During missions,
additional analyses are performed as needed.
Figure 1 provides an overview of the Shuttle
PROP consumables analysis.
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Figure 1. Shuttle Propulsion Consumables Analysis Process
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3 The SPRAT Prototype

The SPRAT system assists the consumables officer
in performing mission preparation analyses by
helping plan the actions needed to conduct the
analyses [7]. Mission preparation actions include
the execution of simulation and analysis software,
the interpretation of results from these
computations, and the generation of mission
preparation reports summarizing decisions. Action
management consists of creating and modifying
action operators [9], building a list of these actions
(the action list, which is a set of analysis plans) to
accomplish analysis purposes, and tracking the
outcome of the actions on this list as they are
performed. Action list creation can be viewed as
planning, and action tracking as monitoring plan
execution.

The SPRAT system utilizes an action-based
planner, where action-based planning is
characterized by temporal/causal relationships
among actions [6]. It groups the analysis tasks as
a network of processes, where a process consists
of action nodes and their relations to input/output
nodes and to other action nodes (see figure 2).
Input and output nodes are objects containing data
values. Action nodes are action operators. An
action operator consists of the following:
¯ analysis task: description of the task purpose
¯ instructions: information on how to conduct the

task
¯ constraints: conditions under which the action is

relevant.

SPRAT represents two types of constraints that
must be satisfied for an action to be added to the
action list:
¯ precedence constraints: dependency relations

between the action and its data inputs and
outputs (e.g., input a => action b => output 
translates to input a is used in action b to
produce output c; see figure 2)

¯ analysis context: propositions that must hold
true for an action to be added to the list (see
Table 1 for propulsion analysis context).

Applicable processes are identified based on the
goals of the analyst. The analyst specifies his
purpose as either the response to a change in
mission definition data, or as the need to generate a
report. The specified purpose is used to activate
either input nodes (corresponding to a change in
mission definition data) or output nodes
(corresponding to the need to produce that output).
Context parameters describing the analysis

conditions are used to constrain propagation
through this network. Actions from the applicable
process are then placed on the action list, if the user
concurs with them. Simple ordering constraints
are used to construct a list of actions. Currently,
the software precedence constraints are used in
ordering actions. The ability to order actions using
information about delivery deadlines and priorities
is not yet supported.

Table 1: Propulsion Analysis Context

Category Contexts
Mission Standard Insertion

Direct Insertion
Deploy operations
Rendezvous operations
Special Maneuver OPS
Orbit Adjust Bum
Ballast

Data Cycle Engineering
Flight
Flight Readiness Review
Actual
Fli[ht Data File Updates

Analysis Type Ascent/Entry
Orbital
Exploratory

Figure 2 describes the representation of precedence
constraints and illustrates using these constraints to
determine the needed actions after a change in
mission definition data (e.g., lome.sf.isp). The
suggested actions from the example in part B are:
¯ execute conman (left oms engine standard

configuration)
¯ execute conman (2 oms engines standard

configuration)
¯ execute tlcalc (nominal configuration)
Note that the conman analysis software is
scheduled for execution before the tlcalc analysis
software, since conman outputs are used by tlcalc.

The execution of actions on the action list is
monitored to determine how actions are
dispositioned and to document the outcome of
actions. The information needed to track the
disposition of actions is represented in the action
tracking record. An action list consists of a
collection of these action tracking records stored in
a database. Actions are not removed from the
action list when complete. Instead their status is
marked completed (or canceled, failed, etc.). 
the end of the mission preparation analyses, the
action list represents a history of what was done
(similar to Kant’s task execution history [5]).
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A. General Representation of Precedence Constraints
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Figure 2. Precedence Constraints for Propuls|on System

This history includes information about how an
action was performed (contained in the model
usage record (MUR)). The MUR is an extension
of Ellman’s model development record [2] that
describes development and testing relative to a
model’s intended use.

SPRAT provides a much simpler, manual form of
plan repair than Lansky [6] and Kant [5]. The
status of an action is changed to reflect changes in
the execution of the action (e.g., actions that are
removed are canceled, actions that are delayed are
suspended, actions that are successful are
completed, actions that fail are aborted). When 
change is made, information useful in explaining
why the change occurred can be entered by the user
into an action "results" field in the MUR.

Figure 3 illustrates the action representation in
SPRAT.

SPRAT also provides the ability for a user to
extend the set of available actions by building
action operators. This action editing capability is
central to the SPRAT knowledge acquisition
strategy. Instead of doing extensive, up-front
knowledge engineering, we provide the ability for
users to describe action operators as they need
them "on the job". An extension of this
philosophy of on-the-job knowledge acquisition is
providing representative (though simple) capability
as soon as possible for user evaluation. Thus, the
SPRAT system is intended to evolve in response to
the actual use of the system.
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Figure 3. SPRAT Action Representation

4 User Interaction with SPRAT
there are two main types of action operators:
software execution and report generation.

The nature of the mission preparation tasks has
required SPRAT to support active user interaction
with all aspects of the planning process. In
particular, the user interacts with SPRAT when
¯ building action operators
¯ creating action lists
¯ executing actions on the list
Each of these types of interaction is described
below.

4.1 Building Action Operators

Users must be able to define new action operators
specific to a mission. SPRAT provides an action
editor where the user can create or alter action
operators easily. Information that the user must
provide to build an action operator includes task
purpose and instructions, analysis context, and
precextence constraints. At a minimum, the user
must define a unique action name when creating a
new operator. All other attributes can be specified
(or modified) later. To make an action operator
available to the planner, precedence constraints
must be specified. For the propulsion system,

Providing an action editor has significantly reduced
the cost to deliver the system, since extensive
knowledge engineering and maintenance is not
required. A project goal is for users to develop the
knowledge base of actions as part of performing
mission analyses. Since actions from previous
missions can be loaded into SPRAT, we expect
that they will be used in evolving standard
"subplans" for the more typical aspects of mission
preparation (derivation of standard operating
procedures (SOP)). Support for deriving SOPs
will be added in the future.

Although the current prototype is specific to the
Shuttle propulsion domain, SPRAT is being built
to permit use in many different domains. Part of
building a domain-specific instance of SPRAT is
determining the types of actions, the inputs
required to do those actions, the outputs generated
by the actions, and the analysis contexts relevant to
the domain. Figure 4 illustrates using SPRAT to
create an action operator.
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4.2 Creating an Action List

Users also control the addition of actions to the
action list. SPRAT suggests candidate actions to
be performed (based on changes in input data or on
the need to generate a report) and the user decides
if they should be added to the list. This preview
capability guarantees that the user concurs with the
suggested set of actions (e.g., is the data change
sufficiently large to warrant performing the
suggested action) and permits the user to correct
any mistakes (e.g., forgot to specify analysis
context) before these actions are merged into the
list. The user can also identify actions that are
redundant or in conflict with actions already on the
list. Finally, the user can compare candidate plans
resulting from different initial situations before
deciding which actions are most appropriate.

In addition to determining actions in response to
data changes and for report generation, the user
also can perform what-if/predictive analysis by
postulating changes in input data and evaluating the
different plans that are suggested. For an action to
be suggested, both the precedence constraints must
be satisfied and the analysis context must hold.

The planning process is highly interactive at this
time. We expect SPRAT to evolve toward a more
automated planning process, including
¯ identification of actions that are redundant or in

conflict with actions already on the list
¯ replanning when an action fails, and merging

these new actions onto the existing list
This is part of a larger issue of how to merge new
actions into a large action list containing multiple,
smaller plans.

4.3 Executing an Action Plan

SPRAT supports the user in tracking the execution
of actions on the action list. Action tracking
requires information about why an action was
suggested by the planner, how the action was
conducted, and what the disposition of the action
was. This information is represented in the action
tracking record, which consists of information
about execution status (who performed action,
when completed, priority of action) and the Model
Usage Record (MUR). The tracking record also
includes scheduling information (deadlines,
priorities). The use of this information in planning
(or the possible integration of SPRAT with 
scheduling system) is an open issue.

The MUR includes information about the intent of
the action, the way the action was conducted, and

the outcome of the action. The intent of the action
is defined by the user’s purpose in performing the
action and the analysis context in which the action
is relevant (e.g., rendezvous operations). The
way the action is conducted is characterized by the
activities/steps composing the action, the input data
used to perform the analysis, and the characteristics
of the tools used in the analysis (model
development record [2]). The outcome of the
action describes both the analysis products and the
completion status of the execution.

Information describing why an action is on the list
is automatically stored in the MUR when the action
is added to the list. This information includes the
purpose and context of the analysis (previously
specified by the user), the values of any inputs
used in the analysis, and any actions that must
precede this action.

During the course of the analysis, the user specifies
information in the MUR that describes the outcome
or results of the analysis. These results include
both the products of the analyses (e.g.,
consumables usage) and information about the
execution of the action (was the action completed
and how was it completed, was the action
successful and if not why, why was the action
canceled or aborted, what was done in response to
an unsuccessful action). Information about
analyses that were canceled or unsuccessful is
useful, since knowledge about why an approach
wasn’t pursued or what caused it to fail may be
useful when performing similar analyses in the
future. All of the information about the results of
the analysis is entered as a text description.

The action list summarizes all actions performed
during mission preparation. For the propulsion
application, there is one list for each mission.
Since all actions remain on the action list, even
when completed, this list represents multiple,
simultaneous analysis goals corresponding to
multiple plans. Viewing filters permit the user to
extract different subsets of the action list based on
his/her interests and priorities. For example, an
analyst can view:

¯ all actions assigned to a particular person
¯ all actions in-progress, canceled, etc.
¯ all actions with a specific deadline
¯ all actions of a priority class

These viewing filters can also be used in accessing
information stored in previous mission lists (using
the plan to index into a mission analyses database).

Figure 5 summarizes how the user interacts with
the SPRAT system.
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Figure 5. User Interaction with the SPRAT System

5 Future Work

Our experience with action list management in
SPRAT has already raised a number of issues
related to both plan creation and plan repair. For
SPRAT, the challenge is to provide an adaptable
plan with a goal structure that models flight
controller goals. The goal of an action is needed
for tracking the action (did the action achieve the
desired effect? was an observed change
intended?), and to provide goals that can be
manipulated using traditional replanning techniques
[3,4]. Enhancements to the current planning
capability include:
¯ providing for goal hierarchy and levels of

abstraction in actions by permitting subactions
(with subgoals) to be associated with an action.
Subactions are viewed as constituent actions, or
actions that must all be completed for a higher
level goal to be satisfied.

¯ increasing the automation of the planning
process, including
- removing actions that are redundant or in

conflict with actions already on the list

replanning when an action fails (e.g., the
results of an analysis violate flight
constraints) and merging these new actions
onto the existing list

This is related to the issue of how to merge new
actions into a large action list containing
multiple, smaller plans, and to delete items on
the list that no longer hold.

¯ ordering actions using scheduling information
available in the tracking record (deadlines,
priorities)

¯ providing assistance in deriving SOPs from
action list histories, and in using these histories
as indices into the database of results

¯ extending the representation of results beyond a
simple text description and automating the
collection of results where possible

Accessing and modifying archived actions also
remains an issue. These archived actions resemble
case bases of partial plans [8].

Our development approach has been to get as much
capability as possible quickly into the user’s hands.
We also want the users to do their own knowledge
engineering "on the job". Thus, many capabilities



in the initial system are in a very simplified form
(text fields, manual operations). We expect this
initial capability to be modified and enhanced once
we have a better understanding of how the system
is actually used. The user evaluation is an
important part of getting this feedback. By
concentrating on providing breadth of capability
(even if some portions are very simple initially),
we enable evolution to a more automated system in
the future.

The SPRAT prototype was developed using a
commercial expert system shell (Gensym’s G2).
SPRAT is being re-implemented using a distributed
architecture that interfaces with the existing
"legacy" systems that perform analyses. This
requires integrating the planner with (1) a data base
or case base of actions and mission lists, (2) 
constraint checker to determine when the results of
analysis actions violate flight constraints requiring
new action items, and (3) telemetry representing
PROP state and configuration (for plan repair
during missions).

6 Conclusions

SPRAT provides support for consumables analysis
tasks conducted by PROP consumables officers.
The SPRAT system includes a simple planner that
selects and partially orders actions in support of the
mission planning process. These actions require
evaluating resource usage in what-if schedule
cases, and analyzing resource usage impacts on
procedures, and vice versa. SPRAT has not
required a procedure execution system or a
scheduler, but could interface with them. The
SPRAT domain is a rich mission planning testbed
for integrating planning and procedure execution
with scheduling.

The SPRAT project has addressed how the nature
of a task affects the representation of actions, and
has developed a general action representation
supporting a broad range of tasks. Such
representations can be applied to other types of
activities (such as software development and
analysis over large data bases). They also enable
the development of more flexible tools for
representing and reasoning about actions.
Common representations for procedures, action
lists, plans and schedules can support the
integration of several types of operations support
tools.

SPRAT is designed to reduce ground operations
costs not only in Control Centers, but in analysis
and simulation in flight design and mission

preparation. Increased automation and support for
simulation and analysis reduces the complexity of
mission preparation and reduces analysis time by
reducing the number of unnecessary analyses.
SPRAT also supports standardization and reuse of
analysis plans and better tracking and
documentation. The support provided by SPRAT
for managing iterative and interdependent analysis
tasks should be generally useful in other domains
where such tasks are performed. SPRAT has been
developed generically, so that users can develop
and maintain analysis planning databases in a
variety of domains.
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