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Intelligent systems in aerospace
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Abstract

An overview of research in the areas of aerospace applications of artificial intelligence, expert
systems, neural networks and robotics is presented. Challenges associated with aerospace projects
require increasingly complex aerospace systems which in turn demand automation and fault
tolerance. We have addressed these issues and provided a survey of the research on intelligent
systems that has been carried out in an attempt to meet these challenges. The application areas we
have overviewed include fault monitoring and diagnosis, generation and management of power in
space, efficient and effective command and control, operations and maintenance of space stations,
planning and scheduling, automation, and cockpit management.

1 Introduction

Research in the areas of aerospace applications of artificial intelligence, expert systems, neural
networks, and robotics has resulted in numerous successful projects. The United States National
Commission on Space plans “to lead the exploration and development of the space frontier,
advancing science, technology and enterprise, and building institutions and systems that make
accessible vast new resources and support human settlements beyond Earth orbit, from the
highlands of the Moon to the plains of Mars”. As asserted (Ballhaus, 1987) such challenges demand
an aggressive research program in artificial intelligence (AI) technologies, leading to the develop-
ment of autonomous and intelligent systems. These systems will employ knowledge in order to
reason, apply past experiences to solve complex problems, learn from their environment, acquire
knowledge from human experts, and communicate with human counterparts. These systems will
have fault tolerance as well as self-validation capabilities. These developments will lead to
reconfigurable and fault-tolerant aerospace transportation systems and automated flight and air-
traffic management systems which are less sensitive to human-induced errors. Achieving the
objectives successfully will certainly require the combination of aerospace and Al technologies and
the development of large-scale engineering system testbeds.

In United States research work in such testbeds has already started. Autonomous Land Vehicle
Demonstration sponsored by DARPA and NASA Systems Autonomy Demonstration Project for
Space Station are a few examples of such testbed development. As reported later, The University
of Tennessee Space Institute (UTSI) has developed and applied several prototype expert systems
to aerospace applications; several other organizations like Rockwell International, GE, General
Dynamics, Lockheed, McDonnell Douglas, Boeing, Martin Marietta, TRW, Mitre Corp.,
Gruman, GTE, Hughes Aircraft, Westinghouse, Raytheon, MIT, Carnegie Mellon, and the US
Airforce, Navy and Army have also been involved in applying Al/expert system technology to
aerospace.

Europe is also intensifying its research and development in artificial intelligence for aerospace
applications (Owen, 1989). As Owen states, builders of aircraft and spacecraft are among the
leaders in harnessing the power of Al and expert system technology. Both national and
international research programs have been launched in these areas. For example, information
technology research programs are carried out under Britain’s five-year Alvey program and the
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European Community’s Esprit project. Applications of Al and expert system technology to space
operations are sponsored by the European Space Agency (ESA). Several other European
organizations like Edinburgh University, British Aerospace, Smith Industries, GEC, Ferranti,
Marconi, Germany’s MBB, France’s Matra, and Aerospatrali-Broguet are also involved in
applying Al/expert system technology to aerospace.

Since it is impossible to describe all the projects involved in applying Al/expert system
technology to aerospace, we will provide an overview of selected projects in some specific areas at
selected organizations. An extensive bibliography will be provided for the readers who would like
to further study the field. A survey of space-related Al projects is also available (Macintosh, 1989)
for further study.

2 Fault diagnostic systems
2.1 Space shuttle main engine

Operating the SSME is very challenging since the engine is by far the most complex and most power
dense propulsion or power generation system. It has performed reliably and safely for many shuttle
missions. However, some failures have occurred during launches, launch attempts and ground
testing (Cikanek, 1987). Ground testing of the SSME is planned and executed in order to ensure
reliable and safe flight operation of the engine. The detection of engine anomalies and the
subsequent shutdown to prevent major damage has been implemented by a multifaceted detection/
shutdown system. The system consists of sensors, automatic redline and other limit logic,
redundant sensor and controller voting logic, conditional decision logic, and human monitoring.
Typically, on the order of 300 to 500 measurements are sensed and recorded for each test, while
approximately 100 are used for control and monitoring. In spite of this extensive detection system,
27 major incidents have occurred since 1975. Although this is a very small number compared to
over 1200 successful hot fire tests, the resulting costs and schedule delays of an incident can cause a
significant impact. Based on examinations of the data and failure investigations of these incidents,
Rocketdyne developed an advanced failure detection algorithm (Norman, 1988; Nguyen et al.,
1988). The algorithm was tested on low frequency sensor measurements taken from five tests. In
some cases the algorithm detected an anomaly earlier than the redline cutoff currently imple-
mented. Since the algorithm was developed and tested on low frequency data, it does not have
general utility.

Most of the present day knowledge-based fault diagnostic systems are not capable of performing
fault diagnosis in real time. Many of them use a large number of production rules that make the
system response slow. Also, the interactions among the rules make addition and deletion of rules
difficult. Furthermore, a number of these diagnostic systems perform shallow reasoning that fails to
diagnose faults which require deep level knowledge. A number of these systems also suffer from a
major drawback, namely, the user is expected to understand the fault symptoms because of the lack
of facilities to acquire knowledge automatically from the sensor data. Since these diagnostic
systems are generally unsuitable for real-time diagnostic applications, alternative approaches for
developing real-time diagnostic systems are needed.

The expert system, called LEADER (Gupta & Ali, 1989), has high potential for real-time fault
diagnosis. A prototype of this system has been successfully tested to analyse rocket engine data.
LEADER has been designed and implemented for automatic learning, detection, identification,
verification and correction of anomalous propulsion system operations in real time. LEADER
employs a set of sensors to monitor engine component performance, and to detect, identify and
validate abnormalities with respect to varying engine dynamics and behaviour. Two diagnostic
approaches are adopted in the architecture of LEADER. In the first approach fault diagnosis is
performed through learning and identifying engine behaviour patterns. LEADER, utilizing this
approach, generates a few hypotheses about the possible abnormalities. These hypotheses are then
validated based on the SSME design and functional knowledge. The second approach directs the
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processing of engine sensory data and performs reasoning based on the SSME design, functional
knowledge, and the deep-level knowledge, i.e. the first principles (physics and mechanics) of
SSME subsystems and components.

The architecture of LEADER is divided into two diagnostic subsystems and an integration
subsystem. One of the diagnostic subsystems performs fault diagnosis based on the analysis of
SSME behaviour, whereas the other diagnostic subsystem analyzes SSME design and functions to
diagnose SSME faults. Each of the diagnostic subsystems performs diagnosis independently of the
other by sharing the processor time, or whenever possible by running in parallel. The two
diagnostic subsystems allow LEADER to perform SSME fault diagnosis.

LEADER’s architecture is divided into the following three subsystems:

A. Engine Behaviour Analysis Based Diagnostic Subsystem (BABS).
B. Engine Design Analysis Based Diagnostic Subsystem (DABS).
C. Integration Subsystem (IS).

The three subsystems, their modules, and the overall control strategy and approaches used to
design and develop LEADER are described below.

BABS performs diagnosis by analysing the SSME behaviour data representing various abnor-
mal conditions. SSME behaviour is analysed by learning the discriminant behaviour-patterns
associated with various SSME faults, and using them to diagnose unknown faults by matching the
learned fault-patterns with unknown fault patterns. The results of this subsystem indicate that this
subsystem performs fault diagnosis fast and successfully, if the unknown fault indeed represents
one of the fault categories present in the training data. The machine learning module of this
subsystem associates each fault with a set of relevant sensor characteristics. The diagnostic module
uses a neural network based pattern matcher that has been trained with the behaviour patterns
obtained from the machine learning module. The network is trained to associate a particular set of
relational sensor behaviours with a particular fault. During the diagnosis phase, the neural network
performs matching of patterns associated with the faults with which it was trained to the patterns
associated with the unknown fault. As a result of this pattern analysis and matching, the system
derives several possibilities of faults in terms of hypotheses and their estimated likelihood of
occurrence. These are available for further analysis and validation by the hypothesis validation
module which is responsible for validating the fault hypotheses resulting from the diagnostic
module in the light of SSME design. It determines if the events associated with a hypothesis and
described in terms of SSME design indeed occurred, and are supported by the sensor data of the
fault currently being diagnosed by the diagnostic module. If the events associated with a hypothesis
are all found to have occurred as deduced by direct or inferred evidence, the corresponding
hypothesis is considered to be a valid diagnosis, representing the fault currently being diagnosed.

The strategy used by the hypothesis validation module involves knowing the events associated
with the hypothesis being validated and using the processes of event-justification and event-
contradiction to determine whether the events associated with a hypothesis have occurred or not.
The processes of event-justification and event-contradiction use the unknown fault sensor data and
SSME design to infer the knowledge or evidence that would conform or deny the occurrence of
events associated with the hypothesis being validated.

DABS performs diagnosis using design based reasoning. Design and functional knowledge
pertaining to SSME subsystems, components, and subcomponents are employed for performing
forward reasoning to infer the causes, location and associated events of a given unknown fault by
utilizing the unknown fault sensor data.

Ke and Ali (1988) simulated human perception, comprehension and interpretation of rocket
engine data analysis. In their research, efforts have been made to define and employ heuristic as
well as algorithmic rules to conceptualize data produced by normal and faulty jet and rocket engine
behaviour examples. These rules have been employed in developing the machine learning system
called MLS. The input to MLS is examples which contain data of normal and faulty engine
behaviour. These data include sensor values in time, start and end points of the significant
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variations in the sensor values, and first and second derivatives of these variations. MLS first
transforms the data into discrete selectors. Partial descriptions formed by those selectors are then
generalized or specialized to generate concept descriptions about faults. The concepts are
represented in the form of characteristic and discriminant descriptions, which are stored in the
knowledge base and are employed to diagnose faults. To enhance the capabilities of MLS, Ke and
Ali employed an inductive learning technique, called Task-Oriented Clustering (TOC), which uses
attribute vectors combined with symbolic conceptual descriptions to deal with the structural object
domain. The modified new system is called “The Learning and Diagnosis System (LDS) (Ke & Al,
1989). The representation combining numerical attribute vectors and symbolic descriptions makes
it easier in LDS to apply various domain knowledge and to improve the time-efficiency of the
diagnosis task as well as the incremental learning process. Prior known knowledge and partially
learned knowledge is used to build a hierarchy of clusters and to guide the process of learning. This
method of learning emphasizes the improvements in the effectiveness and efficiency of its task
through incremental learning. The computational model of TOC makes incremental learning more
time efficient than other methods.

Cikanek reported a series of experimental plume observations (Cikanek et al., 1987) which were
made during single engine space shuttle main engine (SSME) tests. The analysis of these
observations provides information useful to detect SSME anomalies associated with plume. The
observations were conducted from the 220 nm wavelength in the ultraviolet out to the 15 micron
wavelength in the infrared. Four types of instruments were employed including analogue
autoranging narrow band radiometers, optical multichannel analyzers, mechanical scanning and
film plate spectrometers, and imaging cameras. It has been reported that these observations
present a range of opportunities to improve understanding of engine performance, operation,
degradation, and failure. The SSME failure study indicated that in eight of the twenty-seven major
failures, visible evidence of anomalous plume activity was correlated to events within the failure
sequence. Cikanek conjectured that an automatic plume monitor could be very helpful in detecting
SSME anomalous operations.

2.2 Aerospace vehicles

Expert systems have been employed in complex monitoring and diagnosis of space systems.
Lockheed developed (Read et al., 1986) a communicating expert system for fault diagnosis and
fault correction in a prototype for the Space Station Air Revitalization System (ARS). The system
consists of three communicating expert systems: one for oxygen generation, one for carbon dioxide
removal, and a supervisor for overall control. The three expert system modules communicate via
mailbox. The main goal of developing this prototype was to explore the construction and use of
communicating expert systems. Related work in this area covering meta-level control and
coordination in distributed problem solving systems (Hahn, 1983; Yang et al., 1985; Corkill &
Lesser, 1983), employment of distributed heuristic agents (Sawigral, 1983), and control and
coordination in distributed expert systems (Smith, 1979) has also been reported.

Aggarwal and his associates (Aggarwal et al., 1986) reported the results of a feasibility study of
using knowledge-based diagnostic systems for gas turbine engine rotordynamic diagnostics.
Typical rotordynamic faults observed in gas turbine engines were surveyed to assess the extent of
knowledge required to diagnose rotordynamic faults. A fault tree was developed for a set of
representative rotordynamic faults observed in gas turbine engines. It was concluded that a
nonconsultative diagnostic system was the best approach and that fault trees were the best way to
represent rotordynamic diagnostic knowledge. The report provides a system configuration for an
expert rotordynamic diagnostic system. The recommended system configuration includes a
capability to monitor the performance of sensors in the diagnostic system and to detect sensor
malfunctions or failures.

Caglayan & Lancraft (1984) studied the design and digital simulation of an integrated fault
tolerant system using analytical redundancy for avionics sensors of NASA-LRC’s transport system
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research vehicle. The objective of the fault tolerant system is to provide reliable estimates for
aircraft position, velocity, and altitude in the presence of possible failures of ground-based
navigation aids and on-board flight control and navigation sensors. The estimates provided by the
system are used by a fully automated guidance and control system to land the aircraft along a
prescribed path. Sensor failures are identified by utilizing the analytic relationship between the
various sensor outputs arising from the aircraft equations of motion. Schutte and Rajagopalon
(Schutte & Abbott, 1986; Rajagopalon, 1984) have also applied an Al approach to aircraft
applications.

Research on knowledge-directed, sensor-based fault diagnosis in the flight domain has been
reported by Ali and Scharnhorst (1985). They identified and adopted four important criteria in
sensor-based diagnosis. First, because the sensors themselves are sometimes more unreliable than
the airplane components, sensor data are always verified by using available global information.
Second, the processing of faults is prioritized so that dangerous faults are checked for before those
with less impact on the performance of the aircraft. Similarly, faults that are highly unlikely to
occur are not checked for until after more likely possibilities are eliminated. Third, distinctions are
made between fault causes and fault symptoms. Fourth, an accurate model of the status of the
aircraft is maintained at all times. Their model includes beliefs regarding which components are
currently inoperative and the justifications for those beliefs. Ali et al. (1986) have also developed a
Flight Expert System (FLES) for diagnosing and recovering from in flight faults. In developing
FLES, they found it helpful to examine the characteristics of faults, and to identify what types of
faults occur in the flight domain. Early on, they recognized that some faults are due to improperly
adjusted controls. Typical examples of this are extended flaps during flight, insufficient throttle
during takeoff or excessive airspeed on approach. They refer to this type of fault as a maladjust-
ment. A second type of fault, a malfunction, exists when a component is no longer able to perform
its intended task. Examples of malfunctions include electrical shorts, hydraulic fluid leaks and
engine flame-outs.

Another observation was of the relationship between faults and the times at which they occur.
They have noticed that maladjustments are sensitive to the phase of flight that the aircraftis in. The
flap positions, for example, vary depending on whether the plane is trying to take off, land, cruise,
etc. This means that to detect a maladjustment in the flaps, the system must be aware of their
current setting and the current flight phase. They found this to be true for each type of
maladjustment. This is in sharp contrast to malfunctions, which are largely independent of the
flight phase. A short in an electrical bus, for example, is obviously a fault at any time. Although
there are exceptions to this independence (e.g. the degree of danger associated with each
malfunction may vary considerably from phase to phase), it has been useful to maintain the
distinction between malfunctions and maladjustments.

Dietz and Ali (1987) investigated qualitative and temporal reasoning to analyse engine
behaviour and to diagnose faults in jet engines. Engine parameters monitored during engine
operation were used to generate qualitative and temporal representations of actual engine
behaviour. Similarities between the representations of failure scenarios and the actual engine
behaviour are used to: (1) diagnose fault conditions which have already occurred, or are about to
occur, (2) increase the surveillance by the monitoring system of relevant engine parameters, and
(3) predict likely future engine behaviour. The stored failure representations include both sudden
failures and slowly developing fault conditions. As a result, the system can detect developing faults
which have not yet caused a parameter to exceed safety limits. Three important diagnostic
objectives were focused in their system. First, the diagnostic system must respond appropriately to
slowly developing faults which may not have yet caused any parameter in the system to exceed
operational limits. A second objective was that the diagnosis be performed in real time, so that
appropriate compensating measures could be performed to alleviate the fault condition. A third
objective was that the diagnostic methodology accommodate the occurrence of multiple faults.

Gupta and Ali (1988) developed an intelligent learning system which analyses the engine fault
data given as a training set of engine behaviour examples and generates characteristic and
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discriminant descriptors for the identification of these faults. Four engine parameters and their
temporal and qualitative relationships were employed to represent jet engine behaviour. These
parameters are rotational speeds of the low and high pressure turbine assemblies referred to as N1
and N2 respectively, exhaust gas temperature EGT, and combustion temperature COMBT.
Normally, these parameters show stable readings. Faulty conditions like fuel interruption or
bearing loss cause significant variations in the values of these parameters. These variations have
been transformed into structural representations involving instances and events. Every instance
node is associated with a moment in time when a significant change occurs in the value of a
parameter, and the node stores information related to this moment. An event stores information
related to the happenings between two instances. The analysis of engine behaviour under normal
and faulty conditions has illustrated several important features called descriptors which contribute
significantly to diagnosing and predicting faults. These descriptors are generated from temporal
and qualitative features derived from sensor data and from relationships between these features.
For example, a temporal sequence of instances and events created by a parameter variation forms a
pattern. These temporal patterns and their interparameter relationships are described by descrip-
tors. Similarly, inter-parameter and intra-parameter qualitative relationships are described by
descriptors. The learning system described in this paper (LEBEX) first extracts these descriptors
from normal and faulty engine behaviour examples and represents them hierarchically in the
knowledge base. The processes of generalization and specialization (by comparison) are applied to
these descriptors to finally produce characteristic and discriminant descriptors. These descriptors
are represented hierarchically in the knowledge base and later employed by the expert system to
detect, diagnose and predict abnormal engine conditions and faults in real time conditions.

Bickmore & Yoshimato (1987) developed an approach to satellite diagnosis which can integrate
evidence from a variety of diagnostic strategies encompassing expertise including knowledge of
design rationale and sensitivities, development history, test methods, test history, fault history and
other indications of pedigree, and operational scenarios and environments. The system utilizes a
structural and behavioural model of the satellite, and uses a form of spreading activation to
perform the diagnostic procedures on the model. The various sources of diagnostic evidence are
combined using a specially-tailored Dempster—Shafer based utility for modelling uncertainty.

Marsh (1985) developed an Integrated Status Assessment (ISA) expert system to perform space
station failure diagnosis. The initial domain of the expert system was the KU band portion of the
communication and tracking system. ISA was designed as a hybrid expert system using different
methodologies: object oriented programming, rule-based programming using both shallow and
deep reasoning, and qualitative modelling.

3 Space station applications
3.1 Power management

Ohler and Hall are developing a prototype of the electrical power management system on the
NASA Space Station (Ohler & Hall, 1986). The goal of the project is to develop a generic power
control system that could be adapted to a wide range of proposed electrical power distribution
architectures while maintaining the automated nature of the system. The system is a loosely
coupled distributed Al system composed of four cooperating components, three of which are
planning agents that develop plans in parallel. The fourth component, the fault management agent,
is a diagnostic system which responds to faults in the distribution network and identifies, isolates,
and recovers from faults. The planning agents are the load scheduling agent, the resource
managing agent, and the power allocation agent. The system is still in the developmental phase.
McClure (McClure et al., 1986) discussed the implementation issues associated with autono-
mous management of the space station electric energy system. They proposed a system to handle
the scheduling and real time control of the energy system. The major components of this system are
a user interface, an executive subsystem, a scheduler for the loads and storage, and a real time
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controller. Nguyen and Chiou employed two expert systems (Nguyen & Chiou, 1986) to
demonstrate the concept of parallel symbolic manipulation for power distribution management
and dynamic load planner/scheduler in the simulated space station environment.

Bernard et al. (1988) explain the need for nuclear energy in spacecraft. They report that the
implementation of nuclear energy in space will not be achieved by the mere transfer of the
technology that has been developed for terrestrial applications because of the difficulties associated
with the rejection of heat in space and the need to minimize system mass for economical spacecraft
launching. Their paper provides an overview of a research programme on reactor control.

3.2 Other applications

A space station will be a complex and closed system managed by a small crew. Decisions will be
required concerning the operation and maintenance of all the elements of the station. Several
researchers have employed expert system technology for various applications associated with space
stations. Nease & Fulwider (1988) summarize some of these applications. Jamar & Schur (1986)
developed a system for automated control of the space station environmental control and life
support system called ASCLSS. In this system, basic controllers manage subsystem processes like
CO; concentration, O, generation, and CO, reduction for the air checking, mode changes, and
fault management. Crone et al. (1987) described the use of expert system technology for the
management of the communication and tracking system for the space station. They developed the
Control and Monitoring Equipment Resource Allocation (CAMERA) Expert System to minimize
crew workload in managing the communications of the space station. CAMERA provides a facility
for automatic management of communications resources, diagnosis of faults, and reconfiguration
to restore communications automatically. It utilizes a man-machine interface to allow high level
end-to-end service requests. It interprets the requests, determines the equipment required to
implement the service, and assigns the appropriate equipment to the service. CAMERA then
establishes the service automatically at the time requested and monitors the operation of the
simulated system to diagnose faults and determine the appropriate procedures to restore the
service. Healy also described some applications (Healy, 1988) of advanced automation to space
stations’ operations management.

Loftin et al. (1987) developed an autonomous intelligent training system for use by Mission
Control Center Flight Dynamics Engineers to perform payload-assist operations. The system,
called Pam Deploy Intelligent Computer-Aided Training (PD/ICAT), integrates expert system
technology with teaching/training methodologies.

Cox (1988) is developing an intelligent operator aid, called the Telemetry Analysis Logic for
Orbiting Spacecraft (TALOS), by using the Lockheed Satellite Telemetry Analysis in Real-time
(L*STAR) expert system tool to support real-time, ground-based health and safety monitoring.
TALOS will assist the operators of NASA’s Hubble Space Telescope (HST) which is a complex,
modern satellite system. Two aspects of the HST motivated the TALOS development: first, to
reduce the continuous analysis of thousands of telemetry data points in order to perform health and
safety monitoring, and second, to represent and employ an enormous quantity of design data and
engineering knowledge and expertise which accumulated during the development of the HST.

4 Intelligent aids for flight crew tasks

The performance and complexity of aircraft have increased dramatically in all dimensions. The
increasing complexity of cockpits makes it necessary to provide enough support so that the aircrews
will be able to effectively manage the substantial resources at their command. An effective solution
of this problem is to develop an intelligent cockpit management system which is capable of
reasoning with the stored knowledge and providing the aircrew with the information which is most
critical to the success of the mission at a given time. The objective of the automated system is not to
take full control of the aircraft but to provide the pilot with a structured selection of options which
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include over-riding the automated system (Johanson & Rouse, 1981; Hammer & Rouse, 1982;
Curry, 1985; Weiner, 1985). Because of the wide range of possible applications in the area of
artificial intelligence techniques, one can conceive of a wide range of possible applications in the
area of intelligent aids for flight crew. Sheldon and Feehrer reported the results (Sheldon &
Fechrer, 1985) of a study aimed at developing a basis for applying Al to the flight deck environment
of commercial transport aircraft. In particular, the study comprised four tasks: (1) analysis of flight
crew tasks, (2) survey of the state-of-the-art of relevant Al areas, (3) identification of human
factors issues relevant to intelligent cockpit aids, and (4) identification of Al areas requiring further
research.

Modern warfare places enormous demands on combat pilots, particularly those who operate
single-seat tactical fighters. The increasing complex mission environment surpasses human ability
to respond effectively in real time because a pilot is expected not only to achieve mission objectives
but also be alert to changes in the external and internal situations. A pilot must also respond to
eliminate or avoid threats. Al technology has been employed to aid pilots of fighter aircraft through
a system that both organizes the workload in the cockpit and increases the current capabilities of
the aircraft onboard systems (Anderson et al., 1984, 1985).

Recently a few prototypes of avionics expert systems have been developed by Boeing Military
Airplane Company, Advanced Decision Systems and Lockheed as a part of the “Pilot’s Associate
System”. Boeing’s primary system was a Crew Station Information Manager (CSIM) which
operates on information from three supporting subsystems including a situation assessor, a mission
planner and integration controller. Shelnutt et al. (1986) described the general architecture used
for the expert system and the specific knowledge representation and control reasoning techniques
used to implement the Crew Station Information Manager. Pohlmann & Payne (1986) presented
an overview of the Boeing project, looked back to describe some of the lessons learned during the
project, and looked ahead to describe potential future research directions for avionics expert
systems.

5 Intelligent control systems

Expert system technology has provided the capability to build and operate more efficient and
effective command and control systems, especially for performing functions that require the
analysis and solution of complex problems (Lightfoot, 1986). In this section we will highlight the
aerospace application of expert systems.

Many space station operations involve continuous control of real-time processes. These
processes include electrical power system monitoring, propulsion system maintenance, checkout
and maintenance of space suits and environmental and life support systems, on-board manufactur-
ing, and servicing of attached vehicles such as satellites, shuttles, orbital maneuvering vehicles,
otbital transfer vehicles and remote teleoperators. Leinweber & Perry (1986) described the
requirements for real-time expert systems in space station control and developed a prototype of
space station expert control procedures by employing PICON, a real-time expert system shell. The
potential applications of their prototype include altitude control, electrical power control,
environmental and life support functions, propulsion, monitoring of docked vehicles and payloads,
and manufacturing process control.

Dwyer (1987) proposed a reconfigurable non-linear control system design methodology to
automatically correct computed slew torque commands of space-based painting systems in slew-
induced structural deformations. The torque corrections are generated from structural sensors as
well as from higher derivatives of command boresight angular rates. Structural control forces are
generated from higher angular slew rates to shape the slew-induced structural excitations.
Automatic selection of slew torque and structural actuator correction signals, as well as automatic
correction for tracking error gains can be managed by a supervisory controller that tests required
effort levels against actuator ratings. The simulated implementation of the control system for a
space-based laser beam expander on a silicon graphics IRIS system is reported.
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Sztipanovits et al. (1988) described a model-based approach for the design and implementation
of intelligent controllers by employing a “Multigraph Architecture” which is a layered system and
includes a parallel, graph computation model, the corresponding execution environment, and
software tools supporting the interactive, graphical building of knowledge-bases.

Merrill & Lorenzo (1988) proposed an architecture of an Intelligent Control System (ICS) for
reusable space propulsion systems. ICS has the potential to produce enhanced performance with
increased reliability, durability and maintainability. Ali & Crawford (1988) provided the design of
an expert system for automatic detection, verification and correction of anomalous rocket engine
operations through interfacing with an intelligent adaptive control system. The design of their
intelligent propulsion control and monitoring system includes the architecture of an Integrated
Expert System (IES) serving as the core component. The IES functions include automatic
knowledge acquisition, integrated knowledge base, and fault diagnosis and prediction method-
ology. The results of fault analysis and diagnostic techniques are presented. These faults are based
on a fault example in the SSME main combustion chamber injectors. The authors claim that the on-
board expert system would help the propulsion system’s intelligent controller to focus on the
sources of faults and increase the effectiveness of its attempts to correct them. However, they also
recognize that a majority of the rocket engine component failure modes will not be correctable by
control system actions and will require immediate engine shut-down to prevent serious or
catastrophic failure of the engine. In these situations the expert system will look for an alternative
mechanism and its components’ lifetimes to provide the needed support.

An expert system approach has also been followed in the design of reconfigurable flight control
systems for airplanes. Several architectures have been proposed (Handelman, 1983; Belkin &
Stengel, 1987) to detect and recover from malfunctioning flight systems. In case of recoverable
malfunctions, the proposed systems counterbalance the effect of a failed primary control effector,
such as an aileron, with a secondary control effector, such as a trailing-edge flap.

6 Intelligent planning and scheduling systems

Expert system technology has been recently been applied to perform innovative planning and
efficient scheduling. Gargan & Tilley (1987) are developing a system, called Payload Hardware and
Inventory Tracking System (PHITS), which is capable of creating and stimulating the execution of
launch site payload processing plans. In these plans experiments are manifested, prepared for
launch, and integrated into a shuttle for transporting to the space station for operation. During the
execution of this procedure PHITS will track the utilization and location of all resources and
hardware items used to implement the processing such as the pressurized laboratory experiment
equipment rocks. The focus of PHITS will be to concentrate on problems like: (i) the planning and
scheduling of new flights; (ii) the determination of requirement dates for relevant material; and
(iil) the tracking of all resources in the system. Pearson (1989) has developed a collection of
planning and scheduling tools called the Integrated Mission Planning System (IMPS) to perform
satellite coverage analysis, mission planning and performance analysis for satellite and ground
station systems and constellation trade-off analysis for candidate missions. IMPS creates dynamic
events among spacecraft, fixed targets, moving targets, and geographical areas of interest and
displays these events to provide real-time animation of a mission. Hewett et al. (1988) described
the development of an automated flight test management system (AIMS) which will provide a
flight engineer with a set of tools to assist in flight test planning, monitoring and simulation. Flight
test planning is implemented at several levels. At the highest level, the flights required for an entire
program are established by the project requirements. At the lower levels, flight plans are
determined by a more detailed analysis of the project requirements and are partitioned according
to similarity of prerequisites, flight envelope requirements, and test needs to establish an orderly
progression of flight plans satisfying the high-level project requirements. Raman (1988) described a
system, called SCENGEN, being developed at Boeing with an objective of providing a system
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which utilizes the tools and problem solving heuristics employed by the flight deck engineers in
developing flight mission scenarios.

Dietz, Ferber and Ali developed the SSME Component Assembly and Life Management
Expert System (CALMES) to assist the engine assembly and scheduling process and to insure that
these activities utilize available resources as efficiently as possible. The need for CALMES arose
because of the reusability of the space shuttle system which introduces many problems related to
testing, reliability and logistics. Components must be assembled from parts inventories in a manner
which will most effectively utilize the available parts. Assembly must be scheduled to efficiently
utilize available assembly benches while still maintaining flight schedules. Assembled components
must be assigned to as many contiguous flights as possible in order to minimize component
changes. Each component must undergo a rigorous testing program prior to flight. In addition, the
testing and assembly of flight engines and components must be done in conjunction with the

assembly and testing of developmental engines and components. The development, testing,
manufacture, and flight assignments of the engine fleet involve the satisfaction of many logistical
and operational requirements, and are subject to many constraints. Tyically, a priori knowledge
consists only of parts inventories and a proposed flight schedule. Using this input, CALMES
performs four basic functions: (1) determining how components may be optimally assembled from
the parts inventory, (2) assigning components to flights, (3) scheduling component testing, and (4)
scheduling component assembly. The first function deals exclusively with component assembly,
while the remaining functions are considered to be scheduling operations.

7 Automation and robotics

The requirements of aerospace applications of robots differ radically from those of earth-based
robots. The constraints of the availability of power and repair facilities require new techniques and
design criteria. Roston (1986) provides an overview of the desired features for space robot
manipulators. A description of problems which will be encountered in the development of
telerobotic systems for space applications such as the flight telerobotic systems is given in Jenkins
(1987).

A space station is planned for on-orbit assembly in the 1990s by NASA. The space station will
include several extravehicular robotic systems. A remote manipulator, similar to the shuttle RMS
but mounted on a mobile transport vehicle which crawls along the station truss structure, will allow
handling of large equipment. Other crane-like manipulators will also be used. A description of
these telerobotic systems is given in Campbell (1988).

The European Space Agency is developing a “Service Manipulator System” (SMS) whose
principal goal is to automate the mundane details of operating the manipulator as much as possible.
The details of the project are given in Donzelli et al., 1987 and Smith, 1988. Several space
applications can be greatly enhanced by the use of robotics and automation. Examples of such
applications are collision-free navigation, rendezvous and docking, satellite retrieval and servicing,
orbital inspection, maintenance, refurbishment and repair, and navigation of remotely piloted
vehicles. Total or partial automation of space systems will enhance safety, reliability, productivity
and adaptability. It will also reduce the overall cost of space missions (Cohen & Erickson, 1985).
The feasibility of realistic autonomous space manipulation tasks using multisensory information is
shown in Abidi et al. (1988).

In 1985, NASA initiated a major programme of robotics research and development for
technology applications to space station construction, maintenance, repair, on-orbit servicing, and
remote exploration. A focal point within this program has been the development of a ground-based
telerobot testbed. Designed to prove technology concepts for supervised automation of increas-
ingly unstructured and complex tasks, the testbed has reached an initial stage of integration.
Schenker et al. (1988) have reported on several testbed experiments including the visual tracking
and grapple of a satellite, dual arm spatial coordination and manipulator control, force-reflecting
teleoperations, and simulated task planning for a satellite servicing scenario. The Telerobot
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Interactive Planning System (TIPS) is the highest level of autonomous control of the integrated
testbed (Peters, 1988). TIPS will perform overall task planning of a satellite module replacement
task, including gross motion spatial planning and on-line error recovery.

The applications of artificial intelligence technology in the Flight Telerobotic Servicer (FTS),
particularly in the automation of operator and supervisory control, are described in Smith et al.
(1987), Oberright (1987) and Goforth & Doming (1988). It is expected that the use of expert system
in the FTS design will relieve and/or lighten the teleoperations crew of slow, and tedious tasks are
prone to human fatigue and error. There are several facets or dimensions to consider in attempting
to apply Al technology in a system such as the FTS. For example, which phase of mission
operations or teleoperations is the most likely place to insert this technology? How should the
automation of off-line, planning activities be coordinated with on-line or real-time operational
activities? Goforth & Doming (1988) address some of these issues.

8 Neural network based systems

Neural networks have properties which seem to offer solutions to some of the difficult problems
encountered in machine learning, vision, speech, pattern recognition, resource planning, control
and real-time systems. One of the important features of neural networks is their ability to recall
stored patterns using fuzzy or incomplete cues in time. This ability is independent of the number of
stored patterns. Neural network features are very significant in aerospace applications where
aircraft, space vehicles and military weapon systems operate in increasingly difficult situations.
These systems are also becoming increasingly complex with the advancement of technology and
need neural networks to make them autonomous, flexible, adaptable and self-learning in highly
dynamic environments.

TRW has been working on the “Adaptive Network Cognitive Processor” (ANCP). The
objective of this program has been to develop a prototype system which builds an inner model of its
environment in the form of cognitive maps and to use this model for reasoning, planning, and
problem solving. The exact problem domain is a high level situation assessment and response
system for pilot aiding. Booz-Allen & Hamilton, Inc. and Texas Instrument are working on the
“Adaptive Network Sensor Processor” which applies neural network associative memory and
pattern recognition technology to a military radar warning system for providing identification,
categorization, and classification of previously experienced and novel radar signals in a noisy
environment,

Dietz et al. (1988, 1989b) employed neural network technology to develop diagnostic expert
system methodologies based on the analysis of patterns of behaviour of jet and rocket engines. In
their approach fault diagnosis is conceptualized as the mapping or association of patterns of input
data to patterns representing one or more fault conditions. Their neural network methodologies
offer several powerful and useful features, including: (1) general mapping capabilities, (2)
resistance to noisy input data, (3) the ability to be trained in a supervised learning mode, and (4) the
capability of operation with incomplete input. Although the performance of their earlier diagnostic
system was quite good, it was not free of the usual neural network drawback and needed an
improvement. The most important improvement dealt with how the networks respond to fault
classes for which the networks have not been specifically trained. The networks were trained to
categorize inputs representing known fault conditions. However, there was no method whereby a
network could be trained to recognize when an input pattern corresponded to a previously
unobserved, i.e. unknown, fault condition. When presented with sensor patterns representing an
unknown behavioural scenario, the networks would sometimes incorrectly categorize the patterns
as a known fault condition. As a result, the diagnostic system rarely produced false negative results
(i.e. reporting no fault condition when given a set of patterns indicative of a known fault condition),
but would sometimes produce false positive results when given input patterns representing a
behavioural scenario for which the networks were not specifically trained. In the new and improved
system they developed and employed a neural network topology (Dietz et al., 1989¢c) which
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effectively addresses these problems. The network topology is autoassociative, i.e. the network
input and output is identical when properly trained, and hence learning is unsupervised. Classifi-
cation of input patterns is accomplished by examining the activations of the nodes in the hidden
layer.

A range of training examples indicative of a particular fault class will result in hidden node
activations which map out a surface in N-dimensional space, where N is the number of hidden
nodes. An unknown input example presented to the network for classification will invoke hidden
node responses which can be conceptualized as a point in N-space. If the hidden node activation lies
near a surface corresponding to a particular fault, the input pattern will be associated with that
fault. If, on the other hand, the resultant hidden node activation lies away from any surfaces
defined by the training set, the input will be classified as an unknown pattern. Therefore, an input
pattern produces a hidden node response which is sufficient to either (1) associate the input with a

known fault scenario, or (2) reject the input altogether as not representative of any known fault
condition for which the network has been trained. If an input is associated with a fault condition,
the hidden node activations will also serve to identify the severity and duration (i.e. rapidity of fault
onset) of the fault.

Another improvement to the system concerns the number of networks required for diagnosis.
The earlier system required five networks for each sensor; one to diagnose the fault type, and two
additional networks to identify fault severity and duration for each fault. Two main faults were
considered; as a result, the entire system required 20 networks. Adding another fault type to the
system’s diagnostic capability required the training of twelve additional networks. With the new
approach, asingle network can be trained to respond accurately to input examples from all sensors;
as aresult, a single network performs the functions of all 20 networks required in the earlier system.
In the present approach, a single network is trained to identify and categorize all fault conditions.
As a result, adding the capability of identifying additional faults requires the training of only a
single network.

9 Conclusion

The significance and importance of intelligent systems research and their aerospace applications
can be judged by the large number of projects being carried out as well as by the number of
conferences organized. We have reviewed only a small number of aerospace applications and
projects in this paper. The bibliography includes only a subset of selected papers. Limited space in
this special issue of the journal resulted in excluding the review of many interesting projects
associated with intelligent aerospace systems. Many papers were excluded from the bibliography
for the same reason. Reasons for such a tremendous amount of work in this area have been the past
and present successes and future potential in applying intelligent systems to aerospace appli-
cations. In spite of the enormous interest of a large number of researchers, we believe the past and
present work is only a tip of the iceberg.

9.1 Summary of work to date

Current research in the areas of aerospace applications of artificial intelligence, expert systems,
neural networks, and robotics has resulted in a wide range of successful projects covering fault
diagnostic systems, space station applications, pilot associate systems, control systems, and
planning and scheduling systems. The American agencies participating in the research and
development include DARPA, NASA, the US Air Force, Navy and Army, Rockwell Inter-
national, General Electric, General Dynamics, Lockheed, McDonnell Douglas, Boeing, Martin
Marietta, TRW, Mitre Corp., Grumman, GTE, Hughes Aircraft, Honeywell, Harris Corp.,
Westinghouse, Raytheon, MIT, The University of Tennessee Space Institute (UTSI), Carnegie
Mellon University, University of Cincinnati, Auburn University, University of California, SRI
International, Jet Propulsion Laboratory, Rice University, and University of Michigan. The
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European organizations include the European Space Agency (ESA), Edinburgh University,
British Aerospace, Smiths Industries, GEC, Ferranti, Marconi, Germany’s MBB, France’s Matra,
and Aerospatrali-Broguet. Japan’s leading industrial organizations have also started pursuing
research in this area recently. Some of these successful projects have been reviewed in this paper
and an extensive bibliography has been provided for the readers who would like to study the field
further.

9.2 Current and future trends and themes

The objective of research in this area has been to develop autonomous, fault-tolerant, and
intelligent aerospace systems capable of reasoning, using the available knowledge, acquiring and
employing past experience, and formulating and utilizing new insights, heuristics and knowledge to
solve the complex problems which are faced by aerospace vehicles. Examples of such problems
include high level controls, management of information, resources and activities, monitoring,
diagnosis and servicing of anomalies, tactical maneuvering, navigation in unfriendly and unseen
situations. Current advancements in intelligent systems technology have been very encouraging in
formulating potential solutions; however, the technology is still in the early stage of development.
Therefore, the successes in achieving solutions to these complex problems have been demonstrated
only on overly simplified problems in narrowly defined domains of expertise. For example, man—
machine communication with these systems has been in a rudimentary form. Research on
knowledge comprehension and on human factor considerations of automated systems have not
progressed very far. Most systems developed so far are only in prototype forms which were
designed with no possible extensions to the real-time response required for real life complex
problems. Future intelligent systems will address these problems and will emphasize integrated and
hierarchical processing in which top-level controllers will interact and coordinate multiple expert
systems for integrated problem solving and resource allocation. Such systems will be capable of
acquiring, understanding and utilizing local as well as global knowledge in a dynamic environment.
Man-machine communication will include continuous speech, natural language, pattern and
image understanding and recognition, and multi-dimensional graphics. Acquisition, understand-
ing, representation and integration of information derived from multiple sensors will also be
important. Parallel and distributed processors capable of very fast symbolic processing will be
critically important in the future generation of intelligent systems. It is expected that in the future
emphasis will shift from developing prototypes to actually developing operational systems for
solving real life problems in a real-time environment. This trend has already started and a few
systems are being developed which have potential of being operational. We predict a tremendous
growth in this area.
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