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Preface 

The AGARD Guidance and Control Panel has become increasingly more interested in applications of new concepts and tools 
arising from the field of investigation which has been termed “Artificial Intelligence”. In particular, it was noted that 
Knowledge-Based Systems technology was maturing rapidly with guidance and control applications being discussed more 
frequently in Symposia papers and the literature in general. Working Group 11 on “Knowledge-Based Guidance and Control 
Functions” was established by the Guidance and Control Panel in the fall of 1990. The Terms of Reference approved by the 
National Delegates Board of AGARD were: 

(1) Analyze the structure of knowledge-based guidance and control functions related to aircraft, missions, and the 

(2) Analyze the structure of knowledge-based guidance and control functions related to the life cycle of guidance and 

(3) Review the state-of-the-art of those software- and hardware-oriented technologies required for the traiisfer of the 

battlefield, and identify their potential for automation. 

control systems, and identify their potential for automation. 

knowledge-based G&C functions to automatic systems. In particular: 
- Compare new and classical techniques and consider their optimal fusion 

Consider the potential of neural networks 
- Consider the problems in safety-critical applications. 

(4) Review existing programs. 
(5) Make recommendations for future work. 

The Working Group held six working sessions in conjunction with the Guidance and Control Panel Symposia of 1990-1993. 
This Final Report presents the material produced by the group. It is the result of a team effort and represents the consensus of 
the Working Group. 

Prkface 

Le Panel AGARD du Guidage et du Pilotage s’intkresse de plus en plus B l’application des nouveaux concepts et des 
diffbrents systkmes d’aide Cmanant du domaine de recherche appelC .intelligence artificielle.. En particulier, il a CtC constat6 
que les technologies des systkmes B base de connaissances Ctaient en pleine kvolution et que les applications guidage et 
pilotage figuraient de plus en plus frkquemment dans les communications de symposiums et dans la littkrature en gtnkral. 
Le groupe de travail no 11 sur oLes fonctions du guidage et du pilotage B base de connaissancesa a 6th cr&C par le Panel 
AGARD du guidage et du pilotage en automne 1990. Le mandat de ce groupe, tel qu’approuvk par le Conseil des dClkguks 
nationaux de I’AGARD, fut le suivant : 

(1) analyser la structure des fonctions de guidage et de pilotage B base de connaissances likes aux akronefs, aux 

( 2 )  analyser la structure des functions de guidage et de pilotage base de connaissances likes B la duke de vie des 

(3) faire le point sur les technologies de pointe en logiciel et matCriel exigkes pour le transfert des fonctions de guidage 

missions, et au champ de bataille, et d’apprkcier leurs possibilitCs d’automatisatiou; 

sys thes  de guidage et de pilotage et apprkcier leurs possibilit6s d’automatisation; 

et de pilotage B base de connaissances aux systkmes automatids, et, en particulier 
- faire la comparaison des techniques nouvelles et classiques et Ctudier leur intkgration optimale; 
- Ctudier le potentiel des rkseaux neuroniques; 

apprCcier les probl&mes qui sont B envisager dans les applications ob la skcuritk est un ClCment critique; 
(4) &valuer les programmes existants; 
( 5 )  faire des recommandations concemant de futurs travaux. 

Le groupe 11“ 11 a organisk six seances de travail conjointement avec les symposiums du Panel AGARD du guidage et du 
pilotage 1990.1993, Ce rapport final prCsente les textes 6laborCs. I1 s’agit d’un vkritable travail d’Cquipe qui traduit l’avis 
unanime du groupe de travail. 
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CHAPTER 1 

INTRODUCTION AND BACKGROUND 

1.1 Introduction and Background 
Working Group 11 (WG 11) was established by the Guidance and Control Panel (GCP) in 1990 to evaluate 

Guidance and Control functions with respect to the knowledge-based content of actions carried out by human 
operators. Such functions are performed, for example, in the cockpit of a military or civilian aircraft, at an air traffic 
controller's work position, at a mission planning work station or in a space vehicle control center. The Terms of 
Reference of WG 11 contained the following objectives: 

- Analysis of the G&C functions related to aircraft, mission and the battlefield, and their potential for 

- Review of the technologies available for the automation of these functions. 
- Review of existing programs in the NATO countries, and recommendations for further work. 

automation. This analysis shall also include the management of the life cycle of G&C systems 

W G  1 I had 6 Meetings between Fall 1990 and Spring 1993, and made site visits to industrial and research 
facilities in Germany, France and the United States (see Appendix 2). 

We begin the discussions of knowledge-based functions by considering the general structure of human behavior. 
The goal-directed interactions of man with the surrounding world can be decomposed into the functional elements 
(subfunctions) of the recognize-act-cycle (or stimulus-response-cycle) [ I .  I ,  1.21 : 

1 .) Recognize the actual state of the world and compare it with the desired state 
(which corresponds to the goal of the interaction). (MONITORING) 

(DIAGNOSIS) 
(PLAN GENERATION) 
(PLAN SELECTION) 
(PLAN EXECUTION) 

2.) Analyse the deviations of actual and desired state. 
3.) Think about actions to modify the state of the world. 
4.) Decide the necessary actions to reach the desired state. 
5 . )  Take the necessary actions to change the state of the world. 

For many simple tasks a person's physical sensors (eyes, ears, etc.), his brain and his physical effectors (arms, 
legs, etc.) are sufficient to carry out these functions (manual interaction). More demanding tasks (e.g. flying a 
military airplane) go beyond the capabilities of his physical sensorieffector equipment. Therefore, man has invented 
a great variety of tools to support his interactions with the world. As shown in Figure 1 . I ,  the tools may support or 
even replace the human functions. 

Three types of tools may he distinguished: 

- sensor systems to support functional element I.) 
- information processing systems to support functional elements 2.) , 3 . )  and 4 . l  and 
- effector systems to support functional element 5.). 

In our industrial society many of the human interactions with the world occur in a work system [1.3, 1.4, 1.51, 
where man spends a great part of his life. A system is an arrangement of elements whose relationships serve a 
certain purpose or goal. The goal of a work system is to fulfill a certain task, for which the work system has been 
built. Figure 1.2 illustrates the generic structure of such a work system. 
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MANUAL INTERACTION 

WORLD 

TOOL 

L- I SUPPORT BY TOOLS 

Figure 1.1 Generic Structure of the  Interaction of Man With the  World 

This Work System striicturc consists of the following elements: Operator, Work Object and the Tool(s). The 
t o o l s  iirc dcvices or machine:; (or sometimes other peiiple) which help the operator to fulfill the task. The woi-k 
objects arc materials, goods. data and (in soinc work systems) also peopla which have to be modified, iiscd, 
transported etc.. correspondin:; to the task. The system elements interact through the operator- and the work-object- 
interhces, with the goal to produce a certain output, the product. Thc operator can interact with the work-ob.ject 
directly (manual operation) or with the help of the tool (semi-automatic or automatic operation). The declarative 
(or ob,ject-oriented) representation which describes the elements making up the woi-k~system in Figure 1.2 is 
instantiated in that figure u'ith the situation of ii cockpit in a n  airplane. Herc the operator is the pilot, the work- 
object is the airplane and the tool is the Guidancc and Cmitrol System (GCS) of the aircraft. The goal is to fly the 
airplanc i n  accordance with the flight plan (or tlic mission plan i n  the military case) subject to the ground rules of 
safe tlight and possible air traffic control (ATC) directives. The functional relationships of the elements of the work 
system will be discussed below i n  more detail. 

~ 

OPERATOR- WORK-OBJECT. 
INTERFACE INTERFACE 

WOHK- 
OBJECT 

1PERATOR 

WORK-SYSTEM COCKPIT 

- 
:S - GUIIIANCE AND CONTROL SYSTEM 

Figure 1.2 Generic Structure of a Work System 

A Ir;nnework has been described by J. Rasmusscn 11.61, which can be used to provide a better understanding of 
the interactions of a human iqierator with a tool or a work-object. Following his ideas, these interactions can take 
placc on three levels: 
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- Skill-based activities which are carried out almost subconsciously and automatically. A skilled operator has 
a large repertoire of automated sensory-motor subroutines which he can put together to form larger 
patterns of behavior in order to interact with the tool or the work-object. 

~ Rule-based activities which are steered by stored tules that have been learned during instruction or by 
experience. These rules cover all routine situations for which there are no automated sensory-motor 
subroutines. 

- Knowledge-based activities which take place in non-routine situations, where no learned rules or skills can 
solve the problem. In such situations the operator has to develop new problem solutions based on his 
objectives and knowledge about the work-object and the world. 

The following Table 1 . I  describes some of the characteristics of these interaction levels. 

Table 1 .I Characteristics of the Levels of Interaction Between Human and Work-object 

Required Response Time Structure of Information 
Processing 

Skills short connectionist 

Rules medium cognitive 

Knowledge long cognitive 

By analogy to models of cognitive science one can assume that skills are stored in the human brain as 
"situationiaction" patterns, rules in the form of symbolic "if(situa1ion)-then(action)" pairs. Knowledge can he 
represented in declarative form (knowledge about the world, the work-object, the tools and the human operator) or in 
procedural form (knowledge about actions and their use for problem solving). 

The operator of a GKLC system performs his information processing functions as part of the recognize. 
act-cycle: 

- By visually scanning the displays, he continuously monitors the state of the aircraft and mission 

- He processes the obtained information in order to derive any necessary corrective actions in the case of a 

- He implements the necessary actions by direct interaction with the G&C system. 

environment under his control. 

deviation between the actual and the desired state. 

In the most general form, information processing functions carried out by human operators can he decomposed 
into the following subfunctions: 

- Recognition of a problem in connection with the actual state of the work-object and its representation in a 

- Construction of control operations to bring the work-object from the recognized problem state to desired goal 

- Selection of criteria to evaluate the different control strategies. 
- "Simulation" of the effect of the control strategies on the work-object. 
- Evaluation of the possible control strategies. 
- Selection of the appropriate control strategy to "best" drive the work-object to the desired goal state. 

"mental model". Definition of the desired goal state. 

states. 

An experienced opera tor  has gone through this scheme many times and has been trained to recognize typical. 
problems and to react to them in an appropriate manner. Based on what he has learned (gained experience) from 
these repetitive familiar situations, he immediately has a mental model available for the problem representation, and. 
he also knows the criteria to be applied. He knows which control strategies are available to solve the problem. He: 
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also knows their effect on tilt: work-object and their relative value with respect to the criteria. In analogy to models 
of cognitive science one can iassume that this experience is stored i n  his long term memory in the form of rules. For 
this experienced operator the information processing reduces to the simpler form: 

- Selection of possible rules to drive the work-object to the goal state. 
~ Evaluation of these rules and selection of the appropriate control strategy. 

After many years of experience, an expert operator has learned the appropriate control strategy for all 
routine problem situations. His information processing reduces to a kind of "pattern matching" process: 

~ For each routine problem of G&C he has the appropriate control strategy immediately at hand. This 
experience is stored in his Long Term Memory as a collection of "situationktion" patterns. 

These patterns are activatcd by the information obtained from his sensory inputs. It is not difficult to see that 
these three models for the information processing of an operator are related to the three levels of interaction 
(knowledge, rules and skills) discussed above. 

, 

Figure 1.3 shows how the: work-system is embedded in the environment: It receives an input in the form of 
material, energy, information (or a combination of the three), from which it  produces an output (also as material, 
energy or information), in the form of the product for which the work-system was built. The general scheme is 
again instantiated i n  this figure with the example of a cockpit in an airplane. The operator is the pilot, his tool is the 
GCS of the aircraft and the work-object is the airplane. The goal of this work-system is a safe flight corresponding 
to the tlight plan (or the mission plan in the military case). The flight plan is (he main input into the work-system. 
It is cei-tainly an information input, and the pilot's (or the tool's) commands to the aircraft (corresponding to the flight 
or mission plan) are information outputs. 

4 
i 

Such work-systems are the objects of research in Ergonomics and Human Factors Sciences [1.3, 1.4, 1.51. In the 
general case, side-inputs and the impact of the environment have to be considered in addition to the main input. The 
system normally produces certain by-products and waste i n  addition to the intended main product, and also has an 
impact on the environment. 

Another (complementary) way of viewing a G&C system as a work-system is the procedural (or function- 
orientcd) representation i n  Figure 1.4, which describes those functions performed by the system elements that are 
required in order to obtain the product. It shows the inputs to the work process as: 

- Information, in the form of a flight plan and 
- information about the state vector of the airplane 

In manual flight, the pilot controls the aircraft i n  the recognize-act-cycle discussed above. So we can describe 
the top level G&C functions as 

- Monitoring 
 diagnosis 

~ Plan generation 
- Plan selection 
- Plan execution. 

In performing these top level G&C functions the pilot transform the aircraft state into its desired value, feeding 
the output of the work-process (the control commands) to the effectors (the actuators of the airplane). In the case of 
a semi-automatic or automatic tlight, G&C tools contribute to performing (partially or totally) the top level G&C 
functions. 
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Figure 1.3 G&C of an Aircraft as a Work-System (Declaritive Representation) 
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Figure 1.4 G&C of an Aircraft as a Work Process (Procedural Representation) 

Complex tools - like those to be used for G&C - have a life-cycle. Corresponding to their use in  a work-process: 
they have to fulfill certain requirements. The phases of their life-cycle are: 

1 .  Requirements analysis 
2. Design 
3. Implementation 
4. Installation and test 
5 .  Use 
6. Field support and 
(7. Removal) 



Work-objects - like an airplane - have the same life-cycle as described for the tools. Figure 1.5 shows in more 
detail the life-cycle phases w e  and field support. These are the phases where the tool (G&C system) and the work- 
object (airplane) are parts of the same work-system, as shown in the Figure 1.6. 

During their life-cycle the tools (and work-objects) themselves go through several work-processes 
(corresponding to the different phases of the life-cycle). Similar knowledge is used by the operators in these work- 
processes. We introduce the term life-cycle management to describe a new function which organizes the transfer of 
this knowledge from one work-process to the other throughout the whole life-cycle. 

-REQUIREMENTS ANALYSIS 
-DESIGN 
.IMPLEMENTATION 
-INSTALLATION AND TEST 

-USE 
-FIELD SUPPORT 

Al'l'l.l~:Xl'lON OF A '1001. 
OK A WORK-OBIKT IN 

THE WORK-PROCESS 

I (-REMOVAL) 

START-UP 
18 PREPARATION 
" USE 

*' SHUT DOWN 
MAINTENANCE 

Figure 1.5 Life-Cycle of a Work-Object or a Tool 

In  the following chapters of this report the G&C subfunctions are considered in more detail in the domains of 

- aircraft flight 
- aircraft mission control 
- air traffic control 
- space vehicle control ;and 
- life cycle management. 

r -  I 

\ I LIFE CYCLE OF THE WORK-YJECT 
WORK..PROCESS \J 

Figure 1.6 Work-Process and Life Cycle of Tool and Work-Object 
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They are analysed with respect to the possibility of building tools for the support of the knowledge based 
functions of human operators. Special attention is therefore payed to the enabling technologies. These are software 
and hardware technologies which are needed to build automated tools able to perform the G&C subfunctions . For 
the information processing functions in G&C the following technologies are relevant: 

Computer hardware: -> von Neumann computers 

-> highly parallel computers. 

Computer software -> numerical programming 

-> symbolic programming 

-> neural networks. 

Von Neumann computers and numerical programming techniques are considered here as "traditional" 
technologies, the remaining ones as the "new" technologies. The traditional and new technologies are used to build 
the tools to support humans i n  carrying out the G&C subfunctions. Usually this support consists of a duplication of 
parts of the functions carried out by the operator and now also performed in parallel by the tools. Developments i n  
G&C show that this "mixed mode" of operation is the most important one to be considered here. In  this report, the 
new technologies are of particular interest, because many of the considered G&C subfunctions require the explicit 
usage of knowledge for their performance. So the potential of the new technologies for the implementation of 
knowledge into machine tools has to be discussed in detail. Worked-out examples are presented to exemplify the 
value of the new technologies for G&C automation. 

The results of the functional analysis in G&C related domains is presented in the Chapter 2 of the report. The 
analysis contains the areas of flight control, navigation, mission management, air traffic management, space mission 
management, and life cycle management. The Chapter 3 discusses human factors aspects in relation to automation 
and the sharing of knowledge-based functions between humans and automatic systems. Available technologies for 
the automation of knowledge-based functions are discussed i n  the Chapter 4. The Chapter 5 is devoted to a 
description of the existing supporting infrastructures and development environments for knowledge-based systems. 
In Chapter 6, examples of current applications of automated knowledge-based functions are presented. Future trends 
and recommendations for further work are discussed in the Chapter I .  Appendix A contains a description of the 
potential of Neural Networks for the automation of knowledge-based functions. Appendix B describes the site visits 
of the WG, and the written material which was presented to and discussed by the WG. 
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CHAPTER 2 

FUNCTIONAL ANALYSIS OF GUIDANCE AND CONTROL RELATED 
DOMAINS 

2.1 Top Level Functional Structure of Guidance a n d  Control Work  Processes 
Performing a functional analysis is the first step in a methodical approach to developing a solution to a complex 

problem. Indeed, understanding the basic functionality required of a solution is a prerequisite to the formulation of a 
design and ultimately the implementation of that design as the embodiment of the solution. In  this section, a top 
level functional analysis of a real-time, closed-loop work process’ is formulated. The analysis is performed at a 
high level of abstraction in order to insure that i t  captures the basic functionality of a broad class of Guidance and 
Control related work processes including those which implement decision-making, problem-solving and planning 
functions. Although not discussed explicitly i n  this section, the technical distinctions that can be drawn in 
differentiating among planning, decision-making and problem-solving are addressed in Chapter 3. 

The functional analysis of a generic complex, real-time, closed-loop work process presented in this section serves 
to establish a common framework and a common language for describing a variety of specific guidance and control 
related work processes in ensuing sections. The two principal components of a functional analysis performed for 
any system are (1) a functional decomposition and (2) a detailed description of the information flow contained i n  the 
interfaces between the individual functions comprising that decomposition. The approach taken here is the classical 
structured analysis with a dataflow representation. A dataflow representation has been chosen because it  readily 
lends itself to a hierarchical description. That is, each individual function can be further decomposed into more 
refined subfunctions which, when taken together, have combined inputs and outputs which are consistent with those 
of the original function. Neither control flow representations nor the emerging object-oriented analysis are 
addressed. 

The functional analysis of a complex, real-time, closed loop work process given here is not claimed to represent 
the uniquely “correct” decomposition. Indeed, what is presented here reflects similarities with descriptions given 
elsewhere for real-time planning and decision-making systems, [e.g., 2.1, 2.21. Our intent is to develop a description 
at a sufficiently high, abstract level that can be used as a template for the functional description of a variety of work 
processes ranging from air traffic flow control or the hierarchy of decision-making, problem-solving and planning 
functions required in a battlefield setting to the onhoard functions required for the planning and execution of a 
mission o f a  tactical fighter aircraft. 

Ultimately, the objective of the functional analysis is to identify that subset of functions within a real-time, closed 
loop work process which might be designed and implemented via knowledge-based approaches. The analysis in this 
section establishes a common framework and serves as a point of departure for the more detailed functional 
descriptions that follow in succeeding sections. 

This section defines work processes and their internal functionality in a manner that is independent of the 
mechanisms that ultimately will be used for their implementation: i.e., inan vs. machine, hardware vs. software. 
Allocation of function to person or machine or to a person and machine in concert is addressed in Chapter 3. Indeed, 
in so-called “human centered” designs [2. I - ? ]  or “mixed-initiative” systems 12.1-41, the extent of human 
participation in each function is dynamic and can range from totally manual to completely autonomous. 

2.1.1 System Functional Decomposition: Generic 
Our presentation of the functional analysis of a generic closed-loop decision making system begins with a 

description of the basic elements depicted in Figure 2. I .  A more detailed functional breakdown follows the generic 
system description and includes an overview of each of the decision-making functions contained in that more 
detailed analysis. 

1 Here, the term work process has the distinct connotation as described in Chapter 1 
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2.1.1.1 Basic Work Procesii Sub-Functions Comprising the Generic Deco:mposition 
Thc generic decompositioii o f a  real-time, closed-loop work process illustrated in Figure 2.1 comprises a basic set 

of individual sub-functions including: Coordination, Situation Assessment, Plan Generation, and Plan 
implernentarion. Coordination translates external inputs into problem-solving strategies, objectives and constraints 
that are to he employed by the other sub-functions. The Plan Generation and Plan Implementation functions do 
exactly as their names suggest. Situation Assessment monitors the state of the world to determine whether the 
objectives and constraints embodied in the current operational plan/solutionZ are being honored as well as to detect 
previously unforeseen opportunities that may allow the accomplishment of more goals or objectives than those 
embodied in  the current plan. The result of this monitoring can he either a decision to continue to pursue the current 
plan or to create a new plan In order to accommodate problems or to take advantage of opportunities. Note again 
that each of these functions is influenced by the output of the Coordination function as well as 
signalsidatalinformation that :ire internal to the Assess~Plan-Implement loop shown in Figure 2.1. 

Figure 2.1 Functional Decomposition: Basic Sub-Functions of a Generic Work 
Process 

I 
I The decomposition of the. generic work process illustrated in Figure 2.1 provides a framework for the more 

detailed discussions that follow. Indeed, within this framework one is capable of describing the functionality of 
closed-loop systems ranging from classical closed-loop control systems to real-time hierarchical problem-solving 
such as battlefield management. Before, addressing the application of this analysis to those types of problems, we 
will expand slightly on this initial view of the generic functional analysis. 

2.1.1.2 Inputs and Outputs of a Work Process Sub-Function 
In the process of formulating a planldecisionlsolution, a work process sub-function requires several classes of 

input information. These classes (shown entering from the top left in Figure 2.2) include problem-specific, real-time 
data and signals describing the elements of the current state of the world that are relevant to the task of the sub- 
function. In addition, taskinp and strategy contrtd inputs are required to define problem-solving criteria such as time 
available to generate a solution, the overall objective function, costs and constraints. These control inputs are 
influenced by inputs from a higher level entity and are shown entering at the top of the figure. Finally, in order to 
generate a solution, knowledge inputs including quasi-static, a priori information regarding the state of the world 
such a s  maps as well as problem-solving mechanisms that may he employed e.g., heuristics, search algorithms and 
inferencing techniques must be known. The knowledge inputs are shown entering at the bottom of the figure. The 
standard format used in pictorially depicting work processes in the ensuing sections shows the control inputs with 
gray arrows hut does not explicitly show the knowledge inputs. This does not imply that knowledge inputs are 
considered to be unimportant nor that they should he overlooked, rather we have chosen only to represent explicitly 
the dataflow for the more dynamic, real-time information. 

I 
! 
I 

The terms plan and .solution are often used interchangeably throughout this section 
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The outputs representing the results of the decision-making can potentially include any or  all of the classes of 
data and information that have been described above as inputs. These outputs, of course, serve as inputs to other 
sub-functions of the overall closed-loop work process. 

Control Inputs: - Tasking 
Strategy 

& 
outputs: 

Real-time Inputs: Data 
* Data Work Process - Signal 

Sub-Function * Taskina Simal 

Inference mechanisms 
* A priori information 

Figure 2.2 Generic Sub-Function 

2.1.1.3 More Detailed Functional Decomposition 
In order to more clearly describe the functions that are executed within the work process during normal 

operation, the Situation Assessment and Plan Implementation functions have been further decomposed into 
Diagnosis and Monitoring and Plan Selection and Plan Execution, respectively. This further decomposition makes it 
explicit that Diagnosis, Plan Generation and Plan Selection are required within the real-time loop only when 
Monitoring detects a significant deviation from the expected situation. This, along with a more detailed view of the 
Coordination function, is shown i n  Figure 2.3. In particular, the Coordination function is further decomposed to 
show both that it must organize and execute communications, when appropriate, with external agents and that it 
must continuously provide internal coordination to influence and control the execution of the sub-functions within 
the closed-loop work process. 

2.1.1.4 Description of each Sub-Function 
The discussion of a generic sub-function presented earlier in Section 2.1.1.2 defines the classes of inputs and 

outputs for each function and thereby serves as a basis for describing the inputs and outputs of the specific, 
individual work process sub-functions shown in Figure 2.3. The discussions below focus on information and the 
signals flowing within the real-time, decision-making loop. The description of each individual sub-function is, in 
some cases, contained implicitly in that of its inputs and outputs, Le., the function transforms its inputs into its 
outputs. The mechanisms ultimately realize these transformations are not suggested here as they are the subject for 
later discussions in the context of specific G&C problems. 

2.1.1.4.1 Situation Assessment 

Monitoring 

Inputs: Signals containing information about both the internal and external states of the system, Le., the internal 
health and status of the system-to-be-controlled and the elements of the state of the environment external to the 
system-to-be-controlled that may influence the decision-making process, are provided as inputs from sensing 
systems. Problem-solving strategies that are part of the input include measures for and characterization of what 
constitutes a “significant” deviation from the expected state of the system. These are required to determine whether 
an extension of the normal operating loop to include Diagnosis, Plan Generation and Plan Selection i s  required. 

Outputs: The output of the monitoring function is its decision indicating that either there are no abnormal 
deviations or there are significant deviations from expectations. In the former case, control is passed to the Plan 
Execution function. In the latter case, control i s  passed to the Diagnosis function along with an indication of the 
nature of the deviations. Although not shown explicitly in Figure 2.3, the state estimates (and uncertainties in those 
estimates) employed andlor generated by the Monitoring function are made globally available to all of the individual 
work process sub-functions. 
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Diagnosis 

expectations. 
Inputs: The principal input is the output of the monitoring function: an indication of a deviation from 

Output :  In the case that ii  problem has been detected by the monitoring function, the output of Diagnosis is a 
determination of the source of the problem and a characterization of the impact of that problem on the capabilities of 
the system-to-he-controlled andlor on the ability of the system to pursue the current plan (e.g., an inability to achieve 
current or future objectives contained in the plan). In the case that the deviation from expectations represents a 
potential opportunity, the diagnosis function must characterize that opportunity in terms that will allow the Plan 
Generation function to attempt to incorporate any attendant new goals or objectives into the plan of activities to be 
pursued. Diagnostic information. similar to state estimates produced by the Monitoring function, are made globally 
available. 

. Su~ervisim lrom Higher Levels . C",renf PM,, 
* Problems & Oppomnitieer 

Figure 2.3 I'unctional Decomposition: Detailed Generic View 

2.1.1.4.2 Plan Generation 
Inputs:  A new plan may be required in response to either detected and diagnosed problems or unexpected 

opportunities that are provided as input from the Diagnosis function. The Plan Generation function may generate a 
variety of plans that trade off' among different levels of constraint and/or different objective functions (Le., plan 
optimization criteria). The objective function(s) and constraints are provided by the Coordination function. 
Furthermore, a variety of algorithms or search techniques may be applied in generating plans. These mechanisms 
for plan generation are knowledge inputs. The decision as to which plan generation mechanism(s) to employ is 
made as a function of the strategy component of the control inputs from the Coordination function. For example, a 
quick heuristic may he required if a new plan is needed immediately to accommodate a serious (potentially mission 
or safety critical) problem that has been diagnosed. In other situations, it  may be acceptable to continue to pursue 
the current plan while a more considered search of the plan space is executed in an attempt to refine the current 
solution to include additional opportunities or to accommodate minor degradations in the capabilities of the system- 
to-he-controlled. 

Outputs :  The output is the plan or set of plans that has been generated along with the figures of merit for &e., 
the values of) those plans and the resources required for their execution. 



2.1.1.4.3 Plan Implementation 

Plan Selection 

Inputs: Given the plans that have been generated by the Plan Generation function, the Plan Selection function 
must choose from among those plans the one that best achieves the overall objectives as provided by the 
coordination function. For instance, there maybe multiple objective functions, and given a strategy for selecting 
among a set of plans, the Plan Selection function must make the choice of a single plan. 

Indeed, a change in plan may not be warranted if there is no plan in the set of generated plans whose value 
sufficiently exceeds the value of the current plan3. The interpretation of “sufficiently exceeds” is made in the 
context of strategy inputs from the coordination function. 

Output: The selected plan is the output and it is made globally available to all sub-functions. 

Plan Execution 

Input: Control is passed to Plan Execution either from Plan Selection, in the case when a new plan is generated 
and selected, or from Monitoring, in the case when no abnormal deviations are detected. In the former case, the 
current plan is updated by splicing the new plan onto the current plan at a designated point i n  time (either 
immediately or  at some point in the future). The “splice time-point” and associated expected state of the system at 
the splice time are contained as elements of the new plan. Given the current state of the system, Plan execution 
interprets the current (or updated current) plan and creates the commands for the system-to-be-controlled. Execution 
of these “set-point” commands by the system-to-be-controlled results in the pursuit of the current plan. 

Note that even when there are no detected abnormal deviations, under normal operations there typically will be 
minor deviations from the expected state. Thus, in addition to creating set-point commands for the pursuit of the 
current plan, an auxiliary role of the Plan Execution function is to determine “perturbation” commands that will 
correct for the range of normally expected deviations of the actual system state from the planned state. 

Outputs: Commands in the form of both objectives and constraints for the system-to-be-controlled are the 
output of the Plan Execution function. 

2.1.1.4.4 Coordination 
The performance of the Internal and External Coordination functions are key to the overall performance of the 

work process. Concomitantly, their functional analysis and design are probably the most challenging (and, 
unfortunately, the most often neglected or overlooked). If allocated to a machine (i.e., if automated), internal and 
external coordination represent a significant potential for solution by and challenge for Knowledge Based 
technologies. 

External Coordination 

The External Coordination sub-function is responsible for receiving and analyzing inputs from external agents: 
those external agents may be either higher level supervisory agents or cooperative agents solving problems or 
making decisions at the same level. External Coordination is also responsible for assembling and transmitting 
information to those same agents. Here “assembling” implies deciding ( I )  what to transmit, (2) when to transmit it 
and (3) to whom to transmit. 

Examples of interactions with external agents: 
- 

- 

- 

- 

~ 

Decide what gathered and assessed information to communicate 
Determine what decisionsiplans to communicate 
Request assistance from supporting agents 
Interpret requirements from higher planning authorities 
Negotiate with subordinate and collateral planning levels 

A re-evaluation of the current plan is required in the face of any diagnosed problems with 
either the system to be controlled or the external environment within which that system must 
operate 
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Inputs: 

Inputs include supervisory commands or information from higher levels in the form of objectives and constraints 
as well as plans or solutions generated by other agents at the same level of problem solving. In addition, information 
regarding elements of the state of the world that are relevant to the problem to be solved are also received. 

Outputs: 

The outputs include the cutTent plan or solution, the status of the internal and external states and progress toward 
the accomplishment of the objectives in the current plan or solution. In addition, any diagnosed problems or 
opportunities that may be of interest to external agents are also included as outputs. 

Internal coordination 

The principal function of Internal Coordination is to develop criteria and strategies for controlling or guiding the 
real-time decision-making performed by other functions within the work process. In particular, (1) by monitoring 
the assessed situation including progress toward the current solution and the state of both the system-to-be- 
controlled and the external environment and (2) by taking into consideration any plans developed by other agents 
and objectives and constraints input from higher level authorities, Internal Coordination develops strategies for 
controlling the other individual work process suh-functions including providing the criteria for deciding when 
replanning is required, the time allocated to generating a solution and costtobjective functions and constraints to be 
employed in generating a solution. 

2.1.2 Functional Decomposition: Aircraft G&C Work Process 
In order to make the description of the elements of the generic functional decomposition given in Section 2.1.1 

more concrete, that description is elaborated in the context of an abstraction of an aircraft G&C work process. The 
inputs and outputs of the individual functions contained in the decomposition are illustrated in Figure 2.4 and are 
presented in outline form in Table 2.1. The aircraft G&C work process as well as other related problems are 
addressed i n  further detail in Mer  sections of this report. 

External 0utpot:i 

r 1 

Figure 2.4 Functional Decomposition of a Knocvledge-Eased C;&C System 
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The selection of the indlvidual subproblems to be addressed at each level, the specification of their local 
performance criteria and the modeling of their interactions are all part of an integrated approach to developing a 
hierarchical decomposition. An important goal i n  these selections is to maintain a balance in the complexity of 
decision-making effort across all levels of the hierarchy. The following basic questions must be answered when 
designing a hierarchy: 

* 

* 

* 

* 

How many levels are required? 
How should prubli:m-solving be partitioned across levels? 
What constraints a n d  objectives should be passed from level to level? 
What happens when a level cannot meet its objectives and/or honor its constraints? 

Analytical approaches to decompositions of Large Scale Optimization Prohlems and the essential role played by 
the subproblem coordination function (which is itself formulated as an optimization problem) have been developed 
over the last three decades [2.5,2.6]. These approaches have been extended in the development of methodologies 
for the decomposition of Large Scale Control Problems [2.7, 2.81. These formal analytical developments help to 
establish methodologies for xhieving decompositions whose subproblems are properly coordinated via a higher. 
Master. level. 

Two types of problems which are amenable to hierarchical decompositions are described in  the following: ( I )  
Spatially and functionally distributed problems and (2) Temporal planning problems. Indeed, many complex 
problems feature both of these. An example for each is briefly discussed: battle management for the spatial 
decomposition and mission planning for the temporal decomposition. A more detailed description of the 
hierarchical decomposition of Air Traffic Control problems, which has both spatial and temporal features. is 
described later in Section 2.2. 

2.1.3.1 
A hierarchical decomposition can be viewed as a recursive implementation of the functional decomposition 

described in Sections 2. I .  I and 2. I .2 wherein the “system~to~be-controlle~l” is a lower level or a set of lower level 
work processes that are “controlled” or coordinated by an upper Master level. This hierarchical relationship is 
illustrated i n  Figure 2.5a. Note that each of the lower level work processes has identical structure to that of the 
upper level and, as we will se.: later, may have its “system-to-be-controlled further decomposed into a set of work 
processes at a yet lower level. The most natural form of decomposition is one wherein there is a physical or 
geographic distribution of the entities at the lower level. The nature and implementation of the decomposition is 
strongly influenced by thc availability of communications among the entities at the same level and between the 
entities at the lower level and rhe Master or superior level. 

Decomposition for Spatially Distributed Problem-Solving: 

Example: Battle Management 
The hierarchical decomposition of a complex problem is illustrated in the context of the notional near-land 

warfare battle management hierarchy shown in Figure 2.5b. This decomposition is notional in the sense that i t  is not 
intended to represent a solution to any actual problem Indeed, all assets required for a complete description of the 
battlefield including surveillarice and logistics are not contained i n  the figure. The figure does show four levels of a 
hierarchy, with the campaign operations management at the top and with the details of the air operations flowing 
down to individual aircraft at the bottom. Indeed, the G&C work processes for each aircraft at the bottom is 
functionally equivalent to that depicted in Figure 2.4. As suggested in the figure, the functional analysis described 
earlier in this section is applicable at all levels of this hierarchy. 

This is a classical hierarchical decomposition that is based on both physical separation and functional 
aggregation. The physical separation of the entities is clear (air, land and sea). As is typical, the functional 
decomposition does not lead to completely independent entities, so that higher level coordination is required to 
harmonize the overall system solution. 

2.1.3.2 Temporal Decompositions: 
In  contrast to the physical and functional disaggregation described above, temporal hierarchical decompositions 

are employed to simplify real-:ime, closed-loop planning problems [2.9, 2. IO]. For these cases, the decomposition is 
characterized by higher levels that create plans with the greatest temporal scope (longest planning horizon) but with 
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the least detail. At lower levels, the planning horizon becomes shorter (nearer term), but the level of detail of 
planned activities increases. The less detailed plans at the higher levels coordinate or guide the generation of 
solutions generated at the lower levels. 

Master 
Level 

Figure 2.5a Hierarchical View: Distributed Problem-Solving at the Lower Level 

Figure 2.5b Near-Land Warfare Battle Management Hierarchy 
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Indeed, planning actions over extended periods of time at a high level of detail is typically both futile and 
impractical: futile because detailed actions planned on the basis of a specific prediction of the future may become 
obsolete well before they are to be executed due to an inability to accurately predict the future, and impractical 
because the computational resources required to develop detailed plans over extended periods of time may be 
prohibitive either in cost or availability or both. The relationship between the levels of the hierarchy and the 
planning horizon and level of plan detail is shown in Figure 2.6. 

L 

Hi 

st L, 

,t S i  

Figure 2.6 Characteristics of Solutions at Various Levels of the Hierarchy 

Example: Mission Planning 
For the onboard planning problem of a highly automated (potentially autonomous) air vehicle, mission and 

trajectory plans are developed within the hierarchy to optimize an established objective function (e.g., minimize fuel, 
minimize time or maximize ti mission-specific measure of accomplishment) subject to specified constraints (e.g., 
allocations on mission timelines, fuel, flight safety, etc.). A typical hierarchical decomposition of the mission 
planning problem is one wherein skeletal plans of the entire mission are constructed at the highest level, the Mission 
level. The skeletal mission ievel plan must be generated at a sufficient level of detail to insure that onboard 
resources are sufficient to achieve the planned objectives and that timeline and survivability constraints are honored. 
At intermediate levels, the Roirre/Aciivity levels, near-term actions that are consistent with the mission level plan are 
planned in greater detail. Finally, at the lowest level of the hierarchy, the Flight Safety level, very near term 
commands are generated for smsor and control systems i n  a manner that ensures flight safety. 

Figure 2.1 shows a two level decomposition of such a planning problem. l h e  upper level creates mission plans 
spanning the entire mission and the lower level fills in tbe details of trajectory and payload activities that are 
required in the near term in pursuit of the mission plan. In the figure, the farther term plan generating entities at the 
second level are shown in gray to emphasize that although in theory the lower level would generate the detailed 
traiectorylactivity plans for the entire mission, in practice only the near tenn plans are, in fact, produced. 

2.1.4 Problem Solving 
Thus far, the discussions 0 1  the functional decomposition of a work process have centered around applications of 

planning and decision-making. In addition, one can map a general closed-loop problem-solving scenario onto that 
decomposition. In this case, pluns are expressed as solutions and the system-tu-be-controlled is replaced by a work 
object (e.g., a machine tool fabricating a part, a robotic manipulator assembling a large space structure, etc.). Figure 
2.1.1.8 depicts the functional analysis in this context of problem solving. The functions of each of the individual 
elements of the decomposition parallel those described earlier. 

2.1.5 Cooperative Planning Agents 
In  many situations it may be either required or desirable for a team to create and execute the solution to a real- 

time problem. This implies that function allocation is constrained to reflect a team solution. Although the 
discussion presented here applies equally well to a person-person team, of particular interest is the person-machine 
team wherein a person and a computer act cooperatively in solving a problem. Supervisory control of an unmanned 
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vehicle falls within this class of problems. Figure 2.9 illustrates a modification to the functional analysis presented 
earlier that accommodates this cooperative approach. In that figure, we have assumed that only the Situation 
Assessment and Plan Generation functions are executed cooperatively. The entity on the left in that figure, makes 
an independent assessment of the situation and, if necessary, generates independently a plan or set of plans. Both 
the assessment and generated plans are shared with the dominant agent (shown on the right) who is responsible for 
selecting and implementing a single plan. Note that for the case of person-machine cooperation, either the person or 
the machine could he the dominant agent, and, as discussed earlier, the dominant role may reverse depending on the 
situation. 

Mission 

Level 
Planning 

Route/ 
Activity 
Level 

Near-Term Time 

Figure 2.7 Hierarchical View: 
Upper Level: Mission Planner, Lower Level: Route/Activity Planners 

Figure 2.8 Functional Decomposition: General Problem Solving 
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2.1.6 Reference Following Control 
The final illustration of the applicability of the generic functional analysis is for a classical reference following 

control problem. This class o f  problems represents an early example of the application of automation to a real-time, 
closed-loop work process. l'igure 2. IO shows the mapping of each of the individual decision-making functions 
identified earlier onto the control problem: Le., Monitoring, Diagnosis, Plan Generation, Plan Selection and Plan 
Execution. This mapping reinforces the view that the problems addressed in this report are a natural abstraction of 
those traditionally addressed in aircraft guidance, navigation and control. The ability to realize these abstractions in 
a machine implementation has been enabled by advances i n  computational hardware and algorithmic and 
knowledge-based systems approaches to developing solutions to the associated real-time problems that have been 
identified here. Section 4.5 discusses recent and ongoing advances in the development of non-traditional approaches 
to control law design that are based on fuzzy logic and neural (or connectionist) systems. These non-traditional 
methodologies are intended 10 provide an alternative to the traditional methodologies in  addressing uncertainties in 
modeling the plant and the environment in which the plant is designed to operate. 

External/ Higher Level Supervision 

External Plans & Diagnostic Information 
Coordination I Coordination JqI Coordination 

I I 
, I 

Figure 2.9 Cooperative Planning Agents 

2.2 Refined Functional Structure for Applications 

2.2.1 Aircraft Level and Navigation Level: Inner and Outer Loops 

2.2.1.1 Introduction 
This Section outlines a baseline structure for knowledge-based guidance and control functions at the aircraft 

level, Le., for all functions performed within the inner and the outer control loops for a single air vehicle. This 
general structure is based on the type of structural elements of work systemslprocesses described in Chapter 1 and 
elaborated on in Section 2.1 

2.2.1.2 Hierarchical Structure Of Guidance And Control Loops 
The overall guidance and control function can be represented in a hierarchy of functional levels with a number of 

cascaded loops. The outermost guidance and control loop, corresponding to the scenario control level, determines 
and commands the types of missions which serve overall objectives under given constraints. The commands for a 
certain mission and its pertinent objectives and constraints are passed to the next inner management and control 
loop. mission planning, for the derivation of a global plan for this particular mission. At the next level, the flight 
management of the selected mission is executed. Note that a number of different missions might be commanded and 
executed in parallel. For each mission one or a limited number of air vehicles are employed such that mission 
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management becomes identical to air vehicle mission management and control. Thus, there are (1) the scenario 
level, (2) possibly, an intermediate mission level usually on the ground (e.g., a mission command center or ATC), 
and (3) the air vehicle level. The latter is shown in Figure 2.11h 

Plan Generation 
and 

Implementation 

Situation 
Assessment 

Plan Generation 
and 

Implementation 

Situation 
Assessment 

Figure 2.10 Functional Decomposition: A Control System Perspective 

The air vehicle level outer loops can be further subdivided into onhoard control levels for flight plan 
management, trajectory determination and flight path control. These are the loops where navigation plays an 
important role. The inner air vehicle control loop provides the vehicle attitude changes needed for the flight path 
control, by activating the control surfaces or other controls available. 

The functions of the air vehicle level (or air vehicle work process) as a manned aircraft will be discussed in the 
following in terms of the underlying general functional structures. Mainly, the procedural representation of  work 
processes discussed in Chapter 1 will be used. 

2.2.1.3 Baseline Work Processes For The Aircraft And Navigation Level [2.111 
Thus far, nothing has been said about the means by which the functions (work processes) corresponding to the 

individual levels or loops of the aircraft level, as shown in figure 2.1 la,  are achieved. In early aircraft, all of these 
functions were entirely executed by the pilot crew using few supporting tools, e.g., communications or sensor 
systems for acquiring information regarding internal vehicle or external mission situational parameters. Information 
processing was done by the pilot crew exclusively. 

Today, the availability of tools to aid the pilot crew has been tremendously increased. The performance level and 
competency of the tools has steadily increased, particularly with regard to information acquisition and complex 
information processing. Consequently, the role of the pilot crew as operator has changed over the years, with a 
considerable share of onboard operations rendered to tools, Le., the machine. 

Thus, a variety of knowledge-based functions are becoming a domain of the machine. These machine-based 
tools are capable of assuming a large number of the functions in the hierarchical structure shown in Figure 2.1 Ib. 
For instance, information ahout the overall dynamic situation of the mission, the aircraft, the environment and the 
pilot crew can he made available and assessed by such a tool. Of course, since the pilot crew has its own situation 
representation, not necessarily drawn from a work tool, it is essential that situational knowledge he shared between 
the pilot crew and the tools. This problem has the potential for being dealt with in the future by a knowledge-based 
cockpit assistant work process working cooperatively with the pilot crew. 

A baseline structure of the knowledge-based work processes at the aircraft level is shown in Figure 2.12. The 
principal subfunctions of coordination, situation assessment, plan generation and plan execution are made explicit in 
the figure as well as the representation of the cockpit assistant function as a separate work process cooperating with 
the pilot crew and other interfacing processes. 
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Disturbances 
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(a) Traditional Control System View (b) Hierarchical System View 

Figure 2.1 1 Aircraft- Related Functional Levels in Guidance and Control 

Figure 2.12 Global Structure of the Incorporation of Knowledge-Based Work 
Processes in the Aircraft Level 
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Figure 2.12 shows, in addition to the pilot crew work process, the other work processes within the aircraft level 
as well as those outside the aircraft at the supervising functional level (e& air traffic control (ATC)). The cockpit 
assistant as a knowledge-based onboard work process interfaces with the supervising function, the pilot crew, the 
basic aircraft work processes (in particular those for sensing and actuating) and possibly with other onboard work 
processes. Among those, the pilot crew work process is the most prominent. The interface between the pilot crew 
and the cockpit assistant must be chosen carefully in order to ensure effective handling and command delivery as 
well as effective modes for communicating information that is provided by the cockpit assistant functions. In this 
regard, speech input and output are crucial . 

Information regarding environmental processes detected by sensors onboard the aircraft o r  on the ground or 
through communication which might affect the aircraft must be accommodated by the above mentioned interfaces. 
These external environmental processes include: weather, other air vehicles and military threats. 

Cockpit Assistant Work Process 
Looking further at the subfnnctions of the cockpit assistant work process, the interface functions, including those 

responsible tor suitably formatting information for the pilot crew and for controlling the flow of information are 
performed by a knowledge-based coordination function which is an element of each of the work processes (see also 
Figure 2.4). The coordination function controls the internal distribution of the information received from external 
work processes and thereby coordinates the other cockpit assistant functions, subject to supervisory objectives and 
constraints. The coordination function also determines the content of the information flowing out to the surrounding 
work processes, including the presentation of advice and messages to the pilot crew. 

The information which is used by the coordination function in the derivation and forwarding of messages to the 
pilot crew is drawn from internal functions including situation assessment, plan generation and plan execution. 
Coordination is at the heart of the key purpose of the cockpit assistant process, normally generating advice and 
messages for the pilot crew, and the other functions can he viewed as service functions for this purpose. These 
autonomously track all occurrences relevant to the evaluation of mission accomplishment through situation 
assessment (monitoring and diagnosis or situation interpretation), they prepare alternative plans, problem solutions 
and decisions on the basis of the situation assessment and they provide a reference for plan execution performance 
evaluation. As such, they represent a machine capability for carrying out the functions that the pilot crew is trained 
to perform. 

The design criterion for these service functions might he either to mimic the pilot crew performance as closely as 
possible or to search for the globally optimal performance, possibly beyond the pilot crew capabilities (see also 
[2.121). Careful study is required to determine when the latter criterion is both feasible and beneficial. For instance, 
for certain cockpit assistant functions such as the generation of plan recommendations, it can he desirable to search 
for the absolutely best solution, subject to specified objectives, constraints and given knowledge of uncertainty in the 
assessed situation. A search for the optimum is not likely to he performed equally well by the pilot crew due to 
mental restrictions such as working memory limitations (see Chapter 3). On the other hand, machine performance 
close to that of the pilot crew might be important, for instance, when monitoring the performance of the pilot crew or 
when predicting actions by other cooperative (human) agents. 

From a different perspective, these service functions intrinsically represent the capability to fly the airplane 
autonomously. Indeed, there are applications, where this might he desirable as an option on request of the pilot 
crew. Thus, for the sake of both its advising and monitoring role and its autonomous flight capability, the cockpit 
assistant process should have the capacity to perform all tasks or functions which the pilot crew performs, in 
particular for 

- Situation assessment 
~ 

~ 

Flight plan generation and decision support and, possibly, decision making 
Execution of plans and decisions. 

In summary, the structure of the cockpit assistant work process in Figure 2.12 supports all guidance and control 
loops as shown i n  Figure 2.11. It also emphasizes the importance of the coordination functions for the various 
agents such as the pilot crew and cockpit assistant, depicted as separate work processes in Figure 2.12, in ensuring 
synergism in the accomplishment of situation assessment, plan generation and plan execution for all guidance and 
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control loops taken as a whole. Many of these processes or subprocessss are appropriately implemented as 
knowledge-based in the sensc as defined by Rasinusscii [2.13]. 

The functions not yet discussed in detail, are the plan generation and plan execution functions. The plan 
generation function supports longlterm as well as short/tcrm decisions which must be made in order to resolve the 
problcins detected and ideni.ified by situation assessment. The plan generation function is a knowledge-based 
function. Plan or problem solution alternatives are derived on the basis of background knowledge about the mission 
goals and are evaluated based on established goal relevance criteria. Also an important role for this function is to 
ensure coordination between the planning performed by the pilot crew and the planning performed by the cockpit 
assistant. 

Once a plan has been gererated and selected, the plan execution function comprises either rule-based or skill- 
based services which are inatle available for carrying out the decision, Le., the selected plan. 

The main purpose of the knowledge-based cockpit assistant is to ensure that support to the pilot crew will be 
ready at all times and will be offered when nccdcd (see Chapter 3). It must know and account for the pilot crew 
nccds and intentions. To this end, i t  must be able t u  understand and evaluate the actions of the pilot crew. 
Consequently, most of the cockpit assistant functions are based on a continuous stream of information about the 
bchavior and expected performance of the pilot crew. The expectations are based on a normative pilot crew, and the 
behavioral instantiations are tor those of the actual flying pilot crew. Also, human factors and condition parameters 
that are used to model the actual values of pilot crew rcsources should be incorporated as well as models of pilot 
crew intentions and error contingencies. Since the pilot crew actually flying the aircraft is neither required to nor 
able to provide this informatiiin, the cockpit assistant process has to contain it  or generate it  on its own. 

This very crucial knowledge component becomes awilable by means of a dynamic model of the pilot crew 
(Figure 2.13). covering all oi'the above-mentioned aspects (see Chapter 3). The application of the model can be 
carried out separately for each of the cock.pit assistant tunctions. An alternative approach is to have each function 
draw the information necessary for its particular needs froin a single pilot crew model I representation accessible to 
all cockpit assistant functions. The kinds of functions to be considered in  that inodel include those discussed earlier, 
Le.: 

Situation assessment 
- Plan generation 

Plan execution 
Of course, these functions as performed by the pilot crew will not necessarily have outcomes equivalent to those 

of the corresponding cockpi! assistant modules. Thus, the behavior models will primarily yield the pilot crew 
actions, possibly i n  the form of ranges for the actions. For the determination of these ranges, objective safety limits 
are taken into account. 

Since the information about the performance of both a normative crew member and that of the actual flying crew 
membcr must be accommodated by the model, severnl dynamic pilot crew models are to be represented in parallel: 

- 

~ 

Normative behavioral characteristics (with and without mismatching contingencies) 
Individual characteristics. condition and behavior (with and without mismatching contingencies) 

By cmploying inference inechanisins along with the outcoines of these models, prediction of crew member 
:ictions as well as recognition of their intents can be achieved. This, in turn, can be used to detect discrepancies with 

mismatches due to certain icognitive deficiencies or because of violations of limits of the principal human 
capabilities. In this context, the model of the individual crew member condition and behavior is used in the decision 
process and for scaling the warning messages t(1 thc crew i n  case of anticipated discrepancies between agreed 
inissioii goals and crew actions. Obviously, rhe herter the crew model, [he more relevant and effecrive the assistance 
providlpd by fhe cockpir assistnnr prucess. 

2.2.1.4 

d respect to accomplishment of the mission goal and subgoals and to detect pilot errors, possibly caused by 

Situation Assessmerit In The Aircraft Level 
Froiii the discussion about the structural elements of the aircraft guidance and control loops shown in Figure 2. I I 

and their knowledge-based processes shown i n  Figure 2.12 it can be argued that situation assessment is the basic 
ellabling functional eleineiit regardless of whether it is pertorrned by the pilot crew 01- by a work tool like the cockpit 
assistant work process or by both collaboratively. 
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Figure 2.13 Elements of a Dynamic Pilot Crew Model 

The access to situational information and its representation plays a highly important role. The output of a given 
loop becomes a source for situational information in the sense that it becomes the command input for the next inner 
loop. Additional inputs for situational information are both direct feedback and outputs of loops further in. This 
feedback includes not only raw sensor data hut also higher level information provided by interpretation of sensor 
data in  the context of the mission situation and the progress toward the goals of the level. Without this information, 
nothing would work properly. If the ability to achieve situation awareness were lost, the aircraft would immediately 
be in danger. 

Therefore, in focusing on situation assessment in the cockpit assistance work process , the structure of this 
function will he discussed in  more detail in the following, with a further examination of its central and 
comprehensive character. 

The situational status can be represented by feature elements pertinent to the situation at each point of time 
including elements reflecting situation changes from times before and after a given point in time. The actual 
instantiations of the situational status can he thought of as being kept available for any work process in dynamic 
databases or in a single central database (which also contains all relevant static data), as is depicted in Figure 2.14. 
This database can he considered as passive, being fed with the pertinent data by the surrounding work processes. 
Conversely, this database is utilized by the work processes in drawing from it all situational data needed for their 
specific functions, i.e., for instance, for instantiations in their own knowledge bases. Consequently, the function of 
situation assessment consists of  

Determination and instantiation of elements of the current situational status 
Interpretation (monitoring and diagnosis) of the situation in the context of the mission goals 



2-18 

The work processes of the cockpit assistant function shown grouped around the database kernel in Figure 2 I4 
can be broken down into th0Z.e for: interpretation, plan generation, plan implernentation and coordination. 

3 

lnterpretatio 

Figure 2.14 Guidance and Control Work Processes in the Aircraft Level and Their 
Contribution to Situation Assessment 

Five interpretation processes are depicted in Figure 2.4: 

- the process for datdpattern interpretation such as data fusion (e.g., fusion of navigation data from 
different sources) or interpretation with regard to machine perception, 
the monitoring and diagnosis of the aircraft system status 
the interpretation of environmental incidents like weather events or  traffic events not previously 
announced by ineiins of communication 
the monitoring and diagnosis of progress toward the flight plan 
the monitoring and diagnosis of the pilot crew condition and behavior, including the recognition of the 
pilot crew's intentions 

The interpretation proces!;es draw information from the data base about a great number of static and dynamic 
situational elements including aircraft state of motion such as position and attitude, aircraft system parameters such 
as displacement of controls or system status parameters, environmental parameters such as weather and traffic data 
and also parameters representing the pilot crew condition, actions and intentions. The interpretation processes 
condense this information subject to certain specifications, thereby generating higher level situational information 
such as indications about deviations of the mission plan or actual changes in ri.sk or danger level. Depending on the 
degree of interpretation complexity, some of these belong to the category of knowledge-based functions, which draw 
on reasoning capability and sophisticated knowledge representations, including knowledge about the pilot crew as 
described in Section 2.2.1.:1 and Chapter 1. The data drawn from the database are used for the necessary 
instantiations in the knowledge representations of the interpretation process. By feeding the interpretation results 

- 

~ 
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hack into the database as higher level situational data, Le., enriching the up-to-date situational picture, these 
interpretations become available to all other processes. 

In addition to the interpretation processes and the work processes that provide direct assistance to the pilot crew 
like flight plan generation for onboard mission management and plan execution aiding, three coordination processes 
are depicted in Figure 2.14 

communication interfacing with external agents, 
interfacing the cockpit assistant functions with the other aircraft system functions, in particular its 
sensory functions and 
interfacing with the pilot crew by providing intelligent, multimodal information flow tnanagement 

To some extent, all work processes, either as their prime purpose or as a subtask, participate in the function of 
situation assessment, i.e., keeping the database content up-to-date. The interpretation processes serve the situation 
assessment function exclusively. The remaining processes make use of these data for functions other than situation 
assessment. However, they also serve the function of situation assessment in conjunction with their main function 
through rendering their outputs for instantiations in the situation representation. This is true for the outputs of the 
coordination processes and the assistant processes for flight plan generation and plan execution aiding. 

- 

The situation assessment function, as described above, provides a good scheme for the development of the 
situation representation subject to the information needs of the guidance and control processes. It also becomes 
evident that the situation representation has distinct subgroupings and levels of aggregation and abstraction. At the 
same time, it  shows that all functions of the cockpit assistant work process are involved to some extent in the 
situation assessment function. 

2.2.1.5 Concluding Remarks 
A baseline structure of the guidance and control work process in the aircraft level is outlined with a focus on 

knowledge processing. In future guidance and control of air vehicles, knowledge processing will be shared by both 
the pilot crew and work tools like cockpit systems and associated equipmerit the pilot is using. 

A prominent work tool of this kind is the cockpit assistant. The underlying work process is characterized as a 
systematic approach to ensuring the functional symbiosis of knowledgeable work tools and the knowledgeable 
operating system: the pilot crew. The two are unlikely to have equivalent knowledge representations. By means of 
the cockpit assistant process there is the chance that they can cooperate in a way to optimally carry out the flight 
mission. 

The keys for successful integration of automated high level guidance and control functions such as mission plan 
generation are properly performed situation assessment and ensuring that both pilot crew and assistant system know 
about their differences in situation assessment. In particular, if this can he ensured on the side of the cockpit 
assistant, awareness of an urgent need of the pilot crew can be achieved no matter whether the need is caused by 
events overtaxing the pilot crew or by some kind of pilot mismatch. In either case, the knowledge-based cockpit 
assistant can offer sensible support. For the time being, this cannot be accomplished in a comprehensive manner. 
However, it has been shown by development programs (see Chapter 6) that an effective increase in overall guidance 
and control performance can be achieved with intermediate steps of knowledge-based assistance. 

2.2.2 A Functional Description of Military Air Operations 

2.2.2.1 Introduction 
In this section, a plan oriented process model is developed to describe the dynamic relationships between military 

air operations at all lcvcls of command. This model is mapped onto the functional model developed in Section 2. I ,  
and these functions are specified in general for the military air operations domain and, in particular for military 
aircraft missions. No attempt is made to identify or distinguish human or machine function in this study. Rather, 
the focus is on understanding the functional requirements of the complete work-system. The potential for applying 
knowledge-based system technology to these functions is discussed in general terms. 

2.2.2.2 Process Model of Military Air Operations 
Military air operations are essentially plan oriented. At all levels from commander to combatant and in all 

domains, planning is the fundamental organizing principle and is the key to solving problems relating to uncertainty 
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and confusion i n  combat. Tlius, a planning paradigm is a “natural” representation of the full scope of military air 
operations. Such a paradigm is adopted here to provide a framework for a discussion of G&C functions in military 
air opcrations (perhaps more appropriately referred to as command and control functions) and to illustrate functional 
relationships between military air operations at levels ranging from theater to battlefield to individual missions. 

The military notion of a “plan” evolves from a process that includes: ( I )  situation analysis; (2) determinatim of 
objectives; and, (3) selectiori of a course of action intended to realize the objectives. The process is viewed as 
iterative along a temporal axis and recursive at finer levels of detail across the hierarchical command. Thus, the 
generation of a plan at the highest level (“campaign”) invokes the formulation of subordinate plans through a similar 
proccss at lower levels, i n  i d e r  to meet goals implicit i n  the planned courses of campaign level action. For 
example, i n  Figure 2.15, at !he campaign level, a course of action is selected that calls for the defeat of enemy 
fielded forces. This course of action implies an objective to gain air superiority over enemy territory. That objective 
then generates a course of action indicating a sequence of combat actions against enemy air defenses. The 
objectives of these actions t h m  define aircraft missions in  the daily battle plan. Mission objectives finally result in 
the selection of targets for iridividual aircraft and mission plans are then crafted to create a desired effect on thc 
targets. Thus, consistency of objectives across levels and coordination at every level i n  the command structure is 
effected, largely through the inheritance of plan objectives. 

The intermediate levels i n  the command hierarchy exist primarily to provide insight at the appropriate scope into 
important operational detail. Senior commanders formulate the general concept of operations, but the mass of 
significant detail required and the lack of information at the Senior Commander level have made it impractical ~ 

probably impossible - to build plans beyond the level of detail required to “command” the next level of planning. 
Historically, considerable initiative has been exerciscd at each level in !he hierarchy in the formulation of 
operational plans. Interestingly, while the desirability of and degree of latitude given to initiative are central issues 
in the doctrinal debates that distinguish various military organizations throughout the world, actual practice - 
especially in air forces - seems to vary only slightly. No doubt, this similarity has heretofore resulted as much from 
practical limitations in the collection and interpretation of operational data as from organizational theory. No matter 
how strongly senior officers have felt about the dilution [if their intent as it passes through the command structure, 
they have simply not been able to know enough about the battlefield to make useful decisions in a timely manner. 
Significant advances i n  digital battlefield communications infrastructure and computer aided situation assessment 
are likely to change this i n  the future. 

Plans evolve (at each level ofthe military hierarchy) i n  an iterative fashion in response to events that: (a) alter the 
situatioii; (b) add or delete objectives; or (c) indicate ii dilferent a course of action. Figure 2.16 illustrates the 
relationship of plans at various levels in the military hierarchy i n  this process. 

In military terminology thi: distinction between “planning” and “execution” is somewhat ambiguous. In general, 
the implied notion is that planning is deliberative and execution is active. In fact, the distinction is arbitrary. Indeed, 
a plan may he executed by either the creation of a subordinate plan (series of plans), or the creation and selection 
(instantiation) of a course of action. Thus, at the Theatcr level, a campaign plan is “executed” when a Master Attack 
Plan is created. The Master Attack Plan is, i n  turn, executed by the creation of an Air Tasking Order. The Air 
Tasking Order is executed by the creation of a Mission Plan which is then executed by the creation of engagement 
plans (tactics) and ultimately, a launch signal to a weapon. 

From a dynamic perspective, a plan is considered to have been executed when it is complete. Thus, a mission 
plan i s  executed when the aircraft has safely returned to base (and thus “is executing” when the mission is being 
flown). The important aspect of this is that military plans shnuld be viewed as constantly evolving. Thus, a plan is 
thought of inore as a preferred sequence of actions leading to success i n  achieving the ultimate goal. Military plans 
are not typically seen as the iiptimum or only way to achieve the goal or even as a detailed description of what is 
likely t u  tianspire. On the contrary, plans are notoriously volatile in the conventional military wisdom. A frequentiy 
heard phrase - “the plan evaporates on first contact with the enemy” expresses the common view that plans are 
established as flexible guidelines that organize activities toward desired objectives and are not seen as rigid 
prescriptions or mandatory procedures. Considerablc emphasis is placed on plan “flexibility” or the necessity to 
adapt, modify or alter a plan or switch to a new plan when circumstances indicate. Thus, military planning is part of 
an ongoing “real-time closed-loop” process comprising the 5 generic functions outlined i n  Section 2. I ,  namely: 
monitoring, diagnosis, plan generation, plan selection and plan execution. 

Military plans are central to survival and success i n  the chaos of battle. Thus, there exists both a reluctancc to 
abandon and, if distracted, a wong  attraction to return to the general scheme of a plan in combat action. Thus, the 
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typical reaction to unexpected events is first, repair the plan, next modify it  if repair proves impossible, and finally, 
after all else, re-plan. This aspect of military planning is seen at all levels in the command structure and is so 
important that combat itself is sometimes characterized as a battle of wits whose objective is to force the opponent to 
conform to one's own plan while abandoning his plan. This is, in fact, the principle illustrated in the primacy of the 
offensive and the general dislike for reaction in military theory. 
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Figure 2.15 An Air Operations Process Model 

In recent years, considerable attention has been focused on the joint problems of improving and speeding the 
planning cycle. Several factors influence this trend. First, improved data collection and information dissemination 
systems, and especially space-based sensors, have offered senior commanders more direct insight into battle area 
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issues. Secondly, modern communication systems have greatly improved the ability of these commanders to 
directly influence a battle. Third , dramatic improvements in weapons systems allow very precise and efficient 
application of force and indicate explosive growth i n  the kinds of effects that can be achieved. The combined 
impact of these trends and consequent importance of good planning was clearly visible in the 1992 war with Iraq. 

Thus, the notion that a well-planned, accurate application of air power can quickly lead to victory ~ and, by 
implication, to rapid defeat, if the application is by the enemy - has motivated numerous efforts to automate and 
integrate planning and execution functions at all levels of military air operations. 
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Figure 2.16 Evolution of Military Air Operations Over Time 

2.2.2.3 
From this perspective, military air operations may be conveniently mapped onto the functional model developed 

in Section 2.1. (See Figure 2.17) Note that in this view the recursive nature of the process is conserved and the 
“System to be Controlled” for- a given level of interest becomes the entire strucl.ure below that level. 

Functional Model o:F Military Air Operations 

Thus, i f  we examine the model at the Senior Officer’s level, the “System” is the Command and Control System 
for the Theater. At a Cornnand Center level, the system is the collection of assets that constitutes the force 
committed to battle. For combatants. the “System to bc Controlled” then, is the aircraft or weapons system at their 
command. 

With reference to the diagram i n  Figure 2.17. the general a functioiial cycle may be said to begin at 
“Coordination with External Agents.” At this point, tasking is received, directing some activity. The tasking may 
be precise, or, more typically, general. If it is precise ~ that is, directing or requesting a particular action - it  is 
traditionally expected that thc tasking will trigger the specification of a previously prepared partial plan or set of 
partial plans. This sort of tasking may take the form of the initial phase of an offensive, or an air defense “scramble” 
order. or at the combatant kvel,  an order to execute a particular tactic. In such cases, temporal constraints - 
iinposcd by either the need for rapid reaction or for precise coordination of multiple actors - imply the prior 
existcnce of a prepared course: of action and coordination is limited to acknowledgment of the order and subsequent 
Status reports. 

In such a case, some function, here referred to as “Internal Coordination,” directs the tasking to a function 
responsible for the determination of which plans arc ti1 be executed - “Plan Selection” in our scheme. An 
appropriate class 11f prepared plans are then specified or instantiated to accornmodate the actual conditions and the 



best among them is selected for execution. “Plan Execution” then performs functions related to organizing and 
sequencing selected plans and directing the implied tasking to appropriate elements of the “System to he 
Controlled.” 

More typically, however, general tasking is received. Such tasking is transmitted in the form of objectives, 
constraints (policy, rules of engagement, etc.) and accompanying situational information. In this case, both Internal 
and External Coordination may he more complex. In our model “Internal Coordination” directs the tasking to a 
functional partition responsible for refining the problem definition, here named “Diagnosis.” The objectives 
contained in the tasking are then interpreted and compared to existing system goals. If no match is apparent, 
“External Coordination” must communicate the difficulty to the tasking agency and request clarification or 
refinement of the tasking. 

Mission 
Level 

Figure 2.17 Functional Model of Military Air Operations 
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When a match to system goals can be made, an initial diagnosis is accomplished to define the problem or 
problems that must be solved i n  order to accomplish the task. In general, such a diagnosis consists of a comparison 
of the actual or projected state of the world to the desired or goal state and a characterization of the difference in 
terms of potential system actinns. Such an analysis typically begins at a coarse level to determine general capability 
and proceeds to a review of classified plans to determine i f  a suitable plan currently exists or can be constructed. 

If a ncgative result is obtained at this point, support from cooperating agents may be requested or, failing this, 
new tasking may he negotiated with the tasking authority. Of course, i f  no relief is provided at either level, the 
problem diagnosis is then repeated with an adjusted set of evaluation parameters. 

Once the problem has been defined, “Internal Coordination” may then direct i t  to “Plan Selection” if potential 
solutinn~ are believed or known to exist or to “Plan Generation” if not. Existing plans that may satisfy the tasking 
are then specialized and tested to determine feasibility with respect to system resources and expected or actual 
capability. Feasible plans are evaluated with respect to established measures of effectiveness and the best of these is 
selected for execution. 

If no plan that meets the demands of the problem is found, a new one is created in “Plan Generation.” This 
function decomposes the ~b jec t ive  posed by the task into a list of subordinate goals, consistent with defined 
constraints, that, when completed, will result in the achievement of the objective. Further problem analysis is 
conducted to illuminate risks iind opportunities and suggest solution strategies. Guided by these strategies, goals are 
then matched to requisite actions and sequenced or otherwise ordered to provide a suitable plan for the solution of 
the detined problem. The result is then tested for feasibility and evaluated to assure that at least a minimum level of 
satisfaction will be reached. Obviously, if such a plan is not generated, further “External Coordination” is called for. 

Once a plan is identified as the preferred solution to the problem, it is passel to “Plan Execution.” At this point, 
potentially competing plans are integrated into a coherent sequence. Subordinate plan actions are then directed as 
tasks to elements of the ”System to be Controlled.” 

Thc results iind effects of tl-lese actions by the “System to be Controlled” on both the external world state and the 
internal system state are observed and interpreted in thc “Monitor” function. Some predictable effects - emergency 
or ciintingency situations, for example - may automatically trigger a prepared plan. Others are passed to the 
“Diagnosis” function for assesment. At this point i n  the cycle, the actual state is compared to the expected state and 
the problem space is redefined. Typically, trend inf~irination and current intelligence information is used to both 
improve projections of the current state and to evaluate the essential hypotheses of the plan. If it appears that the 
basic hypothesis is tlawed, a iiew plan is developed or selected. Deviations at a lower, sub-goal, level result in  
modifications to the basic plan. while lesser differences necessitate only a re-specification o f the  original plan i n  the 
subsequent cycle. Thus the system can be seen to prngress toward the eventual realization of the assigned objective. 

2.2.2.6 Functional Description of a Special Case: Pre-Mission Planning for Aircraft Missions 
A special case of the functional model for military air operations is seen in its application to the analysis of Pre- 

Mission Planning activities. It is distinct from the general case in its that pre-mission planning is “open loop” and the 
functional cycle actually completes with the formulation of a plan. The plan is executed with no direct feedback to 
the process, regardless of whether the plan succeeds or fails. Thus the emphasis is on a deliberate planning process 
and on reasoning about the uncei-tainties i n  the data and the planning assumptions. Humans who bring judgment, 
expericncc, creativity and intuition to the process, frequently experience difficulty i n  objective evaluation of 
uncertain data. Knowledge-based systems offer the potential to add formality and objectivity to the process and to 
allow thc consideration of greater and more current data i n  nrder to reduce the risks inherent in uncertainty. 

Military aircraft missions are invariably guided by a mission plan. A mission plan is a sequence of actions, 
motivatcd by a particular list of sub-goals, that can satisfy a mission objective within the bounds of applied 
constraints. Strictly speaking, such plans are “partial plans” that are intended to be instantiated when a defined set of 
conditions exist. These plans then form a list of preferred actions and responses for the work-system as it executes 
the mission. In current practice, these plans tend to be limited by ( I )  aircrew experience; (2) a general consensus 
among aircrews that potential ieffectiveness must be sacrificed for simplicity; and (3) pre-mission planning time. 
Iinprovcrnents i n  the work system might therefore be found i n  an ability to develop richer partial plans that are better 
suited to particular mission conditions, and perhaps. that offer more and finer-grained options. 

A Mission is performed by an aircraft work-system to accmnplish a set of olijectives. These mission objectives 
are a cmnplex set of goals which have either been assigned by a higher authority or are inherent in survival or the 



2-25 

designed role of the aircraft. Mission objectives may also be described as state abstractions that prescribe significant 
aspects of some desired world state expected to exist at the conclusion of the mission. In fact, these objectives are 
interpretations of objectives inherited from or mandated by another agent. One important effect of an improved 
work system in this domain might he found in minimizing discrepancies between the promulgated objectives and 
the internal, interpreted objectives. 

Mission plans are prepared, formally or informally, by aircrews before every mission. For many modern aircraft, 
mission plans are developed with the aid of Mission Planning Systems [2.14,2.15]. Various Ground-based versions 
of such systems are under development in an attempt to seek improvements in the work-system as described in the 
previous paragraph. Currently, considerable thought has been given to providing some version of this capability to 
aircrews in the cockpit. On the other hand, the most common form of mission planning today is a manual process, 
carried ont by aircrews on the ground. This process typically consumes periods ranging upwards from two hours 
and is viewed as a “bottleneck” that tends to restrict the desired pace of air operations i n  modern combat. In any 
case, pre-mission plans are the essential link between the commander‘s concept of operations and battlefield actions. 

Planning and executing a mission for a military aircraft can be viewed in the context of the functional 
decomposition developed in Section 2.1 where the “system to be controlled” is the mission itself, not a physical 
system (the aircraft). In  general, the “Monitoring” function acquires data about the scenario considered through the 
information system, while “Diagnosis” assesses the risk distribution throughout the scenario. Such data will be used 
by “Plan Generation” which plans missions acquired from the user, thus allowing “Plan Selection” to eventually 
simulate the mission, and to choose the most promising solution. The selected result is a fully elaborated, but 
unspecified, partial plan that will be used by pilots to execute the mission. The prepared mission plan thus becomes 
the essential component of the basic internal model for the realization of the mission. Mission execution will then 
affect the environment in a way that will be perceived by the information system and this new data may be used in a 
following cycle to plan a new mission. 

As described above, the time needed for one control cycle equals the time needed for planning and executing a 
mission. On the other hand, the mission’s control cycle could vary according to its frequency. Thus, if the possibility 
of several control cycles per mission is considered, we may then see a potential for stronger ground control of the 
mission in progress, i.e., a stronger link between the ground and the aircraft. 

In this scheme, the function called “Monitoring” gets data from the environment where the mission will be 
executed. This data, seen as external state signals, includes environmental information, such as, weather and number 
and position of enemy threats. 

This data input phase is carried out before starting the process, and involves many information sources - 
intelligence, policy, doctrine, and such. As seen in the general model, data is not interpreted here, but simply 
collected, classified and sent to the “Diagnosis” function. At that stage of the process, the environmental data is 
evaluated and risk levels for each zone of the scenario are computed. 

The Coordination function directs internal and external coordination. The External Coordination function takes 
care of the interaction with other systems at the same or higher level of the hierarchy (i.e. battlefield management 
systems and other pre-mission planning systems at the same level). It collects high level objectives, constraints and 
other information. Interaction with other Pre-Mission Planning systems adds considerable complexity because all 
the solutions that may be adopted must be negotiated, perhaps with recourse to a higher authority for decisions. 

The “Internal Coordination” function manages internal planning activity for the unit or formation, and, wheri 
required, coordination of plans for individual aircraft within the formation. This function receives inputs relevant tci 
the final objective, constraints, and strategies required. The eventual output is a mission plan for each aircrafl: 
involved in the action. 

The “Plan Generation” function is viewed as a composition of three sub-functions: Attack Planning, that plan!; 
the critical attack phases; Path Planning that plans transfer phases; and Mission Management that coordinates the 
work of the two other functions. 

Attack Planning (AP) is the most crucial activity, and it is performed during the first phase of the whole process. 
This function establishes the best direction of attack, the best attack tactic and, finally, the best egress from the target 
zone. Other mission phases are then planned accordingly 
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Path Panning (PP) is esscntially route planning, and is generally considered a transfer phase. This kind of 
planning is dominated by “thiwit avoidance” con~ideration~, and tactical factors such as the pilot’s desire to hide his 
intentions from the enemy and avoidance of predictable routes. The Mission Management function then compares 
and combines the partial solutions provided by AP and PP tor the final mission plan. 

After the generation of ;I set of possible plans for the mission, the Plan Selection function makes a final choice by 
means of criteria that are suggested by the “Internal Coordination” function. At this point, the prepared mission 
plan is transferred to thc aircraft system for cxecution. 

2.2.2.5 Further Expansion of the Functional Model at Aircraft Mission Level 
The following sectior now expands the planning portion of the functional model to illustrate the analytical 

method ;ind indicate lower b e l  functions within each general function. An hypothesis implicit here is that 
knowledge-based systems might offer appropriate technical solutions to the problems of decision support for 
aircrews. This type of analysis is intended to support the investigation of that hypothesis by exposing the essential 
functional requirements for the man-machine work system incorporated in an aircraft i n  performing a military 
mission. 

Aircraft missions represent the lowest and most “active” level of the military Air Operations hierarchy. Aircraft 
and their crews are the ultimi,te actors in the conceptual chain from commander’s desire to military effect, and as 
such are most directly involved in combat actions. Yet, due to the pace of air combat, the range and scope of 
operations and the potential impact of payloads, considerable initiative and difficult decisions are reserved for 
individual combatants at this Iwel. Aircrews must blend ant1 combine the military objectives of the mission with the 
immediate dcmands of safe a n d  effective flight in a hostile environment. 

Modern sensors and weapons have dramatically increased the operational potential and thus  responsibilities of 
individual aircrews. Crew-aiding systems, that have iireviously focused on enhancing human skills (aircraft flight 
c ~ n t r o l  or weapon aiming), dc not provide adequatc suppcirt for the human cognitive processes required for current 
and future military aircraft and their attendant missions. As indicated i n  a previous AGARD report [2.3], these 
modern conditions now emphasize the “managerial” ~ cognitive and decisiori-making - workload of the aircrew. 
For that reason, on-board decision support systems for aircrews have been the subject of much study and discussion 
in recent years. 

The “work-system” is here considered to be the combination of human crew and machines assigned to complete 
the mission objective. In  general, this system consists of the crew, pilot-vehicle-interface and associated decision 
support systems. The “system-to-be-controlled” is the aircraft. In general, i t  consists of aircraft, flight systems, 
sensor systems, weapons systems, decision support systems, navigation systems, crew systems, and communications 
systems. 

Prc-mission plans, developed by aircrews andlor planning systems exist as partial plans for implementation. 
When problems are diagnosed. solutions might be found in several general forms. First, existing partial plans might 
have been prepared for the class of problems that have been identified. For example, in an aircraft on a Combat Air 
Patrol ~nission, the Diagnosis of ii radar track as an enemy fighter aircraft approaching at high speed is an anticipated 
problem. In such a case the Coordination function directs the problem to Plan Selection where the appropriate plan 
is selected and specified to thi: problem. Thus, the solution to the problem is found in a choice between prepared 
attack plans - perhaps front quarter long range, beam medium range or stem conversion to short range ~ or an 
avoidance plan, depending on Ihe details of the situation. Figure 2.18 illustrates the process. 

i 
l 
i 
i 

The process shown in Figure 2.18, begins with a search for appropriate plans among available candidate plans. 
Thus, i n  the example, an imperative to defend certain airspace would eliminate “avoid combat” plans froin 
consideration, and the lack of forward quarter ordnance would further reduce the search space to attacks from the 
beam or stern. Preliminary selection is then followed by specification of the candidates to the actual situation. That 
is, the particular details of precise range, speed, altitude, etc. would be entered into the partial plan. This then allows 
the plan to be projected or simulated and the results ev;lluated Thus, a beam attack trajectory could be calculated 
and found to be possible, a rear quarter trajectory barely possible and a stern conversion impossible, thus eliminating 
that option from the selection. The remaining candidates are then evaluated, and the best is selected. In the 
example. the greater likelihoot. of a kill associated with the rear quarter attack might earn preference over the easier 
but less effective beam attack. Throughout the process, knowledge of mission objectives and importance, acceptable 
risk, enemy capabilities and tactics, possible support and a number of other details guide the final selection. 
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In other cases, a problem for which no previously prepared plan exists might arise. In this case, the solution 
might he determined to he beyond the actual capability of the work system and Coordination will request assistance, 
either in the form of support or relief from the requirement form external agencies. Or, the work system might 
determine that either it is capable of reaching a solution, or that no assistance is available. In this case, Coordination 
directs the problem to a function labeled Plan Generation to attempt the formation of a new plan to meet the 
situation. Figure 2.19 is an expansion of that function. 

In Plan Generation, an attempt is made to formulate a plan to respond to an unanticipated situation. The precise 
process of formulating a new plan, or even some effective abstraction of that process, is the subject of considerable 
study and discussion. It is, in fact , a major field of endeavor in the realm of knowledge-based systems and a 
number of techniques have emerged to address this topic. Figure 2.19 indicates a single functional perspective for 
the primary purpose of stimulating thought and exposing some aspects of generative planning. 

PLANS FROM 
PRE-MISSION 

PLANNER 

iist 

SPECIFY 
CANDIDATES 

CANDIDATES 

EVALUATE 
CANDIDATES 

EVALUATE 
CANDIDATES 

TEST 
CANDIDATES 

1 “E2 
CONTROLLED 

Figure 2.18 Further Decomposition of the Plan Selection Function 

In this perspective, a strategy is selected based on some particular desired effect. Thus, in the case of a grouncl 
attack, aircraft suddenly called upon to perform an air-air role, such as disrupting an enemy air attack, a strategy 
stressing surprise or confusion might lead to the consideration of tactics intended to result in confusion. The strategy 
thus constrains the search for tactics, which are seen as partial plans focused on resources that may be brought to 
bear on the problem Tactics further specify the kinds of plans that may be developed. 

At this point, the high level goal or specified objective is decomposed into a list of sub-goals or intermediate 
states that lead to the desired final state. These are then sequenced or prioritized and matched to appropriate action!; 
intended to produce the sub-goals to form a candidate plan. This plan is tested for feasibility. If it proves to be 
infeasible, then alternate resources or goal decompositions will he tried. If feasible, the plan IS tested for 
effectiveness. In urgent situations, a simple threshold effectiveness value might indicate selection of the plan. If 
time permits, alternate plans may he generated and passed to Plan Selection where the most effective will be selected 
at execution time. 
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Figure 2.1 9 Further Decomposition of the Plan Generation Function 

As previously mentioned, the Plan Selection Function comes into play when an opportunity arises to select 
among available candidate plans. In general, this permits a more detailed specification of partial plans and 
evaluation of multiple candidates. If time permits, the process can be driven down to the level of actions and 
operators to result in a high1.y specialized plan. This is expected to result in the selection of a better plan for 
execution. 

Plan Execution is largely a reactive planning process. That is, Plan Execution is a function that closely monitors 
events and effects at a fine-grained level and tunes or refines the action list of an executing plan. Thus, the Plan 
Execution Function is chargec! with selecting specific operators in the normal execution of a plan, of noting minor 
changes in the world state that warrant slight alterations at the sub-goal level and result in a plan alteration, and 
finally in conjunction with the. monitoring function, for recognizing that changes in the world call for re-planning. 
This function also coordinate!; and arbitrates conflicts between concurrently executing plans and identifies local 
opportunities. Finally, this function issues commands to the System-to-be-Controlled that result in the system 
behavior intended to alter the world state. 

2.2.2.6 Potential Applications of Knowledge-Based Systems to Military Aiir Operations 
Knowledge, in the form of experience, judgments, and rules, drives these aircraft oriented work-systems. Tools, 

intended to improve the performance of the work-systems ought to account for and incorporate the relevant 
knowledge. New tools will demand the development of a new body of knowledge. In particular, tools developed to 
support decisions about and management of complex systems in a difficult environment, appear to benefit greatly 
from a knowledge-based approach. Such tools, if developed at a highly abstracted, or “data,” level require their 
users to learn much about them and tend to focus the user’s attention on the tool rather than the problem it is 
intended to solve. Such tools run the real risk of complicating and possibly degrading rather than improving the 
work-system. Tools developed at a more robust “knowledge” level should prove adaptable to a greater range of 
operational conditions - including the user’s actual intent - and thus direct the user’s focus on the problem. Thus, 
knowledge-based tools appear to offer great potential for genuine improvements in the work-system. 

To further clarify the distinction between “data level” tools and Knowledge-Based tools. Consider, for example, 
the central problem of air-to-air combat: that of shooting down an enemy fighter aircraft. In earlier times, data level 
tools were provided to address the problem “calculate aimpoint for a target at range R.” This problem can be solved 
by straightforward ballistic calculations and is highly reliable when the human crew member can maneuver the 
aircraft into the assumed firing position at the proper range. A tool intended to solve the “show me how to hit the 
target” problem implies a system that has knowledge of (a) the maneuvering qualities of the launch platform, (b) the 
maneuvering qualities and destructive capability of the weapon, (c) the capability and predicted potential for the 
target to defeat the weapon and (d) the minimum probability of kill the human is willing to accept. For the next 
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higher level - which may be seen in requirements for next generation fighter aircraft - the problem “plan an attack to 
hit the target,” merits a task description that is a lengthy and highly conditional discourse. The process for 
developing such a task description is knowledge acquisition, and the proper application of the resulting knowledge 
will be embodied in a knowledge-based system. 

A wide range of problems encountered by modern military aircraft fall into this category and thus the potential 
for application of knowledge-base techniques to their solutions appears to be extensive. Table 2.2 is a general list of 
such problems or Operational Requirements that seem to be amenable to knowledge-based solutions. It is believed 
that a wide range of Knowledge-based techniques described in greater detail in Chapter 6 may be fruitfully brought 
to bear on any of these problems, with the greatest potential for near term application listed in the column entitled 
“High Value KB Technologies.” Associated issues and requirements for improvements in supporting technologies 
are seen in the “Technical Infrastructure Requirements.” 

2.2.3 Air Traffic Control 

2.2.3.1 Introduction 

of a large number of aircraft using the same airspace at the same time5. 
The objective of Air Traffic Control I Air Traffic Management is to ensure safe, efficient and timely operations 

A pilot of an individual aircraft generally has very little knowledge about and no control of the other traffic. 
Consequently an independent, ground-based authority, i.e. Air Traffic Control (ATC), has been established to 
coordinate and control a11 traffic operations in a given air space. 

Air Traffic Control is a typical Work System where human operators make use of a variety of ground-based and 
on-board Sensor Systems to collect information. Similarly, they use different ground-based and, largely through the 
pilot on-board, Effector Systems to implement their intentions and commands. However, most, if not all, Processing 
Functions are currently still carried out in the brains of human controllers. In many high density traffic areas, both 
in the air and on the ground, the human control capacity has already become the limiting factor in the overall system 
performance of the ATC system. In order to cope with future increased air traffic demand and to overcome the 
limitations of the human information processing capabilities, more and more of the information processing functions 
of the human ATC controllers must be supported by or even replaced by intelligent machine functions. 

The  basic structure of the information Processing Functions in Air Traffic Control and the potential for 
supporting or replacing these functions through the application of knowledge-based technologies is described in the 
following paragraphs. 

2.2.3.2 Generic Decomposition of Information Processing Functions in Air Traffic Control 

two fundamental safety related functions: (see Figure 2.20) 
There is an extremely broad variety of functions that must be performed in Air Traffic Control. Among them, are 

* 

* 
Establishing and maintaining safe separation between aircraft 
Providing flight path (or ground path) guidance informationlinstructions to the aircraft. 

In order to fulfill these core safety functions there are many derived auxiliary functions including: 

- Trajectory prediction - Conflict detection 
* Conflict resolution, etc. 

A host of other functions are performed to meet the higher level objectives of improved efficiency and timeliness, 
e.g.: 

- Airspace management 
* Traffic flow management 
* Sequencing and scheduling, etc. 

This concept generalizes to ground-based operations as well. 
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Rcgardless of the specif’.: functions to be performed in ATC and regardless of whether a function is fully 
automatic or is implemented Iby a human Operutor, who either uses or makes no use of Tools, the generic, top-level 
functional structure introduced in Section 2.1 can be applictl as illustrated in Figure 2.20. 

At the highest level of representation. the S~stem~ro~be-Coi i t ro l led is the total Air Traffic Services (ATS) system. 
At Iou’cr levels, the System-ti)-be-Controlled can be any other uni t  of the ATS-System, such as: Flow Management, 
Sector En-route Control, Approach Control, Ground Mo\,cment Control or even individual aircraft control. Thus, the 
objects under control include planned flights, ground movements, gate assignments and the actual flying aircraft. 
The current, state of the airc-aft (e.g., aircraft position, identity, altitude, as well as tlight plans) is derived from 
various sensing and surveillance systems, databases etc. These internal and external state signals are used as input 
dnto for Sitiiutinn ~4.~se.~.v~1enr. 

Siiiiarion As.se.ssmeni comprises two sub-functions: Moniforing and Diagnosis 
The Monitoring function i n  ATC is performed continuously and recurrently. Aircraft identity, position and 

altitudc are collected. Heading, track, average ground speed, rate of climbldescent, etc. can be calculated. These 
actual state values are permanently observed and checked ti) determined whether they match with the desired stare 
values of a tlight. If  there are no abnormal deviotioii.s, t k  system may continue with the current plan, whereby the 
necessary Commarids, Objectives and Construinis, (c.6. ”descend to Flight Level 210”; “cleared ILS approach 2SR’.  
etc.) will he transmitted for actuiition to the systein-to~be~controlled. 

If, however, the observcd state deviutesfroni f h r  expected state, the Diagnosis function is activated. Here the 
state of an individual planning ob,ject (iiii airciast) as well as  the overall traffic situation is assessed, analyzed and 
evaluated. If significant de\,iations (c.g., an altitude deviation) have been detected, the actual state/situation has to  
hc compared with the desired skitelsituation, which is given by either an initial plan or by the current plan. To carry 
out the Diugnosis function. a variety of prediction. cstrapolation, filtering and evaluation techniques may he applied 
along with storcd models, rules. strategies, criteria, objectives, and constraints, which may have been imposed by 
either a n  internu1 Coordirratiori or by a higher level pxiernal Coordination through the internal coordination. If the 
deviation matches all required constraints and conditions and also does not affect other traffic, the Diugno.si.r is 
finished and the Monitoring function may be continued. 

If. however, a problem (e.::., a tlight path conflict with another aircraft ) or an opportunity (e.g., improved actual 
weather in comparison to preclicted weather) has been dctccted. the Plun Genevation function is activated. Its task is 
to resolve the problem and tal(e advantage of the opportunity that has been detected. To generate a plutr means to 
find a solution and a set of actions that transform thc current state into a tenfutile, desired future state or that achieve 
a solution that optimizes ii stcted criterion (e.g., inasiinuiii landing rate) subject to stated constraints (for example, 
safety or operator workload). I n  either case, thc generated plan results in system state wherein the probleiir no 
longer exists. Due to the !nature of ii problem. i t  may hc necessary to decompose the problem into several sub- 
prohlcins and to resolve these consecutively. It may be possible or desirable that the plun generation function 
develop not only one potential solution but s e v c ~ i l  dternativc solutions, a l l  being able to resolve the problem or 
optimize the situation i n  different ways. 

In thc standard case, the Plii i i  Gerierutiuri function applies pre-stored, standard models, rules, algorithms, human 
heuristics or experience, etc. for problem solving under consideration of typical, standard objectives and constraints. 
These objectives and constraints may however be miidilied or overruled by others being imposed by 
iriterriiiI/exterr~ul coordiiiutiuii to deal with unforeseen, csceptional events. 

As Air Traffic Control is rmt ii monolithic, stand-alone work system but is composed of a great number of both 
parallel and hierarchical interconnected sub-systenls, the soIutions developed by the Plan Generution function of 
one subsystem has the piitential to interfere with 01- iiffcct other Plriri Generation agents of other sub-systems. Thus. 
a plaiincd solution often must he coordinated with lither external agents. 

Thus, depending on the spt 11 circumstances. the Cuordiriarion process may be a mere “tell-and-listen” dialogue 
or ii iniire intense negotiatioii process, whlch IS ;in intelligent function i n  itself, requiring its own methods alitl 

techniques. The outcome of 1 he Coordirratiori with othtx internul or external agents (c.g., supervisors in other 
control sectors, in tlow management units, etc.) either confirms the teasibility o f  the potential solution(s) or triggers 
a new Piuri Generution cycle until ii solution is found whir:h satisfies all conditions and constraints. 

Once a plan or different options have been genc~ited,  they inust be transferred for Implemenration. If therc are 
several options, the Plan Se/~,cfiori Sunction chiiiises which OS the potential alternative solutions or plans is to be 
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applied. According either to given pre-stored goal criteria or to objectives, constraints o r  strategies imposed by 
internaWexterna1 Coordination, the different solutions are evaluated and compared, and the best solution/plan is 
selected. 

Table 2.2 Potential Applications of Knowledge-Based Systems Technology 

Operational Requirement 

Mission Panning 

Tactics Planning 

Emcrgency Planning 

Divert Planning 

Maintcnance Planning & Scheduling 

Flight Systems Mgmt. 

Sensor Mgmt. 

Multi-sensor Daia Fusinn 

Automatic Target Recognition 

Communications Mgmt. 

Situation Assessment 

Electronic Warfare Systems Mgmt. 

Rcconnaissancc Systems Mgmt. 

Surveillance Systems Mgmt 

Defensive Systems hfgmt. 

Cargo Mgmt. 

Battle Group Mgmt. 

G&C of Lethal UAV 

G&C of Non-Lethal UAV 

LEGEND: 

High Value KB Technologies Technical Infrastructure Rqmts. 

Proh Solvg, ExpSys, McLrn, 

Proh Solvg, ExpSys, lntFc 

Proh Solvg, ExpSys, IntFc 

Proh Solvg, ExpSys, IntFc 

Prob Solvg, ExpSys, McLrn 

Proh Solvg, ExpSys, IntScs 

Prob Solvg, ExpSys, lntFc 

ExpSys, McLrn. IntSes 

ExpSys, McLrn, IntSes, IntFc 

ExpSys, McLrn, IntScs, IntFc 

Proh Solvg, ExpSys, IntScs, IntFc 

Prnb Solvg, ExpSys, McLrn, IntSes 

Prob Solvg, ExpSys,lntSes 

Proh Solvg, ExpSys, McLrn, IntSes, IntFc 

Prob Solvg, EnpSys, IntSes, IntFc 

ExpSys, McLrn, IntScs 

Prob Solvg, ExpSys, IntFc 

Proh Solvg, McLm, IntSes. 

Proh Solvg, McLrn. IntSes 

Knowledge Engineering applies to all 

Prob Solvg=Problem Solving&Scarch 

ExpSys = Reasoning about Physical 
Systems 

McLrn = Machine Learning 

IntSes = Intelligent Sensing; 
Understanding External Env 

IntFc = Human-Machine Interaction 

KnowEng, RITm, DtBs, NIW 

KnowEng, RITm, DspSys 

RITm, DspSys 

RITm, DtBs, HIW, NlW,DspSys 

KnowEng, DtBs, HIW, NIW 

RiTm, H N  

KnowEng, RITm, DspSys 

KnowEng, RITm, H M I ,  N N  

KnowEng, RlTm, DspSys 

KnowEng, RITrn, NIW 

KnowEng, RITm, DtBs, DspSys 

KnowEng, RITm, DtBs, HIW, NIW 

KnowEng, RITm, DtBs, NIW 

KnowEng, RITm, DtBs, NIW, DspSys 

KnowEng, RITm, NMI 

KnowEng, DtBs, NIW 

KnowEng, RITm, DtBs, NIW, DspSys 

KnowEng, RITm,HM 

KnowEng, RITm,HN, NIW 

KnowEiig = Knowledgc Engineering 

RlTm Real Time performance 

H N  =High Performance HIW 

N N  = High Performance Network 
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Figure 2.20 Generic Structure of Decision-Making / Problem Solving Subfunctions 

In a final step, the selected plan is executed. Plan Execution translates the solutionlplan into a sequence of actions 
(e.g., heading, speed or altitude changes) to achieve the desired state, e.g., to avoid a conflict with other aircraft. 

These actions are sent as commandsladvisories to the Actuation element of the System-ro-be-controlled. In the 
current ATC-system, commands usually are sent to the pilot via VHF communication and the pilot then provides 
them as input commands to the aircraft's actuation systems. In the future, a digital data-link will provide the potential 
for direct digital communicationicooperation between ground-based and on-board automated systems. 

The generic information processing structure described above is generally valid for all information processing 
functions in ATC. Its applicability ranges from the very broad, high level strategic planning functions many months 
in advance of an actual flight, down to the very specific sub-tasks, e.g., resolving within seconds short term conflicts 
between two aircraft. Depending on the hierarchical level and the magnitude and complexity of the tasks to be 
performed, these functions may be carried out either: 

* - - by machines only. 

in the brain of a human operator 
by intelligent machines to support and enhance the human skills 

2.2.3.3 Decomposition of ATM-Functions 
Air Traffic Control (ATC) is part of an overall Air Traffic Management (ATM) system. Advanced operational 

concepts for ATWATC are presently under development in North America (AAS [2.16]) and in Europe (EATMS 
[2.17]; CATMAC [2.18]). Thcy follow a well designed, consistent architecture in which all ATWATC functions are 
deliberately interconnected and performed by several autonomous, hut cooperating planning agents. For example, in 
the German CATMAC (Cooperative Air Traffic Management Concept) proposal, the functions are decomposed: 



( I )  In terms of time: 
strategicflong-term ---> tacticallmedium-term ---> short-term planning ---> actual control 

(2 )  In terms of space: 
global ---> continental ---> regional ---> local 

In particular, in the German CATMAC the four time horizons are considered as four hierarchical levels of one 
consistent concept. Two of these levels namely: Air Traffic Flow Management (ATFM) and actual Air Traffic 
Services (ATS) are illustrated in Figure 2.21 as an example. 

Figure 2.21 Air Traffic Flow Management (ATFM) and Air Traffic Services (ATS) 

The System-to-be-Controlled by ATFM at the "highest", long-term, strategic level does not comprise real, 
flying air traffic, but planned air traffic, i.e., flight plans which are stored on paper or in electronic data-bases. The 
internal and external state signals are flight plan requests which are filed by the airlines to ICAO through organized 
flight plan conferences usually up to one year in advance. Other external state signals include the expected future air 
and ground capacities of the Air Traffic system. First Situation Assessment is performed. In the Moniroring 
function these new or up-dated flight plans are checked against already existing plans. If deviations from 
expectations are detected, i.e., more requested flights, major changes in the schedules etc., the Diagnosis function 
will have to find out if these changes still comply with the objectives, constraints etc. imposed by internal resources 
(e.g. ATM/ATC capacity) or by external agents (e.g., the Airport Authorities, Airlines, military restrictions, night 
curfews, etc.). If problems are detected, i e . ,  requested flights exceed available capacity or flight schedules at 
restricted times etc. Plan Generation is activated to find solutions and to establish a smooth traffic schedule that 
meets all requirements. If necessary, the potential solutions are coordinated with ATWATC, with the Airlines and 
with the Airports through intemal or external Coordination. The generated plans are prepared for Implementariorr. 
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The final plan is selected according to the ob,jectives, constraints etc. passed along from other agents through 
Coordination. The /nipleiner;tatioii of the ilight plans is accomplished by distributing the agreed flight schedules to 
all participating parties. This long term plan finally becomes the initial plan for the next level of planning: ATS / 
ATC. 

At the next ATM level, ATS-Flight Planning, the medium-term flight plans represent the basic Sysrem-to-he- 
Control led.  In the Siiuutioii Assessment function, the extcrnal (ATFM tlight plans) and the internal (currently 
activated flight plans) are coritinuously monitored. 

If there are major deviations, Le., additional flight plans yet to be approved, canceled flight plans, etc., the 
Diagnosis function must check for problems or opportunities with respect to the objectives, constraints, etc., that 
have been imposed through internal or externnl Coordination (Le., flow restrictions, slots, temporary usage of 
military airspace, etc. ). The solutions generated by Plan Generation are then transferred to the Flight Plan 
Processing system for /ni/’leinentation. All unchanged standard flight plans will be activated automatically some 
hours before the flight actually commences. All other changes will be added or deleted, giving a complete, updated 
schedule for all flights to he wnducted within the next hours. 

These plans may still become updated if necessary. Actual excerpts from this comprehensive medium-term plan 
for the following short-term planning period (- 60 min) are extracted and are sent through the Coordination function 
to the next level of ATM, so-called short-term planning, where the plans are used as initial plans and will be 
proccssed in an analogous cycle of Monitoring, Diugno.si.s, Plan Generation, Plan Selection and Plan Execution. 
This lcvcl and the subsequent Control level of ATMIATC are not shown in Figure 2.21 

2.2.3.4 Knowledge-based Functions in ATC - Arrival Planning 
One of the first applications where an ATC planning function has been performed with the assistance of 

knowledge-based technology has been Arrival Planning, Sequencing and Scheduling. A first operational installation 
has bccn put into place i n  1989 at the Frankfurt, Germany ATC-Center. The system, named COMPAS (Computer 
Oriented ,Metering Planning cnd Advisory System) is described in more detail in Chapter 6.1.4. 

Figure 2.22 illustrates the Arrival Sequencing and Scheduling functions as part of the short-term-planning layer 
ojATM/ATC. At this IevcI, the System-to De controlled is the actual A i r  Traflic, a set of inbound aircraft. Their 
flight plans, positions, altitiides and identifications arc continuously sent From different sensor systems to the 
Sitiiutioti A.s.se.ssment functioii. Here, headings, tracks, speeds, descent profiles etc. are continuously calculated and 
sent to the Diagnusis function. The Diagnosis function predicts, extrapolates and correlates future trajectories to 
detect deviations from the plan and to detect potential future conflicts. If a planning conflict has been found, the 
Plan Generafion function is activated. It attempts to rcsolve the conflict by using stored solutions or stored problem 
solving methods. The Plari Generation results represent tentative solutions for the Sequence, Schedule and 
Trajectories for the inbound tlights. These planned and still tentative solulions must be coordinated with other 
planning agents (e.g., adjacent upstream ATC-sectors, the downstream Tower Sector, with Departure control). 
After an agreement has been reached through Coord inat ion,  the potential solutions are transferred for 

The solution is executed by the Plari Execution function which transforms the solution (Sequence, Schedule, 
Trajectory) into commands (Heading, Speed, Descent, Intercept etc.) which are transmitted to the Systems-to-be- 
Controlled: the arriving aircraft. 

I 
i 
! 

I 

i 
/~n/’le~r~eiitutiun. Here they are evaluated and the “best” solution with respect to a given goal criterion is selected. 

Some of these functions can have the potential for being implemented by an intelligent computerized planning 
system to support the human Operuror in the control of Arrival Trajfiic. In COMPAS, the Monitoring, Diagnosis, 
and Plurining functions are performed automatically and continuously by the computer. The results, the COMPAS 
Plan, are presented through i i  specially designed Human-Computer-Interface (HMI) to the human Operator. The 
human Controller can integrate the COMPAS generated plan into his other control activities and retains the ultimate 
authority for decision making and implementation. He is also able to interact with the computerized Planning 
function through the HMI. Figure 2.23 shows the cooperation between human and computer-based functions for the 
COMI’AS system. 
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Figure 2.22 Arrival Sequencing and Scheduling Functions 
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Figure 2.23 Human Machine Interactions in COMPAS 
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2.2.3.5 Challenges a n d  Problem Areas with a Potential fo r  KBS Applications in ATC 
Four characteristics of Air Traffic Control (ATC) problems pose major challenges: 

- Very Large Scale System 
Problem Complexity - Solution Flexibility, Robustness 
Human-in-the-Loop 

Each of these challenges is addressed briefly in the following. paragraphs 

Very Large Scale System 

As shown in Section 2.2.:1.2, ATC is a very large scale system i n  terms of both time and space. The temporal 
scope is froin long-term to tht: very immediate short-ter~n. The spatial scope is from global to local. A broad variety 
of functions of different detail and character must be carried out i n  parallel at different levels, distributed over 
different time horizons and at different locations. Still, all information processing is interrelated and has to he 
interconnected in numerous control loops. There is a n  urgent need and a vast potential for the application of 
advanced knowledge-based functions for: 

* Hierarchical planning - Multi-Agent planning 
* Multi-Sensor~Data-Fusion 

Information Fusion - Information Management 
Filtering 

Problem Complexity 
Most of the planning a n d  control functions in ATC are highly complex. Many different requirements and 

constraints originating from Pirport operators, from Airline operators, from pilots and from the environment (noise, 
pollution avoidance), which very often have competing or  even contradicting goals, must be considered 
simultaneously. Some functions must be performed cooperatively between on-board and ground-based systems. 
Other ground-based functions and tasks are divided and allocated or shared among several different ground units. 

These challenges call for new applications of knowledge-based solutions fol-: 

* Multi-Agent Planning 
* Consistency and Completeness - Advanced Planninj: Technology 

Solution Flexibility / Robu.stnrss 
Despite the application of the most advanced sensor technologies and data processing capabilities in ATC, it 

remains a significant challenge for planning and control functions to adapt continuously to changing conditions, i.e., 
to close all loops in real time. As ATC is, i n  principle, largely a customer service system, it  must comply with 
Airline, Pilot, Passenger, and Airport needs. Unforeseen events, disturbances, and changing priorities are 
commonplace and occur on short-notice. Weather (headwinds, fog, thunderstorms, etc.) frequently add to the 
problems of uncertainty in ATC-Planning and Control. Consequently, some processes are of a rather non- 
deterministic nature. New developments in 

* Planning with Uncertainty 
* Qualitative Reasoning 
* Heuristic Planning 
* Fuzzy Logic 

offer the potential to meet these challenges. 
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Human-in-the-Loop 
Despite all of the advanced technology either on-board or on the ground and despite the expected increasing 

number of intelligent implementations of functions in ATC, it is unlikely that in the foreseeable future there will he 
aircraft flying automatically without a pilot onboard, in airspace being automatically controlled without controllers 
on the ground. Thus, there will still be pilots and controllers in charge and responsible for the conduct of air traffic. 

Human limits in  perception and information processing and the typical human approaches to planning and 
decision making (heuristic, wholistic) all impose very interesting but severe challenges on the designers of Planning 
and Decision Support Systems, who must model and transfer human cognitive processes to intelligent machines. 

Only when both the representation of information and the manner of dialogue and interaction with an intelligent 
device are acceptable to the human operator, will knowledge-based functions be successfully implemented, no 
matter how intelligent and advanced they may be. New knowledge-based functions such as: 

- Heuristic Planning - Real-Time-Expert-Systems - HMI-Interaction Techniques 
- Speech Understanding 
- Natural Language, HyperMedia 
- Virtual Reality 
- Adaptive Interfaces, etc. 

offer the potential to meet these challenges. 

2.2.4 Functional Analysis Of Spacecraft Mission Operations [Z. 19,2.20] 

2.2.4.1 Introduction 
This section outlines a baseline structure for knowledge-based guidance and control functions in the context of 

space missions. Guidance and control functions will be referred to here as “Spacecraft Mission Operations”, Le., all 
the functions required to implement space missions. The development of a general baseline structure is difficult 
since these functions may vary considerably from manned space mission to unmanned mission, or from an earth 
observation satellite mission to a communications satellite mission. 

This section focuses on unmanned missions since they correspond to a majority of the actual space missions, and 
it  presents a generic structure that is applicable to any kind of unmanned mission. Adaptation of this structure to 
manned space missions (e.g., Space Shuttles, Space Stations) is also discussed. 

2.2.4.2 Functional S t ruc ture  Of Spacecraft Mission Operations 
A spacecraft is generally composed of two main parts : 

The payload composed of any on-board equipment directly associated with the mission 
itself including: observation instruments and associated electronics for 
remote sensing satellites, antennas and communications electronics for 
communications satellites, telescopes and associated electronics for 
scientific satellites 
composed of any service subsystems required for supporting the general 
spacecraft operations including: solar arrays, attitude and orbit control, 
propulsion, thermal control, structure, telemetry, telecommand, on-board 
data management 

The platform or bus 

Spacecraft mission operations generally consist in managing the spacecraft : more specifically, its two main 
parts, the payload and the platform for meeting given mission goals (e.g., accommodating customer’s requests or 
scientific objectives). 

Unmanned spacecraft are automatic systems that are teleoperated from the ground. These satellites operate at 
varying degrees of autonomy with the level of autonomy depending on several factors : 
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Type of orbit for earth observation saiellites stationed in low earth orbits (altitudes of 
600 - 800 Kin) thc visibility from the ground control center is limited to 
typically 10% of thc mission duration, thus requiring some automatic 
operations on-board the satellite during the 90% of the orbit when control 
communications are interrupted 
military commuiiiciltiiin~ satellites are far more autonomous than civilian 
ones 
commercial space communications organizatioris such as INTELSAT, 
INMARSAT or EUTELSAT are committed to reducing their operations 
costs, and consequently, there is motivation to automate the mission 
iiperations 

Type of mission 

Economic constraints 

Considering the current state of the art, whatever the level of autonomy, most of the  mission operations tasks are 
still performed on the grounii. These tasks are, i f  we take the example of an earth observation satellite system 
concentrated i n  two main groLind entities : 

~ Mission Control Ccnter (MCC) 
Spacecraft Control Center (SCC) 

The first entity, the Mission Control Center, is primary dedicated to Mission Planning, i.e., generating mission 
plans t o  be executed by the spacecraft through telecommands sent by the Spacecraft Control Center. Mission plans 
are generated in accordancc with mission goals or customer's requests and in consideration of general mission 
conditions (e.g., spacecraft orbital position, seasonal conditions), the current state of the spacecraft (provided by the 
SCC to the MCC on the basis of telemetry analysis), and. depending on the type of mission, the mission data 
reception (e.g., images for an mirth observation satellite). 

The second entity. the Spacecraft Control Center, is sesponsible for controlling the mission execution through 
telemetry parameter analyses These parameters are rcgularly downlinked by the spacecraft. The SCC also 
commands and nionitors the inision execution, according to the mission plans provided by the MCC and on the 
basis of predefined procedures. Thus, the main SCC functions are telemetry and telecommand processing. 

Additional functions of  thi: SCC : 

Flight Dynamics compute spacecraft orbital positions, and thus determine appropriate 
orbital maneuver strategies for orbital corrections 

Specific Software Packages perform specific monitoring tasks, e.&., on--board electrical power 
balance between consumption and generation 

The architecture of the system described above is depicted in Figure 2.24. 

All (if the functions described above are performed tiy any spacecraft ground system, but they may be organized 
in different ways from one system to another. If we fcicus iin Guidance and Control related functions, and if we refer 
to Section 2. I ,  the functional analysis corresponding to such a system can be represented as that shown in Figure 
2.25 : 

These functions may be performed on-ground (for most of the current space systems) or shared between on-board 
systems and a ground segment (for unmanned spacecraft with a high level of autonomy, or for manned spaceci-aft 
such as space shuttles or space stations.) 

Thcsc main components iii any spacecraii operations and are all candidates for partial or total automation, and 
thus, have the potential to bcncfit from applications of knowledge-based systems. 

2.2.4.3 
Some major trends in spacecraft operations providc strong motivation for rhe use of knowledge-based systems 

(KBS) : they are summarized, together with the potential benefits of using KBS, for the respective spacecraft 
operations functions, i n  TabIe 2.3; 

2.2.4.4 Concluding Remarks 
The desire for increased autonomy and autcimation was spcarheaded by the major international players in the 

space business (agencies, major contractors, etc.) during the 8 0 s  and has led to the first steps toward the 

Problem Areas In Spacecraft Operations With P(itentia1 For Knowledge-Based Solutions 
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development of knowledge-based systems for supporting spacecraft operations. Some of these systems are now 
operational, or are close to being operational, and span all the major spacecraft operation domains : 

~ 

- 

- 

- 

~ 

Mission plan generation (e g., Plan ERS at ESNESTEC) 
Monitoring (e.g., ARIANEXPERT at ARIANESPACE and RTDS at NASA JSC) 
Diagnosis (e&, SHARP at JPJA and DIAMS at CNES) 
Mission plan execution (e.g., EOA at ESNESOC and PRS at NASA) 
Procedure generation (e&, PREVISE at ESAJESTEC and PROCSAT at CNES) 

MISS ION CONTROL . J 
Figure 2.24 General Architecture Of A Spacecraft Ground Segment 

Table 2.3 Potential Of Using Knowledge-Based System For Spacecraft Operations 

I 

- 
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be obtained. For example, cost balancing from the perspective of system mean time between failure (MTBF) is 
depicted in Figure 2.26. 

Optimizing this balance is, in the ideal case, the job of an oversight function that we  will term Life Cycle 
Management. There are three different ways in which knowledge based systems (KBS) can contribute in optimizing 
this total cost: I )  a KBS can aid in the oversight of the entire life cycle process, 2) a KBS can be applied to some 
part of the life cycle (a phase), or 3) the system whose life cycle we examine can be a KBS. We will discuss briefly 
the problems associated with the oversight function in Section 2.3.2. In Section 2.3.3, we examine the issues 
associated with each life cycle phase, and in Section 2.3.4, we discuss the life cycle characteristics of the 
development of a KBS . 

I \  \ 

I I 
I 

Increasing MTBF 

Figure 2.26 Optimizing Total Cost Contributions as a Function of MTBF 

Life cycle costs can be analyzed in terms of the phases which any avionics system goes through during its term of  
service. One view of these phases, the so-called waterfall model, is shown in Figure 2.27. Each of these phases has 
a contribution to life cycle costs, discussed more fully in [2.21]. 

Figure 2.27 Life Cycle Phases 
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If the waterfall view is taken, it is clear in comparison with the functional view presented in Section 2.1 what is 
missing. Specifically, there are no feedback loops that enable effective control. While this feedback exists to 
varying degrees in existing organizations, a view which explicitly calls out this feedback allows one to analyze and 
optimize the feedback. One: way of providing feedback within the development cycle is given by the rapid 
prototyping methodology, in ,which the requirements analysis, design, implementation and test phases are iterated, 
with each cycle becoming more comprehensive. This methodology is discussed more thoroughly in Chapter 5 .  This 
still omits feedback from any given phase to any other. More importantly, it omits any control function which 
oversees the life cycle. A more complete view which accommodates this oversight and which is more in keeping 
with concurrent engineering concepts is shown as Figure 2.28. 

Needs statement Cost estimates 
Funding profile Schedules 

Life 
Cycle 
Management 

t I 

I System, documentation, other artifacts I 
Figure 2.28 Life Cycle Management 

2.3.2 Life Cycle Cost Elements 
To analyze life cycle cost components, we show four major groupings of costs in Figure 2.29. These are 

structured in terms of the organizations that incur the costs: acquisition, operation, setting up to support the system, 
performing the support, and finally, retiring and removing the system from operation. Removal is a new element 
which is beginning to be seen as an important component of the life cycle cost a.nd, thus, is typically not included in 
the breakdown analyses currently available. Life cycle cost components, excluding removal, are further refined in 
Figure 2.30. 

Initially, there is a set of acquisition costs comprising design, fabrication, installation, and data production costs. 
As the avionics system is fielded, operation costs and logistic support costs come into play. Operation costs consist 
of personnel and other miscellaneous costs. Logistic support costs can be divided into recurring support and initial 
support costs. Initial support costs include spares, training and other miscellaneous costs. Recurring support costs 
include replacement spares, maintenance man-hours, and repair material. These contributions are shown in Figure 
2.30. 

Given the complexity of avionics systems being fielded today, it is difficult if not impossible for a single person 
to maintain a perspective which spans the life of an avionics system while remaining competent in the area that is his 
or her primary responsibility. Designers, for example, are often not aware that the design phase directly contributes 
only 3% to the total life cycle cost picture. Thus, producing tools whose aim is to shorten the design phase is likely 
to have minimal impact. This is not to say that knowledge based aids are inappropriate at this phase in the life cycle, 
merely that their focus should include reducing costs in other phases of the life cycle. 
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Figure 2.29 Major Life Cycle Cost Components 
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Figure 2.30 Life Cycle Cost Contributors. 

Unfortunately, resources allocated to design (and all other phases) are often scarce. Obviously, designers should 
spend no more on design than is absolutely necessary. Diverting resources from the “real” goal to some othei 
purpose, say testability analysis, is often viewed by design management as unproductive, even foolhardy. In order tci 
force a wider appreciation of the goal set of the system life cycle (maximum capability for minimum life cycle cost), 
management focus must span the life cycle of the system. Note that this focus need not take the form of a formall 
organization, such as the Quality Departments set up within many companies in response to the proliferation of 
Total Quality Management concepts. Rather, the focus should he a knowledge of how life cycle costs are incurred 
and an acceptance that additional early system design and development costs should he directed toward downstream 
savings. In existing contracting practice, the development contract is typically separate from the later support 
contract, so even within the organization, there is typically no individual with the necessary span of responsibility. 
Rafale is an example of a newer contract which departs from this model, combining the support and development 
responsibility into a single contract and is discussed further in Chapter 6. 

Recognition of the need for this management focus provides another opportunity for Knowledge Based System 
(KBS) introduction - a KBS which applies to and oversees the development process as a whole, rather than just an 
element of the process (such as design) or a capability of the system (such as trajectory optimization). An 
implementation of this oversight function is discussed in Section 6.3.1 in the context of the Copilote Electronique. 
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2.3.3 Affecting Life Cycle Cost 
From the breakdown shown in Figure 2.28 it  is clear that the primary areas in which life cycle costs might be 

reduced, assuming they are amenable to treatment, are in recurring support costs, particularly maintenance man- 
hours. The remainder of this section focuses on the nature of the problems which drive maintenance man-hours, 
replacement spares, and initial spares complements to beeso high and on how these might he affected by the 
application of knowledge based system technology. 

2.3.3.1 Design (Figure 2.31j 
Since design occurs early i n  the life cycle of an avionics system, it is often targeted as an opportunity to intervene 

to reduce life cycle costs. Un.fortunately, this is also the phase when the eventual workings of the system are least 
well understood. It often seeins counterproductive to the designer to spend a great deal of time in analysis of, for 
example, testability, when the base function is not yet well defined. 

Figure 2.31 Design Functional View 

For example, designers 0fte.n focus on testing for their own requirements, without regard for field faults. Testing 
of any kind is designed late i n  the process since, after all, it is not the "primary" function of the product. Th.is 
tendency is changing with curricula in universities and continuing education including courses entitled "Design for 
Testability'" or "Design for Maintainability." Aids which focus the designer's attention on this major driver of 
support costs have a large impact on overall avionics system costs. 

2.3.3.2 Fabrication (Figure 2.32) 
AI applications can produce benefits in fabrication by improving fault detection coverage and by reducing fault 

isolation time. The test time is not as much a concern as is the isolation time since fault isolation is frequently 
performed away from the automatic test equipment (ATE). Improvements in inherent testability of the IC, card, box 
or system all reduce fabrication costs. Without a high level of inherent testability, faults can pass undetected and 
result in expensive rework. 

Improvements in testability will also reduce costs associated with Automatic Test Program Generation, Teat 
Program Sets, and engineering debugging at all levels. During the fabrication phase, AI applications can support an 
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aggressive program of false alarm and intermittent alarm reduction by design changes and modificatioils to the BIT 
and system integrated test these reductions result froin capture and analysis of faults during the intensive testing that 
early production run articles are subjected. 

2.3.3.3 Maintenance (Figure 2.33) 

2.3.3.3.1 Support Spares 
Support spares are initially purchased for support and maintenance facilities and to fill the logistics pipeline. 

Fewer spares need to be purchased initially if it is known that improved diagnostic capability will result in fewer 
removals caused by false and intermittent alarms. 

2.3.3.3.2 Replacement Spares 
Replacement spares include cards and boxes purchased to replace the support spares that are broken or destroyed 

during tests as well as those spares needed to replace units with undiagnosable problems of either a hard or 
intermittent nature. Improving the fault isolation capability will decrease the requirement for replacement spares. 
Improved fault isolation also reduces the number of units wastefully destroyed during test due to “shotgun” 
replacement of components as an isolation technique. 

Figure 2.32 Fabrication Functional View 

2.3.3.3.3 Maintenance Personnel 
For avionics systems currently in the field, there are typically three groups of maintenance personnel involved in 

the support function. First, there are the flightline maintenance technicians who perform diagnosis to the line 
replaceable unit or module (LRUM). Here we will use the term LRU for simplicity, meaning any line-replaceable 
element. The presumed faulty LRU is sent to the next maintenance group, the intermediate shop, which runs the 
LRU through ATE checks to isolate the faulty circuit card or other assembly. The isolated element is finally sent to 
the depot for diagnosis and isolation to the component level. Clearly, the largest factor affecting a reduction in 
maintenance personnel costs is the reduction in field removals. If units are not removed, they need not be tested, 
thus reducing both personnel requirements and required sparing levels. 
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Figure 2.33 Maintenance Functional View 

2.3.3.3.4 Repair Material 
The factors affecting repair material are the same as those for replacement spares, except that decreasing 

intermittent and false alarms will not significantly decrease repair material. While a false alarm can force the 
replacement of a box, it usually will not cause a component to be removed from a board since causes of false alarms 
are usually at a higher level in the system hierarchy than the component. 

2.3.3.4 Cost Drivers for Maintenance 
Some maintenance will always be necessary. State of the art efforts to reduce maintenance costs focus on having 

equipment or system reliability (availability) sufficient to schedule necessary maintenance rather than perform it on- 
demand. A concept that is starting to receive attention is dispatch-with-fail (having sufficient redundancy to allow a 
partial avionics complement satisfy the minimum equipment list.) 

A surprisingly large percentage of maintenance, however, is unnecessary. It is often driven by a flight crew 
"squawk" for a problem which is either not repeatable or is not a fault. The maintenance crew, however, performs 
some action to assure the flight crew that the "problem" has been fixed. This unnecessary on-demand maintenance 
accounts for up to 40% of equipment removals, called unnecessary removals (URs). The problem is so pronounced 
that some airframers maintain statistics on the mean time between unnecessary removals or MTBUR. 

2.3.3.5 Unnecessary Removals (UR) Causes 
The primary causes of unnlxessary removals are thought to be due to: 

* 

* Presence of intermittent failures 
* 

Inability to reproduce the failure environment accurately 

Inability of built in test (BIT) to correctly detect and isolate a failure 
A study performed at twelve U S .  Air Force bases uncovered several other contributing factors: 

* Ineffective BIT 



* Ineffective technical orders 
* - - Inadequate skill - Ineffective supervisionlsupport - Management directives 

Test equipment differences (depot vs. intermediate ATE) 
Ineffective or missing test equipment 

Inadequate feedback between flightline, intermediate and depot levels 
* Inaccessibility of LRUs 

The potential of KBS to address these factors is discussed in Section 2.3.6. 

2.3.4 Life Cycle Costs of KBS Systems 
A system or tool which uses knowledge-based or artificial intelligence techniques has a life cycle cost picture 

which is different in some ways than the traditional software engineering development picture. Chapter 5 contains a 
more complete examination of tools available to assist this development, and Section 6.1.2 discusses an example of 
such a development. Figure 2.34 shows one view of this development cycle. There is often a higher front end cost 
due to prototyping. The maintenance costs may also be higher than expected due to the effort involved in keeping 
the knowledge current. 

I 

Identification \ 

Implementation 

Figure 2.34 Knowledge Engineering Life Cycle 

2.3.4.1 Prototyping 
Systems that use artificial intelligence techniques often address less well understood problems than those using 

traditional, procedural or algorithmic approaches. If the problem solution were well understood, the solution 
approach would probably follow the standard software engineering waterfall model of requii-ements specification, 
top level design, detailed design, implementation and test. For less well understood problems, however, it is often 
beneficial to consider various solution approaches on small scale problem cases in order to test empirically how well 
they address the problem. Section 6.3.2 presents a case study of this sort of approach. When viewed by someone 
accustomed to traditional software engineering, this rapid prototyping approach is sometimes seen as unproductive 
toward the goal of producing the final product. When used properly, the rapid prototyping approach is often the only 
way to proceed effectively toward the development of a solution. Improper use of rapid prototyping, such as the 
common practice of using the last prototype as a software baseline, can result in substantially higher maintenance 
costs due to code that was never intended by the authors to be fielded in a production system. 

2.3.4.2 Knowledge Maintenance and Translation Complexity 
There might be an expectation, perhaps because knowledge based software is state of the art or because i l  

behaves intelligently, that the software will not require much support and maintenance after it is complete. The: 
reverse is more often the case. For example, the maintenance team for the RllXCON project at DEC is the same 
size as the original development team. In other words, it can take as much effort to keep the knowledge used by thar 
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expert system current as i t  did to capture the information in the first place. Iionetheless, knowledge-based systems 
continue to be used and mainmined i n  a variety of application areas because their benefit outweighs the cost of 
maintaining the knowledge base. 

The initial capture and sulisequent maintenance (if knowledge used by an expert system is the most costly aspect 
(if thc knowledge based system’s life cycle. In early knowledge-based system developments, the knowledge 
engincei- often became ini expert i n  the domain, and the expert became an expert i n  knowledge based systeins. 
While this can he pcrsonally rewarding for both parties involved, it is not cos1 cffective. On a more recent effort to 
develop the Flight Control Maintenance Diagnostic System (FCMDS) for the F I 6 ,  over 60% of contract funds \ \we  
s p i t  performing knowledge capture. 

Thcrc are three coininon approaches to reducing this cost: 

Use existing on-line knowledge or data and translate it into the desired form 
Automatically “create” knowledge by inachiiie learning techniques 
Use knowledge capture aids to extiact the desired knowledge from domain experts 

0 

0 

For knowledge capture aids, the effort and expense o l  performing knowledge capture are proportional to the 
differciice between the way that the knowledge based system represents the information and the way that the 
cognizant cxpert represents i t .  If the representation diffci-cnce is great, a large amount of effort is required both by 
the knowledge engineer i n  performing the translation and by  the expert i n  correcting misconceptions and errors i n  
translation made by the knowledge engineer. 

Consequently, a major goal in producing a knowledge based system is to allow the expert (knowledge 
inainteincr) to express the information i n  a “nativc tongue”, Le., i n  a form that is easily understood by the 
maintainer. In FCMDS, this was done by: 

* 

* 
Using readily available design information tu perform diagnosis 
Capturing design information as CAD representations 

Thc translation effort from CAD representation to knowledge-based system representation (a modified frame 
language) was automated, removing the human from the loop. This task simplification both reduced the man-hour 
cffort involved and reduced human error. As I I  rcsult, the knowledge maintenance task for this effort has been 
approximately I personlyear as opposed to the initial de\,clopment team effort of almost 4 engineerslyear. In 
addition, a majority of this ciui be accomplished by junios staff since the entry task has been simplified. 

2.3.5 Conclusion 
As i n  any management endeavor, the earlier an intervention is made to address a potential problem area, the more 

effective the intervention is likely to be. This has Icing hccn recognized and taught in many engineering disciplines, 
most recently i n  software engineering. The focus 01 the intervention or management action, though, must be on the 
mist  significant costs which will accrue for thc system. which are primarily in the support or maintenance phase. 
Effoits to apply this principle can be seen throughout the industry: design for testability, design for maintainability, 
lessons-learned databases, quality inanageinent teams, and so on. For newly introduced systems, these approaches 
have the potential to impact life cycle costs only if the changes required in  other parts of the organization are 
allowed to occur (for example, i f  engineering is given a budget and schedule which allow a design for 
maintainability analysis to be performed). For existing systems, early intervention is no longer possible, but cmt 
effective applications of knowledge based technologies are still possible as evidenced in the ADAM and FCMDS 
efforts described in Section 6. 

2.3.6 Life Cycle Challenges and KBS Potential 
In a sense, major challengt:s i n  any functional area are also challenges to life cycle cost management, since the 

difficult problems encountered i n  designing a system tend to be the long term cost drivers. These difficult problems 
can upsct schedules, place unique requirements 011 a systcln’s hardware or software architecture and can require the 
introduction of unique solutions which are understood well only by a small design team, making them difficult to 
maintain. These challenges and the knowledge based approaches which have the potential for addressing them are 
discusscd in other Sections of this report. Life cycle management also has a set of more global concerns which are 
shown in the following tables, grouped by life cycle phase. A few issues which are common to all phases are shown 
separate1 y. 



Table 2.4 Issues and  Approaches Common to All Life Cycle Phases .  

I Schedule upsets 

Information loss I 
KBS Approacn Sect on 

Incremental scheduling I 4.2 
~ ~ 

N a t u r a l  L a n g u a g e  I 4.1,4.6 
recognition, large scale KB 
techniques, hypermedia 

Databave interoperability F o r m a l  i n t e r m e d i a t e  
language specification I 4'1 

Table  2.5 Issues and Approaches for Design. 

Issue 

understood 

P o o r  BIT c o v e r a g e  
consistency 

Design information loss 

KBS Approach 
N a t u r a l  L a n g u a g e ,  - .  

hypermedia, large-scale KB 

Model-based reasoning 
KB intercommunication 

N a t u r a l  l a n g u a g e  
recognition, 
KB intercommunication 

Table  2.6 Issues and  Approaches for Fabrication. 

Issue 
Material acquisition costs 

Facility idle time t--- 
Acceptance test time E 

KBS Approach 
Large-scale KB techniques 

Constraint  sat isfact ion,  
iterative improvement, multi- 
agent planning 

Model-based reasoning,  
rule-based reasoning,  KB 
intercommunication, machine 
learning 

Section 
4.1,4.6 

4.3, 
6.3.3 
4.1 

4.1 

Section 
4.1 

4.2 

4.3, 4.1, 
4.4 



Table 2.7 Issues and Approaches for Maintenance 

Issue 
Ineffective BIT 

Ineffective Tech Orders 

Inadequate skills 

Incompatible databases / 
information 

Inaccessible LRUs 

KBS Approach Section 
Uncertainty management, 4.5, 

Neural nets Appendix A 

Hypermedia ,  Adapt ive  4.6 
interfaces 

Model-based reasoning, 4.3,4.6 
rule-based reasoning, virtual 
reality for training 

N a t u r a l  l a n g u a g e  4. I, 4.6 
r e c o g n i t i o n ,  K B  
intercommunication, speech 
understanding, 

V i r tua l  r ea l i t y  f o r  4.6 
maintainnbility 
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CHAPTER 3 

AN FACTORS AND FUNCTION ALLOCATION TO HUMAN, 
MACHINE 

ND 

3.1 Introduction 
Guidance and control systems in military aircraft are essentially tools designed to support a variety of human 

activities in pursuit of particular military objectives. One persistent trend in the field of guidance and control of 
aircraft has been an increasing degree of automation of many functions previously performed by unaided humans or 
larger teams of humans (crews). This trend, driven by both the dynamics and complexity of modern air combat, has 
resulted in widespread implementation and acceptance of automated system functionality in military aircraft. 

The operational importance of automation i n  these systems has been so evident that it has supported nearly 
uncritical attempts to automate virtually any function to which existing technology could lay claim. Thus, 
successful guidance and control automation can be seen in forms ranging from relatively subtle and straightforward 
improvements in flight control systems (stability augmentation) to systems that provide direct automatic control of 
the aircraft (auto pilots). 

However, recent attempts to apply similar technology to automate sophisticated higher order functions have not 
produced the desired improvement in the overall system and have frequently introduced undesired side effects. For 
example, early attempts to automate tactical information functions in F-16's and F-18's were surprisingly 
unsuccessful. In this case, menu driven controls and displays, tended to segment and separate related information 
and resulted in a cockpit environment too difficult to manage. The effort required to obtain even important 
information from the system was so great and confusing that many experienced pilots elected to "turn everything 
off" and fly without any advanced tactical aiding. 

In part, these unsatisfactory results may be attributed to an incomplete description of the domain. To some 
degree, this stems from the pursuit of a development methodology whose aim is to abstract a simple, well defined 
algorithm as a solution to the given problem. Insofar as the problem i s  truly simple, the technique is effective. 
However, when applied to problems that are not simple, and whose purpose is to cope with, and perhaps embrace 
complexity in the environment, such a technique is inappropriate. Many higher order functions that are current 
targets for automation in military aviation are, in fact, not simple; they are inherently difficult and complex. 

In its current state, the art of functional allocation i s  heavily influenced by the perception of technical feasibility. 
That same perception inevitably influences the preceding functional analysis, so that "functions" themselves are 
typically cast in terms of technical capabilities. Moreover, even when these complex functions are properly 
analyzed and described, there appears to be no clear division between tasks that ought to be automated and those that 
should be performed exclusively by humans. Frequently the answer to the question of what to automate will depend 
on individual operator skill, preference or on the context of the operational situation, Thus, a strict a priori division 
of responsibility becomes a difficult, complicated problem. 

Artificial Intelligence (AI) draws attention to the importance of examining the allocation of function between 
operator, software and hardware during the preliminary systems analysis phase [3.1]. At the 1992 AGARD 
Guidance and Control Panel Symposium, Taylor and Selcon pointed to the immature and imprecise nature of much 
of the human performance data necessary to produce such a trade off of the relative merits of man and machine 
components in any required cosvbenefit analysis [3.2]. The approach understandably adapted by many engineering 
designers i s  to incorporate as many affordable functions as possible in a system and rely on the flexibility of the 
operator to integrate the remaining functions 

The first major attempt to assign roles between operators and systems was that undertaken for a large-scale 
military ATC study undertaken by Paul Fitts following the experiences of the Berlin airlift [3 .3 ] .  Derivatives of this 
form of assessment of the relative merits between man and machine continued to be utilized by human factors 
specialists until the increasing use of computer-based automated systems necessitated the formulation of models 
which related man-machine performance directly to levels of autonomy of the system [3.4, 3.51. The debate then 
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centercd around the role of the man-in-the-loup when designers could not specify a complete automated system 
I3.61. This required a further shift in emphasis to the mire cognitive aspects of the  man-machine interactions due to 
the unanticipated effect of aut:imation increasing workload and error rate 13.7). 

The advent of powerful ;ind affordable micro~~rciccssors made possible the exploitation of the AI reseiii-ch 
emcrging from the academic community, so adding ii ncw dimension to the man-machine interface. This in turn has 
led t u  the formulation of the concept of shared intelligence linking the findings of Wiener's cybernetics, Piaget's 
notions of intelligence with AI, human factors and cognitive psychology [3.8]. Before such symbioses can be 
achieved. i t  will still be necessary to define the roles and responsibilities between man and machine before 
knowlcdge can be effectively shared. 

This chapter attempts to zxainine and illuminate the problem of functional allocation for knowledge based 
systems. A rationale tor the discussion focus on managerial functions and Decision Support Systems as the primary 
example of relevant knowlcdpe based systems is presented. Human capabilities and limits and consequent 
implications for the design of Decision Support Systerns are then discussed. Finally some general principles 
underlying the practice of Sunitional allocation to knowledgc-based Decision Support Systems and a philosophy for 
the application of that philosophy are offered. 

3.1.1 Some significant characteristics of the domain: 
A gcneralization of the military aviation domain is ii broad perspective. Even when limited to operational 

missions. it encompasses aircraft and missions ranging from single pilot, high performance aircraft in fighter 
missions to large transport aircraft and crews in airlift missions to relatively low performance aircraft and special 
operations missions. Yet, t h t x  are some common threads that run through a.ll these missions and influence their 
integral functions. These characteristics dcfine the doiniiin of military aviation and distinguish it ,  in varying degrees, 
from uthcr domains i n  thc military and in general aviation. 

The military domain is in:ricate and complex. Even routine airlift operations must contend with variables i n  
destination, cargo, support cquipment and acciiunt for political and military factors that equivalent non-military 
transport operations do not address. Fighter, bomber. rcconnaissance, and special operations missions arc 
considcrably more complicated. 

The domain is dynamic. High speeds ~ absolute and relative - and the three dimensional arena combine to 
produce routine, rapid, and dramatic alterations of the situation. This constanl change and, expectations of change, 
force and give emphasis to a tightly-coupled, short planninp and execution cycle throughout the mission. 

Thc domain is essentially and fundamentally competitive. There are opponents whose objective at every level of 
endca\,or is to confound and defeat friendly plans and goiils. The environmenl is not neutral; it is "actively" hostile. 
This opposition introduces ii notion of deception or "intended" unpredictability that must be accounted for i n  
functional assessment. It highlights the importance of cori-ect judgment and the cost of errors. 

Finally the domain is lethal. In many functions, the cost of even small failure is extreme. This argues for great 
caution and, interestingly, foi-ces a difficult tensiiiii in an area where quick decisions and aggressive (seemingly 
risky) actinns frequently carry the day, and hence, are the "safest" acts. An additional effect of this heightened 
danger it to distort "objective" evaluation and action in favor of survival of the individual at the expense of 
apparently higher mission objtxtives. 

Hieh h e /  functions: In general, automated support i n  this domain typically takes form in the functional areas of 
(see scction 2.2.1): 

Assessment 
Planning 
Execution 
Verification 

(recognition and evaluation ~ with respect to goals ~ of the state of 
(rewining about actions that might change the state of the world) 
(acting to change the state of the world) 
(post hoc comparison of the actual state to the desired state). 

the world) 

tiuidance and control functions i n  aerospace systems may also be conveniently divided into two groups 13.91. 
"Control" functions arc directly associated with exccution (tlying and navigating the air vehicle). The second group 
"managerial" functions are related to assessment, planning, higher level execution of the plan, and verification. 
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Substantial advances that have been made in automating the control functions. Theoretically "unstable" aircraft, 
like the F-16, are routinely designed and successfully fielded as a direct result of these advances. Short of 
completely removing the human from the control loop, it appears that only marginal improvements can be expected 
in further automation of control functions. 

This suggests that the greatest leverage, and hence focus of engineering development, in automation will be seen 
principally in addressing the managerial aspect of guidance and control functions. Supporting evidence for this view 
may be seen in requirements documents for most advanced military aircraft. It was also recognized in a principal 
recommendation of a preceding AGARD Advisory Report 13.91. It is believed that this condition persists and thus, 
the principal focus of contemporary and future automation efforts is properly centered in these managerial functional 
areas. 

Manaeerial Functions: A distinguishing characteristic of the managerial functions is steeply increasing task 
complexity. That is, the marginal growth in complexity between simple, first order tasks (calculate an aim point for 
weapon alpha) to the next level (hit the target with weapon alpha) is great. 

Functional complexity proceeds from both the "cognitive" complexity of the task, due principally to the highly 
informal combination of multiple interdependent subtasks and domain complexity arising from the rapidly evolving 
military environment. Thus, "calculate an aim point" only requires knowledge of the kinematic capabilities of 
weapon alpha at some range. On the other hand, "hit the target" implies an understanding of the maneuvering 
capabilities of the platform, the maneuvering and destructive capabilities of weapon alpha, what effect is desired 
from a "hit", and the capabilities and predicted potential for the target to defeat weapon alpha in a number of ways, 
as well as the same appreciation for hundreds of potential targets and their latest known modifications. At the next 
higher level, perhaps, "plan an attack to hit the target", the task description is the proper subject of a lengthy 
discourse. Unfortunately, attempts to automate portions of higher order tasks, without reference to related subtasks, 
usually complicate rather than simplify the problem 

The integration of portions or "versions" (Le. the non-defending target case) of a task requires a separate, 
additional cognitive effort that may exceed the perceived benefit or, that may cause an unacceptable delay. In part, 
this explains the difficulties F-I6 and F-I8 pilot's experienced in adapting to support systems that required them to 
interrupt tactical assessment and planning to manipulate menus in order to gain portions of the solutions they 
sought. Often it  was preferable to abandon the effort to obtain improved information in favor of a timely, albeit 
"poorer", solution. 

In spite of such experience, the increasing sophistication of users and, more importantly, demands of the 
environment, necessitate automation of more intricate managerial functions and hence, the development of more 
complex support systems. Difficulties, however, arise in determining the degree and kind of automatic support 
required and desired for managerial functions. Such systems are typically referred to as Decision Support Systems. 

Decision Surmort Svstems: As outlined above, complex contemporary aircraft systems require difficult decision 
making and problem solving activities from their users. In order to avoid limitations imposed by human cognitive 
capabilities efforts are under way to fully automate such tasks. This, however, is feasible only for a very limited set 
of well defined tasks. In most cases human cognition can not yet be emulated adequately by technical means. For 
the time being huinans are therefore indispensable i n  these tasks. There is also increasing concern with respect to 
the reliability of computers in such systems 13.10, 1.1 I ] .  

While humans currently can not be replaced by automation in certain functions, there are means to support 
human operators by machine intelligence decision support systems (DSS), which means "any interactive system thal 
i.s .rpecijicu//y designed to improve the decision making of its user by extending the user's cognitive decision niakinx 
ahililies" [3.12]. 

For a DSS to he useful, users must be able to integrate the computer aid into their own cognitive processes. The: 
success of, for example, an expert system depends, as Madni mentions, not only on the quality and completeness of 
the knowledge elicited from experts, but also on the compatibility of the recommendations and decisions with the 
end-user's conceptualization of the task [3.131. In building a knowledge base there may also he conceptual conflict!; 
between the knowledge engineer (KE) and the subject matter expert (SME). Mismatches between the developer's 
and user's conceptualization of the domain occur, especially with respect to individual and inter-individual 
differences among users. A prerequisite tor DSS design therefore is the identification of what is limiting a person's 
decision making performance. A purely technology driven development of new automation capabilities can produce 
unintended and unforeseen negative consequences and should he avoided [3.141. 
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3.2 Human Decision Makin;: And Problem Solving 
In Chapter 2 the functions involved in guidance and control activities were identified as being monitoring, 

diagnosis, plan generation, plan selection, and plan execution (see figure 2.3). Looking from the viewpoint of an 
operator, each of these tasks requires substantial cognitive effort which usually is described by the terms "decision 
making" and "problem solving". This section addresses the characteristic cognitive requirements associated with 
both activities. 

Deci.sion making may be defined as the choice of a particular action in a situation where various actions are 
possible. A typical decision situation is described by the inatsix in  figure 3.1. The parameters in this matrix are: 
states of the world (en), ax i l ab le  options (aln), and consequences (kin,"). Whenever a particular decision 
alternative is selected, given a state of the world, the associated consequence will follow. Each decision 
consequence k .  . may be associated with a value wi,i for that outcome. Utility a.ssessments based on these values are 
uscd kir  selecting among competing options, 

I J 

j 
Figure 3.1 Decision Matrix. (Whenever a particular decision alternative (ai) is 

selected, given a state of the world (e,), the consequence will be (ki,,).) 

Typ . s  of decision making: Some of the difficulties in making decisions become obvious when regarding the 
decision matrix in some inore detail. Firstly the completeness of the matrix determines the degree of definition of a 
tleci~ion situation, i.e., whether the task is structurcd o r  unstructured. Obviously it is difficult to come up with a 
rational choice if not all environmental influences, options for action, and their consequences are known. Secondly 
the information describing the state of the world can be considesed. 

Depending on the probability of these data, a distinction can be made between safe (p . - I ) ,  risky (pej < I ) ,  eJ - 
and unccrtain (pej = ?) decisions. 

A third dimension of decision making refers to the available time frame. In off-line operations l i ke ,  e.g., i n  
management information systems, time usually is not a particularly critical factor. During on-line operations like, 
e.g., vehicle control or target recognition tasks, spontaneous reactions are requested and only seconds are available 
for decision making. For diagnosis and planning activities usually intermediate intervals, at least i n  the range of 
minutes. are acceptable. Figure 3.2 depicts these orthogonal dimensions of decision making with respect to time 
frame. environmental conditions, and degree of definition. 

Decision making strategie.s: Mathematically optimal, Le.. rational decision making requires the selection of the 
decision alternative, which inaximizes the utility of the conscquences, Le., if 

In cast of risky decisions, vihcre only the probability of environmental conditions is known, the calculation of 
the expected ut i l i ty  (EU) takes the following form: 



n 
EU (a,) = wi,j * p (e.) i = l  1 

Deciding according to this maximal utility strategy guarantees optimality only in a statistical sense, and not for 
each individual decision. Humans often deviate from this maximum utility strategy and apply a two step procedure. 
They first tend to satisfy a subset of the most essential criteria (satisfying strategy), and only subsequently try to 
maximize the utility of the remaining options. 

Environmenta 
conditions 

Time frame 

slowioff-line 

fast /on-line :-:-:: familiar unstructured/ defjnjtion Degree of structured/ 

safe p(ei) = 1 

risky p(ei) < 1 

uncertain p(ei) = ? 

novel 

Figure 3.2 Essential Dimensions Of Decision Making 

Problem solving is different from decision making in that it involves a sequence of decisions. Starting from an 
actual situation a sequence of actions (or thoughts) has to be pursued in order to reach a desired goal state ( imagine, 
e.g., playing chess or performing a diagnosis on a car engine). The single state transitions involved in probleni 
solving may be visualized as a problem space [3.15]. Figure 3.3 shows a schematic representation. 

The problem space is a graph that shows system states (nodes) and transition rules (arrows) among them. This of 
course must include the start and goal state. Each transition within the problem space may take the form of an 
elementary decision as described above (figure 3.1). Since the consequences of subsequent decisions influence each 
other, problem solving may also be interpreted as a type of dynamic decision making. 

From the problem space representation, it becomes obvious that problem solving requires two distinct activities: 
problem structuring, i.e. generation of the problem space graph, and searching the problem space for a success path 
towards the goal state (figure 3.4). 
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actual s ta te  

0 knowledge ,  sys t em,  problem 

irreversible s ta te  transit ion - reversible s ta te  transit ion 
goal :state 

Figure 3.3. Schematic Representation of a Problem Space 

s ta te  

Both of these activities are formidable tasks for human beings, due to narrow limitations in memory and 
rcstrictcd abilities in mental in1;igination. The mentill problem of space representation, for example, can not be more 
accurate than the short terin memory permits and mental suirch can not reach further than the consciously accessible 
planning horizon. 

Problem solving 

generate problem space search problem space 
for solutions 

Figure 3.4. Two Aspects of Problem Solving 

3.3 Characteristics and Constraints of Human Information Processing 

acting operator should be able t o  
Following the description 01' rational decision making and problem solving given above, an ideal, normativelv 

- collect and assess information in an exhaustive and unbiased manner, 
- establish a correct mental representation of a decision situation, 
- calculate probabilities and likelyhoods associated with decision consequences, 



- quantify and scale outcome utilities consistently, 
-decide rationally, i.e., select the option with the highest expected utility, 
- establish a mental model of the problem space that includes the goal state, 
- find a path from actual to goal state in that problem space by mental search 

Obviously such demands are not in agreement with human nature. Operators have to operate within a framework 
of constraints with respect to time, knowledge, data, memory, and cognitive resources [3.16, 3.17, 3.181. Hence real 
decision makers 

- act impulsively, 
- use a small set of rules of thumb (heuristics) as , e.g., 

- means end analysis (pursuit of partial goals), 
- representativeness (similar situations are judged to have identical outcomes) 
- availability (similarity is determined with respect to instances available in memory) 

- apply satificing criteria instead of utility maximizing criteria, 
~ neglect statistics and probabilities, 
- have difficulty in combining competing attributes or objectives, 
- use inconsistent preferences and risk assessment, 
~ don't consider all consequences of outcome options, 
~ are overly subject to situational context, 
- apply bias and noise to heuristic judgment, 
- have problems in analyzing or reasoning, 
- have inappropriate confidence in their own decisions, 

~ use their internal (mental) representations whether right or wrong, 
- are unable to predict processes correctly. 

Humans i n  general use global, not analytical assessment. They make a quick assessment of a decision situation 
pattern, followed by an immediate categorization of the situation and an associative decision. However, in spite of 
the inter-individual variability in humans, a small set of recurring problems in decision making and problem solvin:; 
can be identified. The most relevant of these are discussed below: 

Coal-urientation: A decision maker unconsciously begins the decision making or problem solving process with 
the consideration of the desired output of his actions. This pursuit of a goal guides information collection and 
hypothesis formation. It leads to expectancy, biases and cognitive tunnel vision. In addition, the meaning of 
information is different for each person because of different training, experience and backgrounds. What a person 
perceives depends, for example, on what a person already knows. 

Mental representations; Decisions are not made using the actually available data, instead data are transformed 
until  they fit into the available mental model. Unfortunately mental models are mostly inaccurate, usually being less 
accurate than perceived by most people. They are applied independently of the state of training or expertise an 
operator might have. Consequently projections in time and space based on such mental imagery ("mind's eye") are 
often wrong. 

Memory limifetions: Reasoning can only be performed with the content of the working memory, which is n o  
more than 5 to 9 chunks (Chunks are groups of information which are subjectively perceived as units). Coding is a 
suitable means to put as much information as possible into one chunk. If more information is required than fits into 
the working memory, i t  must be retrieved from long term memory. Also the speed of cognitive operations is limited 
(A mental comparison takes, e.g., typically 0.1 seconds). 

Mental arithmetic: The brain is not well suited to perform complicated numerical operations. Hence it is almost 
impossible to process conditioned probabilities and utilities or to estimate risks reliably in any given situation. 
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Mental estimation of uncertainty does, e.g., not follow the Bayes-theorem. Instead, global estimates are used, which 
usually have a heavy bias. 

Cognirive leveis of conrroi' ofhuman acrion: Depending on the task difficulty, the given tiine frame, and the 
degree of training operators show three distinctly different levels of action. namely skill based, rule based, or 
knowiedge based hehavior [i. 191. In this classification skill based behavior describes those actions, which are 
performed i n  a subconscious, quasi-automated manner in fractions of a second. Examples are walking, playing an 
instrument, or ten finger type writing, i.e., activities which require instantaneous reactions. A prerequisite for skill 
based behavior is long term training. Rule based hehavim can he observed in cases where the solution to a problem 
is known, but the single steps toward that a solution must he performed consciously according to given rules. This 
requires no particular mental effort and takes typically 7 to 5 seconds per action (see figure 3.5). Knowledge based 
behavior, finally, is applied i n  situations, whcrc no known solution to a problem exists. Consequently creative or 
innovative behavior is needed, which may take an unpredictable amount of time, while a success can not be 
guarantced. 

2 4 6 8 10 12 [SI 

Figure 3.5. Interaction Intervals Observed During the Rule Based Use of a Dialog 
System [3.21]. 

It should be emphasized, that ii particular task can be performed by a particular operator on varying levels of 
cognitive control, depending 011 his actual state of training. Also a skill achieved in a task by extensive training may 
be I i x t  again if training ceases This may lead to a fallback from skilled to rule based or even knowledge based 
behavior. associated with longtx operating times. Furthermore i t  is obvious, that tasks requiring very fast reactions 
can only be mastered on the skill based level. 

Hut?irin reliabiliry: Humans are notorious for being unreliable. At a first glance the reasons for human error 
appear to be unpredictable. This however, is not true, as Norman discovered [3.20]. He distinguishes between two 
types of action errors with respect to their reason, Le., nzisrukes and action slips. Mistakes are made due to lack of 
knowledge, stress, fatigue, cognitive fixation, or wrong mental representation. In contrast to mistakes, action slips 
arc errors made in carrying out an otherwise correct intention. 

Slips occur if  the inappropriate schema is activated or triggered, where schema means a sequence of linked 
behaviors. Several types of sli.ps may be distinguished. Mode errors may occur if a situation is misclassified, as 
when a11 autopilot is in a diffenmt mode of operation than expected. Capture errurs are likely to occur i f  a similar, 
inore frequent or better learncd sequence captures control. Descriprion errors may happen if the triggering 
information for a schema is ambiguous or undetected. This results in a correct operation being applied on the wrong 
item. From this description i t  is essential to note, that slips occur during periods of rule based behavior and also 
show tlic timing characteristics associated with this type of operation (compare figure 3.5). 

Technical support of human cognition 
As previously stated, the identification of what is limiting a person's decision making performance is a 

prerequisite for DSS design. Consequently a suinrnary of design rules for the compensation of cognitive constraints 
is listed hclow, which have been derived from the described human information processing deficiencies [3.22, 3.231: 



- Improve information display: 
- make use of human Gestalt and figure perception capabilities 
- use task and situation adaptive information filtering 
- use high fidelity computer graphics and animation 
- use multi media presentation 

~ Improve the human-machine dialog: 
- Increase bandwidth of data exchange by novel interaction techniques (e.g. , direct manipulation and 

- match dialog form to user training and cognitive state, 
- provide user guidance to reduce available options, 

speech), 

- Support information management: 
~ reduce and facilitate routine data handling work, 
- provide bookkeeping functions, 
- reduce memory load by visualization, 

- Support decision making: 
- provide decision situation structuring aids, 
- perform statistics, probability and utility calculations on computers, 

- Support problem solving and planning activities: 
- provide problem space visualization, 
- provide automated reasoning functions, 
-enable man-machine goal sharing, 

- Reduce educational and training requirements: 
~ provide predictor information for test and exploration, 
- provide embedded training, 
-provide on-line help functions, 

~ Build error tolerance and error insensitivity into the system: 
- use immediate error feedback (predictors), 

- use reversible functions (UNDO), 

- use error tolerant functions (DWIM), 

- make system state always unambiguously clear, 

- use dissimilar command sequences for different actions, 

- assign difficult actions if action consequences are severe. 

3.4 Design and Implementation of Decision Support Systems 
Decision support systems usually are configured as depicted in figure 3.6: An operator has direct access to the 

system to be controlled and, in addition, may exchange information with a decision support system via the user 
interface. As may also be seen in this figure, the DSS itself has access to the same information ahout the controlled 
vehicle or process as the user. 

Levels of automation in man machine smtems: 

As Seifert & Neujahr point out, the spectrum of interaction between the human and the computer reaches from 
full manual operation to full automation. They identify six automation levels for man-machine interface functions, 
which are widely accepted in the aircraft industry, and which vary with respect to the percentage of authority 
assigned to the human (table 3.1) [3.24]: 

The full manual and the full automatic modes of operation need little explanation. Some essential human factors 
arguments must be mentioned however: Manual operation often leads to operator stress, high workload, and fatigue. 
On the other hand too much automation is likely to lead to boredom, complacency, and erosion of competence. In 
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critical situations, i t  may be (dangerous to move the operator too far out of the control loop by supplying too much 
automation. 

Some additional remarks have to be made with regard to the intermediate modes of automation, which are 
candidates for decision support. In the manual augmented mode, manual control functions are augmented by 
automatic control systems as, for example, nose wheel steering, and stabilizers in aircraft. Mental decisions in this 
mode may be supported by electronic checklists, spreadsheets, integrated displays, or reversible functions for error 
correction. In all these cases, the authority remains entirely with the operator. 

I Operator I 
I User Interf-ace I 

D e c i s i o n  
support 

Vehicle / Process / 
Sensordata 

Figure 3.6. Typical Decision Support System Configuration 

Examples for the manual ~rugmented-auromuticully limited mode are data entry formatting an :cks 
as well as autonomous input error correction (do what I mean, DWIM). The corresponding approach in the area of 
manual control is the limiting of control inputs in order to ensure system safety (Envelopes, safeguarding 
functioning points). Examples are angle OF attack or g-level control in aircraft and traction control systems in cars. 
As depicted in table 3.1, the authority is partly and definitely transferred to the computer in this mode. The actual 
size of this share, however, need not be fixed, but can be adapted to varying situations, system states and user 
characteristics. 

In the automatic-manually limited mode manual override and takeover of automatic functions is made possible. 
This is, e.g., the case with ht:ading and course being controlled by autopilots in an aircraft. These systems are 
generally configured in such a way that the degree of human authority is at the discretion of the user and may reach 
from full automatic to full manual as depicted in table 3.1 

Table 3.1 : Automation Levels in Man-Machine Systems: 

mode  of operation authnrity 

manual 

manual augmented 

manual augmented-automatically limited 

automatic-manually limited 

automatic-manual sanction 

automatic 
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The. nutomatic-manual sanction mode is characterized by automatic functions with manual accept/reject 
capabilities. The assessment of options presented by an expert system, the approval of automatic target 
identification or prioritization, and the acknowledgment of a trimming computers proposal i n  a submarine are 
typical examples. The  degree of human authority depends on whether manual accept/reject is optional or  
mandatory, and hence may cover a wide spectrum. Sometimes manual sanction, while technically possible, is not 
practical due to time restrictions, as is often the case in target identification tasks. 

3.4.1 Principles Of Functional Allocation To Knowledge-Based Systems 

quite straightforward: 
For conventional systems, including conventional expert systems, the basic principles of functional allocation are 

- Consider the aims of the proposed automation carefully. Automation should not be introduced for its 
own sake. 
Allocate tasks to human or machine according to what each does best. 
Pay attention to the interaction and integration of man and machine 
In considering aspects of a task for machine execution, do not be constrained by the pattern into which a 
human operator breaks the task down or by reasoning processes that a human operator adopts (or thinks 
he adopts). 
Involve users in the design and functional allocation from the outset. A cornerstone in the task of 
building an effective MMI is the involvement of the user from the outset. Besides being a useful way of 
gaining user acceptance, the early involvement of users in system design benefits from ideas that domain 
experts may offer about the sort and degree of assistance that they require. 

- 

- 

- 

- 

While it clearly makes sense to apportion to the man and the system respectively those aspects of the task that 
each does best, there are no infallible rules to define these proficiencies [3.25]. Many papers addressing the question 
of aircrew workload and its use as a metric for functional allocation have been written over the past two or three 
decades and very often the technologies proposed for analyzing and understanding workload havc centered on some 
form of task decomposition and analysis. Task breakdown is then, typically, the first step i n  considering functional 
allocation in combined manned and automated systems and the experience gained from workload studies based on 
Time Line Analysis and modern derivatives of that approach will he of great value in considering the functional 
decomposition of the mission. 

Complications arise almost immediately and parallel those which are experienced i n  applying similar 
decomposition analysis to the assessment to workload. In that case the simplest approach is to measure the time 
required to perform each sub-task on its own and to derive the total time required for the whole task by adding those 
for the components. This approach runs into difficulties because the sub-tasks cannot be considered in isolation; 
even when the activity is reasonably self contained (e.g. changing the radio frequency), its execution is affected by 
the other sub-tasks on hand at that time and by external circumstances. The interactive effect may be favorable, in 
that the task may be performed quicker under pressure, or unfavorable so that it is done slower or not at all. The 
whole may not always be greater than the sum of the parts, but i t  is generally different. 

Task interaction is a key issue in considering allocation to knowledge-based DSS. This is particularly true when 
a task might be accomplished in different ways (different sequencing of the sub-tasks) depending on the 
circumstances. Then a preliminary allocation of a subtask might he frequently reversed and a requirement is added 
for the system to "understand situational context. 

3.5 Cooperative Human-Computer System Concept 
In  order to identify suitable ways of interacting with computer based advice, let us, in an experiment of thought. 

assume that the decision support be provided by a human advisor. In what way would we like his advice being 
presented to us ? This line of thinking leads us to look in some more detail on the ways of information exchange: 
among humans. Nickerson has compiled a comprehensive list of conversational attributes (Table 3.2) [3.26]. 

From this table the crucial role of shared knowledge and accepted conventions become obvious. Based on this a 
priori information humans are able to recognize distorted information by using context. It also permits a sender to 
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articulate ambiguously, erroneously, and incompletely and still be understood. Another attribute worth mentioning 
is the enormous bandwidth involved in interpersonal cominunication. The observation that peer status is required in 
order to ensure a serious conversation is of particular relevance in the context of DSS. Computer based advice will 
only he accepted if  it is perceived as being of excellent quality. 

Table 3.2: Some Characteristics of Human Conversation 

Shared knowledge: Situational context 
Common world knowledge 
Special knowledge 
History 

Accepted conventions: Bidirectionality 
Mixed initiative 
Apparentness of who is in control 
Rules for transfer of control 
Sense for presence 
Structure 
Characteristic time scale 
Intolerancc for silence 

Other attributes: Nonverbal communication components 
Wide bandwidth 
Informal language 
Peer status of participants 

Certainly some characteristics of conversation among humans would also be desirable for human computer 
interaction. The advice provided by a DSS should , for example, be made adaptive in the sense that it is tailored to 
the actiial situation, to the st;itus of the system, and to the operator behavior and capabilities (This includes in 
particular sensory, motor, and mental workload as well as cognitive level of control and motivation). An intelligent 
assistant of this kind would allow the user to use a system i n  a manner he wishes, but surrounded by a 
iiiultitiiinensional warning and alerting system, an electronic cocooiz that informs and supports him if he is 
approaching some limit (management by exception) [3.27, 3.81. 

I n  order to enable a computer to behave as ii human-like partner, it must obviously he provided additional 
inform;ition. Building up shxed  knowledge requircs the storage of knowledge bases and procedural rules. In 
addition the tnachine must know about strategic goals and intentions. This allows the computer to check operator 
inputs and system outputs to determine if they are logically consistent with the overall goal. It also provides mutual 
monitoring of man and machine. A system that embodies an expectancy of the kinds of errors that might occur may 
also bc able to detcct errors automatically as de\,iations from normative procedures. Systems with such capabilities 
i re  said t u  he goal shuritig and intent driven 13.28, 3.291. An example of such a system is described in chapter 
6.1.1 

A pmsihlc structure for such cooperative human cumputel- systems is presented i n  figure 3.7. It is based o n  
proposals tnade by Rouse and colleagues [3.61. As may be seen from comparison with figure 3.6, a set of three data 
bases has been introduced info the system. Stored in these data bases is knowledge about the state of the world. 
about thc system status, and about the human opcrator state and goals. 

First, i n  order to idcntify uperator state and goals, a collection of active goals, plans &scripts is needed. Second. 
knowledge ahout system functioning is encoded i n  spccific scripts and procedures. Finally, environmental 
conditions and operational phases describe the state of the world. By making use of this knowledge a n  intelligent 
assjstant may provide adaptive behavior at the user intei-face, where adaptivity may he desirable with respect to 
enYironinentaI conditions, operational phases, and system states. Adaptivity to user performance characteristics 
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requires inputs from an operator model. Main functions of this intelligent assistant are interface management and 
assistance functions. , 

User 

User Interface 

Intelligent Assistant: 
Data Bases: 
world sme 
system knowledge 
OperstOr stare & gvsis 

Vehicle/S ystem/Process 

Figure 3.7. Cooperative Human-Computer System Architecture 

Interface management, i.e. the way data are exchanged at the user interface, can he shaped according to the 
dimensions shown in Table 3.3. 

With the ever increasing amount of information available i n  automated systems, the role of information 
management, i.e., storage, organization, retrieval, and filtering becomes more and more critical. It is no longer 
acceptable to confront a user with an enormous amount of raw data. Instead he must be supported by preprocessing 
and filtering functions. Modern computers also offer various new possibilities for information display, which were 
not available before [3.30]. Among these are color and dynamics, which allow very efficient means for the 
interactive evaluation of large sets of data. Dialog design also is a particularly essential aspect of interface 
management. Task scheduling, user guidance and the selection of a suitable dialog form are efficient means to 
match the way of data exchange to the needs of the user. One especially efficient form of a dialog i s  direct 
manipulation, which allows the user to point directly to graphical objects on a screen 

Table 3.3. Dimensions of Interface Management 

information management storage, 
organization. 
retrieval, 
filtering. 

coding, 
integration, 
selection of modality. 

information display 

dialog design scheduling, 
user guidance, i dialog form. 

Assistance functions may take the form of decision support, andlor error management. The spectrum of 
generally used algorithms i n  DSS is compiled in table 3.4. It is not the purpose of this paper to explain all these 



algorithms. The reader is referred to chapters 4 and 6 of this report and to some referenced publications L3.12, 
3.31, 3.32, 3.331. 

A special aspect of user assistance is error' mariagcmerir , The goal is to build error tolerant or error insensitive 
systcnis by the automated idtmtification, compensation and prevention of errors. Errors of omission or commission 
may. "-8.. he identified and compensated by making reference to stored legal procedures [3.34]. 

Table 3.4. Candidate Algorithms For Decision Support 

Algorithni .Supported decision making aspect 

Process modeling 

Value modeling Combination of attributes 

Predictions for future or different conditions. 

Machine learning Compensation of systematic inconsistencies 
or h i a s s  for judgment refining and amplification. 

Adaptive aiding facilitics. Automated reasoning 

Numerical rechniques Calculation of conditioned probabilities and utilities. 

Searching for success paths in problem spaces 

(icneration and validation of hypotheses by rule 
based forward and backward inferencing. 

Symbolic techniques 

If  the interface managemcnt and assistance functions mentioned above are to be adaptive, input is needed with 
respect to the system operating phase, the state of the world, and, last but not least, the operator. In particular the 
identification of operator characteristics is a very dilficult task to be performed by an operutor model. This refers to 
an owxitor's 

goals and intentions 
utilization of sensory, inotor, and mental resources 
objective and subjectively perceived workload. 

As Rouse and colleagues mention, the determination of an operator's goals and intentions can be acquired 
explicitly by asking the operator for input [3.6]. Implicit determination of goals and intentions is much mire  
difficult. Obvious sources 0.: information about the operator are - except from physiological measures - the overt 
observable actions perforrnecl at the interface. The identification of intentions then requires inference processes i n  
the context of a particular task and systein situation Reference to legal procedures which are stored in the computer 
also helps to discriminate expected (explained) frorn unexplained actions (errors or innovations). 

Continuous observation is a particular interesting approach to identify individual user behavior and preferences 
[ 3 . 3 5 ] .  The basic idea is to copy user behavior by applying machine learning algorithms (figure 3.8). As each user 
has ii different mental model and experience, the computer can accumulate expertise from several users. 
Consequently the interface becomes smarter during opcration. 

Resource utilization (auditorylvisual, verballspatial, cognitive, or motor) may be derived from current and 
projected on-line workload analysis. Actual resource utilization may be used as a main determinant for interface 
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management. Operator models then act as an on-line expert system for the design of displays and programmable 
controls. In addition a prediction of performance in current and potential future tasks can be based on model 
outputs. 

Manual 

A Operator 

+ weight corrections 

Trainable 
Classifier Automatic 

operation 

VehicleIProcess 
or Sensordata 

Figure 3.8 Identification Of Operator Characteristics By Observation 

3.6 Operational Aspects of Decision Support Systems 
As inentioned earlier, it is very essential that a DSS is matched to the cognitive processes and the mental task 

conceptualization of it's user. This is not a trivial task because the spectrum of operator behavior is rather broad. 
Operators may, e.g., be naive or expert, either in computer handling or in the subject matter, or in both. In addition 
their use of the DSS may be casual or frequent (figure 3.9). Thus one operator may show skilled behavior and 
another rule based behavior in identical tasks. The actual level of action applied to a particular task depends on the 
task difficulty and the level of training and expertise (see section 3.2). Also a skilled operator will, after a long 
break, have to resort for a while to rule based or knowledge based behavior until he is back to a reasonable level of 
training. As table 3.4 shows, there is also a characteristic time scale associated with different levels of action. 

frequent 

subject 
matter 
novice 

computer k 
computer 

expert 

Figure 3.9 Some Relevant User Dimensions 

subject 
matter 
expert 

novice 

Some tasks, like playing chess, are so demanding, that even after extensive training, they remain knowledge 
based tasks. On the other hand there are tasks which, due to limitations in execution time, must he performed at the 
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skill level. Among these are reaction, stabilization, and detection tasks. Table 3.5 lists a number of tasks ranging 
from guidance to communication which can not unambiguously be assigned to an action level. Diagnosis, e.g., can 
subsequently imply all actions levels depending on individual and inter-individual peculiarities as well as on task 
characteristics. 

Table 3.5. Cognitive, Technological and Task Related Aspects of 13ecision Support 
Systems 

Available 
time 

t J S  

100 

10 

1 

0,1 

Level of 
action 

Knowledg 
based 

Rule 
based 

Skill 
based 

Operator 
task 

Communicat. 
Navigation 
Diagnosis 
Supervision 
Identification 
Classification 
Recognition 
Guidance 

Stabilisation 
Reaction 
Detection 

Decision 
suuvort 

lnformation-mgnt 
300k keeping 
Situation structuring 
Visualization 
lisk evaluation g 
3ption evaluation 
reaching 5 Y 

z 
Display of < 

0 .- Zonsulting + 

0 - 
status, 
command or 
predictor 
information 

Properties 

selfexplaining 
transparent 
adaptive 
cooperative 

intuitive 
reactive 
Mode of lnformario" 
prCSentallOn 

head-up 
peripheral 
acoustical 
tactile 

The support of rule and knowledge based action is with respect to information management, decision support, 
and error management. The time available usually allows a dialog between the user and the DSS. The support can 
take several forms, corresponding to the modes of operation described in table I 

In the "manual augmentad"-mode the user can get mainly information management support, Le., help i n  
handling large amounts of information and in structuring a decision situation. This includes task and situation 
dependent filtering and display of inforination using advanced computer graphics features like color and animation. 
Other aspects of this approach is the visualization of decision and planning situations. 

The "manual augmented-automatically limited"-mode involves no dialog with the user. Input limiting or 
The same applies to error identification, takeover 

compensation, and prevention. 
occur automatically without additional notification. 

Decision support in thc "automatic-manually limited"-mode involves the delegation of tasks to automation with 
subsequent supervision. This is achieved simply by the selection of the desired operation modes. A real dialog 
between user and machine does not tak.e place. 

Decision support in the s m s e  of advice giving, consulting, or teaching ta.kes place i n  the "automatic-manual 
sanction"-mode. The assessment of options presented by a DSS usually requires some additional inquiry about the 
validity, background and context assumptions implied in the computer solution. Hence i t  is not enough for a DSS to 
come up with a simple suggestion. Instead, i t  should be transparent, self-explaining, cooperative and adaptive to 
task, situations, and operational needs. 

Self explanation in rule based expert systems usually takes the form of long lists of rules which basically permit 
one to trace back a hypothesis to the causal facts. However, this is frequently considered to be too tedious a task. 
Conscquently, complacency and overconfidence can be observed and decision support is accepted without furtber 
check. Therefore, a desirable design goal for DSS is to give the user as complete a picture of what is going on i n  the 
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computer as possible. One obvious way to go i s  to replace textual information, as far as possible, by graphical 
displays which can be read and understood much faster. At this instance of time very few graphical DSS examples 
exist. One of the few is depicted in figure 3.10, showing a decision parameter display for a risky decision among 
three alternatives. As may be seen, the computer proposes to select alternative 2 , based on expected utility 
calculations. However, instead of just saying " select a2" the whole situational context is presented. The user can 
follow the movement of the probability pointer, while the environmental conditions ei change. As the pointer 
approaches the border where the expected utility of a different decision becomes greater than that of the actual one, 
he can actually see, on which information the computer suggestion i s  based and what the likely outcome and other 
options are. 

probability 

area with highest 
cxpected utility 
for a3 

Figure 3.10 Decision Parameter Display for a Risky Decision Among Three Alternatives 
[3.36] 

3.7 Conclusions and Recommendations 

allocation to human and machine and decision suppoi-t. 
This chapter addressed cognitive human factors aspects of guidance and control with an emphasis on task 

Basic principles offunction allocation to human and machine were identified (see section 3.3) 

- Automation should not be introduced for its own sake. 
- Allocate tasks to human or machine according to what each does best. 
- Pay attention to the interaction and integration of man and machine. 
- Machine execution of a task must not emulate the human reasoning processes. 
- Involve users in the design and functional allocation from the outset. 

From a detailed analysis of cognitive behavior the following recommendation for the technical support of human 
cognition were derived (see section 3.2): 

- Improve information display: 
- Improve the human-machine dialog: 
- Support information management: 
- Support decision making: 

~ Support problem solving and planning activities: 
- Reduce educational and training requirements: 
- Build error tolerance and error insensitivity into the system. 
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Possible implementations of Decision Support Systems (DSS) were reviewed, i n  addition some example 
solutions were discussed. It was shown that a purely technology driven development of new automation capabilities 
can produce unintended and unforeseen consequenccs. In order for a DSS to he useful as a cognitive prosthetic, 
users must be able to integrate the computer aid into their own cognitive processes. A prerequisite for DSS design 
thcrciiirc is the identification of what is limiting a person's decision making performance. 

Currently there is still little information concerning the efficiency of DSS available. The accessible data show 
however ii general tendency of increased performance. As far as the acceplancc of DSS is concerned, reliability 
appears to be a very critical fictor especially if accuracy changes without warning. 

culty in interacting with DSS results from the observation that decision support functions often are 
not well understood by operators. There is a false belief in the objectivity of computer results. In many cases there 
is also an obscured responsibility distribution between inan and machine. 

Since the reason for a wrong DSS diagnosis mostly is not a programruing error but rather wrong background 
assumptions, the interface layout is a very essential part i n  DSS design. It must provide the user with sufficient 
information about the functioning of the applied decision support algorithm including the underlying assumptions. 
Of coursc, this information rnust be made easily accessible and readable by using suitable display formats. Only 
such transparency and self explaining features will enable a critical evaluation of DSS suggestions, and a qualified 
manual takcover i n  case of IISS failure. 
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CHAPTER 4 

ENABLING TECHNOLOGIES AND THEIR POTENTIAL 

4 . 1  Introduction 

The purpose of this chapter is to survey a variety of emerging computational technologies that we believe may be 
of significant use in building future systems for aerospace guidance and control. It should be noted that we have used 
the term "knowledge-based systems" quite loosely when considering suitable topics; all sub-areas of artificial 
intelligence and computational human factors were deemed relevant. This includes several topics, like fuzzy logic 
and neural network methods, that sprung from artificial intelligence research but have recently developed 
infrastructures (conferences, journals, professional societies) of their own. 

The chapter is organized into seven major technology sections. The first deals with the heart of knowledge-based 
systems, the knowledge itself. More specifically, we discuss methods for acquiring, representing, and managing 
knowledge over the potentially many year life-cycle of a complex aerospace mission. The second section describes 
combinatoric manipulation of knowledge within a search space. W e  include a detailed look at one of the most 
important classes of problem-solving within a search space, that of planning and scheduling. The third section treats 
knowledge-based technology for reasoning about complex physical devices and processes. It covers first-generation, 
experiential or expert systems as well as second-generation model-based reasoning mechanisms that attempt to 
understand physical systems at the level of a trained engineer. The fourth section surveys both "traditional" formal 
methods for computational control of aerospace systems as well as knowledge-based or "symbolic" control methods. 
The fifth section discusses an extremely active area of current artificial intelligence research, that of machine 
learning. This section includes a brief ovei-view of neural methods (described in more detail in Appendix A). 
Learning can be applied to all phases of knowledge-based systems technology; we provide a guide to some of the 
most important aerospace applications. The sixth section discusses the mechanisms used by knowledge based 
systems to gather information from the external (both natural and artificial) environment. Finally, in the last 
section, we describe technology for facilitating human interaction with knowledge-based systems within aerospace 
missions. 

Technology progresses from scientific research on basic concepts to applied research on specific aerospace domain 
problems to final applications in aerospace missions. For much of the work discussed in this chapter, generic tools 
have been constructed to allow easy application of the technology to other, related missions. W e  have noted 
particular areas where tool development is important. Throughout this chapter we will illustrate knowledge-based 
systems technology with brief examples from actual aerospace missions; Chapter VI of this report will provide a 
more detailed look at several integrated aerospace applications which employ this technology. 

For all of the topics discussed below, it is also important to keep in mind three overall and interacting constraints 
on their practical applicability i n  aerospace domains. First is the issue of connectivity with other sources of 
knowledge like sensor data streams and existing large-scale databases. All of the systems discussed in this report 
need to operate effectively in an information-rich environment. Second is the problem of real-time behavior. By 
this we mean no particular arbitrary operating speed, but simply that a practical system needs to respond according to 
the specific real-time demands of a problem environment. For example, an aircraft engine failure correction system 
really should d o  something before the vehicle impacts the ground. Finally, there is the constraint of operating 
within hardware constraints of the particular system environment. This may mean size and weight considerations in 
the case of flight systems, security considerations in such domains at air traffic control, or radiation hardening 
considerations in space-based systems. 

4 . 2  Knowledge Acquisition, Representation, and Management 

Aerospace vehicles, including commercial aircraft, high-performance fighters, space stations, or launch vehicles, 
are among the most complex devices ever designed and built by man. Knowledge-based systems, whether encoding 
experiential rules, qualitative structure-function models, or both, that attempt to contain comprehensive knowledge 
about those devices will be orders of magnitude larger than ones commonly in use today. Acquiring that knowledge 
and maintaining it in a reliable and useful form over multi-decade lifetimes imposes a substantial challenge on the AI 
field. 

Three basic methods of knowledge representation have been developed by the artificial intelligence community 
[see articles i n  4-11, The first is commonly called rules because it sprang from the production rule framework of the 
cognitive psychology field. It stores knowledge in the form o f  IF conditions THEN assertions. Where the 
asserfions can be additional facts for the knowledge base or actions to be taken when a set of facts is found. The 
second method is called frame-based knowledge representation, because the defining unit of knowledge is called a 
frame (sometimes a unit or an object). Each frame describes an entity in the knowledge base by means of properties 
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relating to that entity. The final method of knowledge representation is the formal scheme of the predicate cnlcdus; 
this is often called Logic-hmed knowledge representation. 

Since the development (if the first expert systcms i n  the early 1970s (DENDRAL and MYCIN at Stanford), 
knowledge acquisition has always been the most time-consuming part of the process. Most expert systems have 
been built by hand-crafting heuristics (in the form of rules, frames, or expressions in the predicate calculus) as the 
result of a laborious interaction between domain experts and computer scientists (usually known as knowledge 
engineers). For many large-:cale systems it has been estimated that each piece of experiential knowledge takes from 
an hour to a day to acquire, refine, and encode. In the late 1970's through the 1980's tools evolved to aid i n  the 
knowledge acquisition process. Such tools became known a s  shells and they provided convenient user interfaces, 
graphical displays, question-answering facilities, and the like. In some cases there was substantial success i n  
removing the knowledge eneineer as middleman and allowing domain experts themselves to encode their knowledge. 
However, even with the best of current tools, knowledgc acquisition is still the dominant part of the expert systern 
construction process. [see 4-2 and 4-31 

Consider the essential enl;ineering knowledge that is involved in the design, building, test, and operations of a 
suhstnntial aerospace device. In a study done by Aines Research Center, Marshall Space Flight Center, and Stanford 
University, it was estimated that, for the Hubble Space Telescope (HST), over 500 engineers had made a substantial 
contribution (Le. worthy of including i n  a comprehensive HST knowledge base) during design and construction. 
This was focusing on the main telescope itself, excluding knowledge about the spacecraft and ancillary instruments. 
Morewer, those SO0 enginee:s were scattered across at least a dozen physically distant sites in at least four different 
countries. Note that each of those 500 engineers coniinunicates in at least a slightly different version (if 
"engineering English," e.g. "nigh temperature" most likely has a slightly different meaning to each engineer. The 
current state-of-the-art in knmvledge acquisition allows for the combination of knowledge from perhaps 3-5 disparate 
sources effectively; this means that future knowledge acquisition systems must improve by about two orders of 
magnitude in this dimension to be effective for realistic aerospace devices. 

One promising approach 1 0  this bottleneck is to make knowledge acquisition a standard, "painless" part of the 
norm:il engineering design process. Research, at Stanford and NASA Ames Research Center, is underway on the 
development of an eiecrronir designerS notebook (EDN) which replaces the traditional paper notebook of designers 
and integrates smoothly with the CADICAM tools that are now used to acquire formal quantitative knowledge i n  
design The EDN allows designers to communicate in the normal words and pictures of conceptual design and then 
"parscs" those words and pictures into a formal knowledge representation language. This research has already shown 
success i n  acquiring heuristic conceptual design knowledge about the tertiary mirror assembly of the Space Infrared 
Telescope Facility and in allowing the knowledge to be used for design alternative analysis. 14-41 

A sccond research cffnrt, focuses on developing an interlinguu for knowledge bases. That would become a formal 
language for coinniunication among large-scale systems. Developing a language that is rich enough to he useful for 
a wide variety of domains and at the same time usable within inany different knowledge acquisition frameworks is a 
daunting task, but almost surely necessary for the kind of multi-site projects described above. [see 4-51 

Within Europe, a strong focus has been on studying knowledge acquisition i n  the context of knowledge 
utilizitioii. A key developi-lent has been the KADS methodology, which defines four conceptual layers of 
knowledge relating structure (if the knowledge base to lunctionality of the overall system. [see 4-61, Several 
specific tools, most notably PiotoKEW and Muse, have arisen from this research. 

Once knowledge has been xquired, validation and inaintenance become important concerns for large-scale 
systems. Much has been written about the validation and vel-ification of knowledge-based systems, but, to-date, the 
practical solution for that cla:;s of software is the same as for any other, namely extensive testing by simulation. 
Reseal-ch is underway on such topics as automatic production of validated code from high-level specification, 
automatic production of software test suites, and autoniinic software fault analysis, but practical impact on a large 
scale is still in at Icast the medium-tcrm future. Perliaps the best long-term snlution for the knowledge base 
maintenance problem lies in the development of rnachinc Icwning technology as described below. One can imagine 
knowledge base "introspectioii" systems constantly analyzing and testing, removing redundancies, correcting clear 
errors, iintl  reporting inconsistencies to human experts. 

Ovcl-all. the effort described i n  this section conic under the topic of what has been called in the United States a 
"National Engineering Knowledge Base" project. The project points to the need for ten years worth of research and 
development on all ofthe issum of knowledge acquisition, sharing, testing, and maintenance described here. Such a 
project is still in its fnrinative stages, but the potential for thc aerospace community is so large, that the selection of 
an acrosplce vehicle as at least one major test domain seems a wise choice. 

4 . 3  Problem-Solving and Search 

A mijor class of  problems for knowledge-baed systems are those where conlbirraforic seurch is the dominant 
paradigm Here tlic task is tn sol-t through an exponentially growing free of possibilities which arises from starting 
froin a given world state and applying operutor.s to modify that state until  a desired goal is reached. Since the 
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combinatorics of complete search of even a moderately complex problem-solving tree can tax the resources of the 
most powerful supercomputer, methods of heuristic search were developed to find satisfactory, if not necessarily 
optimal, solutions to problems of this class. See [4-7] for a detailed description of heuristic search methods. The 
most common types of tasks within the class of search problems are generically known as planning . 

Planning is the process of developing a sequence of actions, that, when carried out i n  the world, will acco~nplish 
some set of possibly interacting goals. A sub-task of planning, usually thought of as an important problem in its 
own right, is scheduling: the placement of those actions into a precise timeline and the assignment of resources to 
each action. Taken together, planning and scheduling make up an important fraction of the decision-making that go 
into the control of any aerospace mission. Within the AI field, a great deal of work has occurred since the early 
1970's in both areas. [4-81. 

The scheduling problem is both conceptually simpler and computationally more intractable than the high-level 
planning task. Real world scheduling involve the interaction of hundreds, i f  not thousands, of actions and resources. 
While traditional computational methods, such as linear programming techniques, are important in scheduling, AI- 
based methods have proven important in at least three ways. First, the rich representational methods developed 
within the AI field are useful for acquiring and managing the complex constraints that govern many scheduling 
problems. In particular, frame-based knowledge representation systems provide an excellent semantics for describing 
constraints, and search-based constraint satisfaction techniques have proven their importance on a wide variety of 
scheduling tasks. 

Second, in cases where schedule optimality is less important than schedule adequacy (as is the case in a majority 
of aerospace missions) AI-based satisficing methods, usually based on domain-dependent heuristics for guiding 
search, are capable of finding useful and correct schedules in far less time than conventional methods. 

Finally, AI approaches have recently been applied to the vital task of reactive re-scheduling, where the goal is to 
produce a new schedule in  response to changes in domain conditions or failures of the original schedule. Here, real- 
time solution production is vital (and the meaning of real time varies enormously between scheduling problems or 
even within a single scheduling domain). A technique known as simulated annealing, which allows for the 
continuous improvement of a complete, but perhaps inefficient schedule while maintaining schedule integrity at all 
time, is particularly applicable to the re-scheduling task. 

Planning involves higher-level consideration of goals and actions within a problem domain. For some tasks, e.g. 
robotic path planning, the actions are fairly simple and combinatoric search is the dominant factor. For other 
planning tasks, however, e.g. tactical aircraft mission planning, the operations and their interactions with each other 
are very complex, and search combinatorics are not nearly as troublesome. Here, knowledge management to allow 
proper selection of actions from a modestly-sized collection becomes the major technical difficulty. Within the AI 
community, a wide variety of planning approaches have been researched. Two concepts that are particularly 
important are hierarchical planning and non-linear planning. 

Hierarchical planning simply means removing details like operator preconditions and interactions from an initial 
selection of an action sequence. After the initial sequence has been chosen, details are added, perhaps in several steps, 
sometimes resulting i n  an addition of actions to correct troublesome interactions (in the simplest case where an 
action is found to destroy a necessary precondition for a later action), and sometimes resulting in backtracking at a 
more abstract level of detail to select a new action. Nan-linear planning refers to the postponement of action 
ordering decisions until absolutely necessary. 

Within the domain of aerospace sys t em guidance and control, AI-based planning and scheduling methods have 
wide applicability. Both aircraft and spacecraft missions are characterized by a need for both considerable pre-flight 
planning and an enormous amount of reactivity during the missions. Aerospace missions rarely go precisely 
according to plan. Sometimes changes need to be made for positive reasons (e.g. a Shuttle scientific experiment 
produced unexpectedly interesting data and crew wishes more time to repeat the experiment); often changes need to be 
made because of problems (e.g. a mechanical problem occurred on an aircraft and it took longer to get to a particular 
destination than expected). Four particularly interesting examples of aerospace mission planning and scheduling 
systems are worth mentioning. 

The Pilot's Associate (PA) is envisioned as a pilot aiding system that performs many of the same functions 
currently accomplished by the Weapons Systems Officer (backseater) in two-man fighter aircraft. The PA is 
described in considerably more detail in Chapter VI, but one subsystem, the Tactics Planner will be discussed here. 

The Tactics Planner subsystem reasons about threats and targets for attack or evasion, and tasks the Situation 
Assesstnent subsystem to monitor certain high interest tracks. The Tactics Planner does not invent tactics. It 
recommends tactics suitable to the actual situation, but selected from the pilot's own pre-briefed tactics or library of 
stored tactics. The selected tactic is then tuned to the geometry and timing of the existing situation. Approved 
tactics are monitored and adjusted or repealed and replaced in response to enemy countermoves. 

The Tactics Planner maintains a set of viable response plans to situations that unfold as the mission progresses 
It is based on a skeletal planning scheme in which a hierarchy of plan elements is maintained. Each plan element 



carries its own knowledge base of when it should be invoked, how it is specialized, what other plan elements are 
related, actions that are necixary for execution, and the conditions of failure or completion. This data structure 
permits the system to support both sequential and simultaneous plans, and allows for multiple plan options to be 
cunsidered and maintained 21s ready options unt i l  the situation dictates the :selection of an exclusive option. The 
hierarchical structure permit:; the invocation of general plans even before precise details of the situation are known. 
Moreover, the distributed knowledge base allows a plan to be modified piecewise - at the plan element level - 
without destroying the larger structure of the plan. The Tactics Planner also includes a set of reflexive responses to 
urgent situations to support rapid response to previously undetected threats. [4-91 

A second system has bee, developed jointly by NASA Arms Research Center and Lockheed Space Operations 
Company. Here the task is ti l  schedule the actions of hundreds of technicians who do ground processing of the Space 
Shuttle Orbiter at Kennedy !;pace Centcr. The traditional mode of doing business was for the "flow manager" to 
have m e  massive scheduling meeting per day with a11 sub-task leaders to produce a daily, immutable schedule on 
paper. The AI-based schedukr. called GPSS (Ground Processing Scheduling System), provides substantial assistance 
i n  producing that daily schedule, but, more importantly, gives the flow managers the freedom to reactively re- 
schedule during the entire I hree-shift day in response to actual progress in Orbiter operations. The iterative 
improvement mechanisms discussed above werc of fundamental value in allowing such "anytime" re-scheduling to 
occur. GPSS is inow i n  ope!-ational use for the Columbia and Endeavor Space Shuttle Orbiters. [4-10] 

OPTIMUM-AIV is perhaps the best known schcduling tool i n  use within the ESA community. It was developed 
jointly by Matra Marconi Space, CRI, Progespace, and the AI Applications Institute. The system provides a variety 
of functions for spacecraft Assembly, Integration, and Validation (AIV), including process modeling, alternative 
schedule preparation and simulation, schedule conflict resiilution, and schedule update verification. It is in current 
use for ARIANE IV cquipmf:nt bay AIV activities and for S O H 0  satellite AIV. An important technical feature of 
the system is a sophisticated user knowledge entry front-end which allows for easy description of tasks, constraints, 
and scheduling strategies. 

The MARS tool (Mission Activity and Resource Scheduling--developed by MBB-ERN0 and in use at ESTEC), 
is in active use for space mission operations. Its tasks include analysis of Hermes operations, EURECA payload 
opcrations, Arianne production planning, and Columbus crew operations to mention only a few. MARS is a 
heuristic scheduler with an expressive task definition language, a sophisticated graphical user interface, and a rule- 
based. backtracking search mechanism. A derivative of MARS, NEPTUNE, has extended the basic methodology to 
coordinatcd, but geographically distributed scheduling prohlcms. 

Management of complex opcrations procedures (which one can think of as compiled and fully instantiated plans) 
is an important task for knowledge-based systems. Two examples of programs in current test use for automating the 
task of procedure execution i n  aerospace missions are PRS (Procedural Reasoning System) developed by SRI and i n  
test use at Mission Control at Johnson Space Center, and EOA (Expert Operation Associate) developed by Matra 
Marconi Space and CRI, i n  test use at ESOC. 

A final example is science scheduling for the Hubble Space Telescope. Here the task is to produce an observation 
timeline for the instrument, taking into account scientific and political priorities as well as physical constraints on 
the telescope. It is a highly-constrained, combinatoric task for which traditional, OR-based scheduling 
methodologies were shown to operate no better than 20 times real time on large computers. A heuristic scheduling 
system. called SPIKE, was developed by a team led by Mark Johnston at the Space Telescope Science Institute at 
Johns Hopkins University. This system, now operational, produces scientifically satisfactory schedules in real time 
on small workstation computers. [4-1 I ]  

4 . 4  Reasoning about Physical Systems 

First generation AI-based systems rely on lieurisfic or experiential knowledge to solve problems like fault 
detection and diagnosis. "Rulzs of thumb," often represented in the form of simple procedural structures called rules, 
are used to match situations t n  actions that have proven diagnostic or corrective towards those situations in the past. 
These AI-systems, usually called expert .systems havc fiiund many aerospace applications in recent years. 

Expert systems are in rouline use in both manned and unmanned space mission control at NASA. Within the 
Mission Control Center at Johnson Space Center, a series of diagnostic advisory systems, known collectively as 
Real Time Data Systems (RTDS), provide guidance to mission controllers in such areas as booster rockets, reaction 
control systems, communications, and fuel cells. RTDS is discussed in considerably more detail in Chapter VI of 
this rcport. At the Jet Propulsion Laboratory, a system called Spacecraft Health Automated Reasoning Prototype 
(SHARP) helped analyze problems with the cnmmunications system of the Voyager Spacecraft during the 1990 
Neptune encounter. A latcr version of the system is ope]-ational for the Galileo Spacecraft power and propulsion 
subsystems. [4-12] 

Within the ESA community, the best known operational expert system is Arianexpert, which provides post- 
flight telemetry data analysis for the Ariane launch vehicle. The systems combines AI and signal processing 
techniqucs along with advanced graphical and statistical capabilities. Within one major engineering domain, it has 
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reduced the effort required to provide post-flight analysis from 4 man/days to 1 madday. Arianexpert is described in 
much greater detail in Chapter VI of this report. 

Expert systems are only expert in  their behavior when problems lie within the bounds of their pre-stored 
expertise. Beyond those bounds, they are extremely "brittle" providing no or  (even worse) incorrect solutions. 
Human experts certainly use the experiential knowledge of expert systems for a major part of their problem solving, 
but are also capable of falling hack on knowledge of device structnre and functionality to do control and diagnosis 
when prior experience is not relevant. One may view this shift from experiential to first principles knowledge as 
moving from the job of a technician to one of an engineer. Since the early 1980s, research has been conducted i n  
the AI field to develop the techniques necessary to model this form of reasoning and thereby build what might he 
called 2nd generation expert systems. Two methodologies, i n  particular, have already shown considerable value in 
constructing these systems: model-based reasoning and symbolic control. 

Model-based reasoning simply refers to the construction of formal descriptions of the structnre of physical devices 
and of the relationship, through physical processes, of structure to function. Since, for devices above even moderate 
levels of complexity, it is impossible to completely describe the structure-function relationship by complete 
quantitative equations, a new field, known as qualitaiive physics, has evolved to allow reasonable predictions of 
behavior when such quantitative equations are unavailable. Through the use of model-based reasoning, it is now 
possible to diagnose device failures even when the failure has not been previously noted and encoded as an 
experiential heuristic. 

Three model-based systems are of particular interest in aerospace domains. The first, from NASA Langley 
Research Center, focuses on the problem of jet engine diagnosis. The system, known as Faultfinder, encodes a 
qualitative model of turbojets at the level of major components (compressor, turbine, cowl, shaft, etc.). It is able to 
explain failures from symptoms from a comprehensive FAA database of commercial jet engine failures. An 
important feature is its ability to diagnose problems that resulted from physical, rather than explicit functional 
interactions. For example, i t  can explain hydraulic line punctures near engines which lost a turbine blade even 
though there is no predefined functional connection between those components. [4-13]. 

DIAMS2 is a model-based system developed by Matra Marconi Space for fault diagnosis of the Telecom 2 
satellite. It incorporates both a behavioral and a functional model of the satellite to identify failures and suggest 
corrective procedures, with the behavioral model providing an initial global diagnosis and suggesting a specific 
component focus to the functional model. The system also provides a training capability for use by human satellite 
controllers. 

A final system is the RCS diagnosis system built jointly by Rockwell Corporation and NASA Ames Research 
Center. This is part of the RTDS series of Space Shuttle monitoring and control systems discussed in Chapter IV. 
It maintains a detailed qualitative and quantitative model of the tanks, pipes, valves, pumps, and engines used for the 
small maneuvering jets of the Space Shuttle Orbiter. 

There is wide potential applicability of AI-based physical systems reasoning technology to aerospace domains. 
Aircraft and spacecraft are exceedingly complex devices which are essentially impossible to model, in full detail, by 
conventional quantitative techniques. Many failures are discovered during testing and by simulation and can therefore 
he encoded within first-generation expert systems, hut many more occur first during actual flight, and must he 
diagnosed and corrected in real time. Existing control methods work well where the precision and computational 
resources they require are available, but the real time and uncertain contextual demands of many missions point 
toward the need for symbolic control. The combination of accurate smucture-function descriptions of aerospace 
vehicles along with qualitative reasoning methods should prove a vital adjunct to currently used techniques. 

4 . 5  Control 

Symbolic control methods are a complementary technology to model-based reasoning. Here the problem is not 
so much the lack of formal control methods for devices, but uncertainty in the environmental parameters that arc 
required in formulating control laws when using the traditional control design methodologies. A technology known 
asfuzzy logic, originated by Professor Lotfi Zadeh of UC-Berkeley, allows reasoning about qualitative concepts like 
"high," "low," "moderately heavy," and the like within control law implementations. The majority of symbolic 
control work has gone on outside the aerospace domain to applications as diverse as camcorder focusing and subway 
acceleration. However, several aerospace companies in the United States, particularly Rockwell and MacDonnell 
Douglas, have begun explorations in fuzzy logic control of aircraft, and scientists at Johnson Space Center and Ames 
Research Center are beginning to apply the technology to spacecraft rendezvous and docking. 

4 . 5 . 1  Flight Control 
The design of flight control systems for modern, high-performance tactical fighter aircraft represent a significant 

challenges for control system designers. These challenges inhere in the unavoidable errors in modeling the complex, 
nonlinear dynamical behavior of high performance aircraft as well as in the uncertainties related to modeling and 
predicting exogenous disturbances. In many cases, a high performance airframe is achieved at the cost of 
aerodynamic instability, so that a very high rate active flight control system that is both fault and damage tolerant is 



essential tu flight safety. Because these aircraft rely on multiple effectors (e.g., ailerons, elevators, rudders, and 
possibly even canards and thrust-vectoring) and because the objective is to simultaneously control a number of 
outputs (e.g., position and orientation), the control system design problem is formally a multivariable one. Due to 
a combination of rigid-bod:/ and aerodynamic cflccts, thc principal state variables associated with aircraft flight 
dynamics (altitude, velocity vector, orientation angles, and angular velocity vector) are coupled. As high 
performance combat aircraft continue to evolve, the flight envelope is likely to expand; indeed, the general trend is 
towiirds new flight regimcs that are more complex and less well understood (e.g., post-stall maneuvering). Thus, 
trends for high performance aircraft that exacerbatc the flight control design problem include: - Flight envelope expansion - Nonlinear flight regimes 

* Control effectors (e&, canards, vectored thrust) - Higher dimensionality 

* Kelaxed-static~stability and agility - Faster control response and 
fiult-tolerance needed 

Over the past two decade? advances in traditional system-theoretic control design methodologies have evolved to 
address inany of‘ these problt:ms. Many of those methodologies and their application to flight control system design 
are described in the text by Lewis and Stevens [4-14] and are brietly outlined below. More recently, non-traditional 
control design approaches have evolved from the fields of fuzzy logic, reinforcement learning and intelligent systems. 
Two collections of works that describe recent developments i n  these fields are: The Handbook of Intelligent Control 
[4- 151 and An lniroductinn to Intelligent undAirtnno~i!riu.s Control 14- 161. 

Traditional Control Design Methodologies 
Linear Quudrutic Regiilutor (LQR) with Loop Trun.rfei- Recuver): (LQWLTR) designs shape the closed-loop 

multivariable frequency response to achieve good performance at low frequencies and robustness to unmodeled 
dynamics at high frequencies. [4-17]. 

Rohusi Control Sysieni S,.nthesis methods explicitly incorporate robustness i n  the design of a controller and are 
applicahle to ia class of linear time-invariant plants defined by a nominal linear plant model and a bounded range for 
uncertain model parameters 14-17]. In particular, H. optimal control designs guarantee system stability robustness in 
the presence of specific typi:s [if modeling errors. The m-synthesis Design Methodolog): mitigates some of thc 
conservativeness inhcrent i n  H. designs by mathemntically searching for the least conservative design that satisfies 
robustness of both stability and performance. 

Nonlineur Corirrol Design approaches that directly address the nonlinear nature of the high performance aircrafl 
plant include sliding mode co?itrol designs that track a desired tmjectory in the presence of disturbances and parametric 
model uncertaint.ies 14-18.4- 191 and the upproximure iirpur-siure linearizufion methodology that overcomes some of 
the shortfalls of traditional linearization approaches to inonlinear systems [4-20,4-211. In the latter approach, any 
neglected nonlinearities and inodel uncertainties can bc ;iccommodated by designing the companion linear controller 
using ii robust control system design methodology fcir thc linearized model. 

A d u p i i v e  Conirol Sysfpr,! designs attempt to adjust on-line to accommodate unknown or changing system 
dynamics as well as unknown exogenous disturbances. The development of robust uduptive control techniques is the 
topic of ongoing research. There are two general classes of adaptive con1,rol laws [4-221: direct and indirect. 
Irrdiri,cr adaptive control estimates system paramctcrs on-line from a history of system inputs and outputs, and 
control law parameters arc indirectly adjusted as ii function of the estimated system parameters. In contrast, direct 
adaptivc control law parameters are updated directly based on the history of system inputs and tracking errors. 

Non-Traditional Control Design Methodologies 
Leurning Control Sysienis are similar to adaptive control systems i n  that control system parameters are adjusted 

on-line 14-15], The diff‘erenccs between adaptivc and learning control are essentially a matter of degree and emphasis. 
Adaptive control has a teinporal emphasis: its objective is Lo maintain desired closed-loop behavior i n  the face of 
disturbances and dynamics that uppeur to be time-varying. I n  actuality, the changing dynamics are typically caused 
by unrnodeled, nonlinear state-dependent (and therefore predictable) effects s o  that they are functions of state rather 
than of time. As a result. :idaptive controllers must continuously re-adept to compensate for this class of changing 
dynamics and this inefficiency results in degraded performance, since transient behavior due to parameter adjustment 
occurs whenever the dynamical behavior (if the vchiclc changes significantly. In contrast, learning augmented 
controllers exploit mechanisms that u.ssociute. it suitable control action or set of control system parameters with 
specific, measurable tlight operating conditions. In this way, the effect of previously unknown nonlinearities can be 
anticipated and accounted for based on past experience. Once such a control system has “learned” transient behavior, 
there is potential for a greater efficiency and improved performance in comparison to purely adaptive control 
strategies. To accomplish this. learning control systems rely on genernl function approximation schemes that may 
be uscd, for example, to map the current operating condition to an appropriate set of control system parameters. 
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These schemes are based on neural network (or, more generally, connectionist systems) technologies. A brief 
overview of neural network fundamentals is presented in Appendix A of this report. 

Novel hybrid control architectures that combine adaptation and learning i n  a synergistic manner are at the 
forefront of connectionist control system research and development. Adaptive approaches which address the problem 
of slowly time-varying and state-dependent dynamics and novel situations (e.g., those which have never before been 
experienced) are combined with learning approaches to accommodate nonlinear system dynamics. 

The most common implementation of Fuzzy Set Control is essentially a rule-based control design approach that 
is appropriate for applications in which an accurate model is either not available or not required for acceptable 
performance [4-233. Successes in a variety of applications, most notably consumer products, have redoubled interest 
in their application [4-241. Fuzzy set theory generalizes traditional set theory to allow for partial membership in a 
set, allowing vague or imprecise information to be combined with precise information in forming a control law. 
Through fuzzy sets, linguistic variables are incorporated into control designs using fuzzy logic. A typical fuzzy 
logic statement that might be incorporated into an altitude control system might be: 

If  altitude-error i s  large and altitude_rute is smull, then thrust is medium 

Here, the terms large, smull and medium all must be defined to have meaning in the context of set membership. 

A control law is formed as a group of such fuzzy logic statements (rules). “De-fuzzification” is the process of 
producing a single, well defined control action by forming a weighted average of the outputs from each of the rules. 
The rules of a fuzzy set-based controller are formulated from an intuitive understanding of how the system behaves 
rather than from the more analytical methods of traditional, model-based control design approaches. Given a low 
number of inputs and outputs and a sufficient knowledge of the system dynamics, a fuzzy set controller can generally 
be designed quickly, will be easy to understand by others given the linguistic form of the rules and will be easy to 
adapt to changes in the systern’s performance objectives. Recently, approaches to control law design that combine 
learning and furzy rules have been developed wherein a subset of the fuzzy rules are createdAearned based on a 
training set of observed, desired behavior and a complementary set is created base on physical intuition [4-251. 

Intelligent Control approaches are intended to extend the range of autonomous or semi-autonomous operation 
achievable by a vehicle through onboard software that is able to monitor the vehicle’s environment and resource 
usage, detect subsystem performance degradations and isolate loss of functional capability. In effect, these control 
laws are complete assess-”plan”-execute processes as described in Section 2.1 whose subfunctions are designed 
synergistically to create a complete “intelligent” controller. These capabilities are required i n  order to respond to 
abnormal events and maximize mission accomplishment. Throughout the coming decade these capabilities will 
become increasingly crucial to the development of unmanned autonomous aircraft for both military and civilian 
applications. Paraphrasing from the preface to [4-lS]: “The fundamental goal of intelligent control is to fully utilize 
available knowledge o f a  system’s behavior and real-time feedback regarding the system state and status to provide 
reliable control according to some predefined criteria (e&, trajectory, objective function, goal achievement etc.) and 
to improve the capability of controlling the system over time through experience (i.e., learning through 
experience).” Current research is addressing the development of monitoring, diagnostic, reconfiguration and planning 
techniques along with suitable architectures to combine these techniques in a real-time system in order to optimize 
the level of vehiclehission performance given its current operational status. Thus, the approach to describing, 
designing and implementing real-time work processes for G&C related application that is presented in this report is 
closely aligned with the goals of the intelligent control research community. 

StaDilit)’ is a safety of flight concern that must be addressed in the design of flight control systems. The major 
drawback of the application of the adaptive and non-traditional methodologies outlined above is the lack of analytical 
methods and the need for extensive full-scale testing in order to validate the stability of the designs given that they 
actively adjust the flight control system parameters on-line. Thus, the resolution of stability questions remains a 
significant impediment to the fielding of these classes of designs. 

4 . 6  Machine Learning 

Machine learning is the branch of artificial intelligence that focuses on the development of. computational 
systems capable of improving their performance over time. As with humans, this improvement can arise by a 
number of mechanisms: by induction from trying to solve many example problems; by being taught; by analogy to 
other, potentially similar problems; and, by discovery and experimentation. This is a particularly dynamic field of 
artificial intelligence research at the present time, with many papers being published and sinall-scale systems being 
tested. In addition, several major groups are developing large-scale learning architectures, capable of learning in a 
wide variety of physical environments and problem-solving contexts. Any attempt to provide a comprehensive 
analysis of the field is well beyond the scope of this document; the interested reader is referred to 14-264-27,4-281. 
Instead, we will provide several brief examples of current machine learning systems and then discuss potential 
applications to aerospace guidance and control. Note that machine learning methods can be applied to improve 
performance within all of the technology areas discussed above in this chapter. 



f i n  important step i n  building self-iinproving systcms is being able to predict the future behavior of those 
systcii is from the data they jiroduce (e.g. ii telemetry strcani from a spacecrast). An example of such a duta-driven 
learnins system is t l ic  auto(^ program devclopcd a t  NASA Ames Research Center. Autoclass uses Buyr.riari 
r.cu.sntiiti~ to classify data froin natural or man-made sources intc most likely groups. Unlike traditional piittcrn 
rccognilion systems which need to be provided with a starting set of  classes, Autoclass determines the most 
~~ri~bahilistically likely set of classes (ranging frorn only oiic if the data is to!.ally random). It has been tested on a 
wide variety of engineering and scientific databases (from Shuttle inaiii engine exhaust plume spectra to DNA 
scqucnczs). 14.291. 

A ~ e c o n d  cx;iniple, also Sroni NASA Aines, applies ii technique known as explunution-based learning to a systeiii 
which liclps schedule the Space Shuttlc Orbiters ground processing. Explanation-based learning simply means 
cibscr\’iiig a failure in a traditional rule-based expert systcni a n d  automatically creating and generalizing a rule based 
on tliiir failure. In the case of the scheduling systcm. it means noting when ii scheduling contlict is created by the 
systein. “writing” ii rule that prevents that specific Sailurc. and then generalizing the pre-conditions of that rule iising 
a knov,lzdge-base (if hierarchical scheduling constraints. These additional rules prevent the back-tracking that occurs 
dui~ing the ~ioriiiiil search for !solution of the expert systciii and thereby significantly speed up its execution over time. 

terns represent a third class of learning tools that can be applied to improve the 
pcrfiil-iiiiince i n  solving probleins ranging from target identification and failur: detection and identification to flight 
control and mission planning (see Appendix A).  These systems rely on the ability of highly parameterized functions 
which liiive the potential foi- approximating a n y  c~nt i i i i io i i~  function to an arbitrary precision. The key to their 
ut i l i ty  h a s  been the developincnt of simple “Icarning rules” Srom which the parameter values that are required to 
represent a given function are lcarned from rcpciitcd trials or presentations of known input-output pairs for that 
funcriori (so-ciilled .supervi.seil lrurning). For the cxiiniples cited above, the functions that are to be learned are: 

14-101. 

Neul-al 01- conii~ctionist 

The cxamples and a bl~iel‘ discussion OS neural networks are discussed iii Appendix A and Section 4.5. The 
research i n  the analysis, design and application OS c~nncc t i~n i s t  systems has been expanding at an apparently frenzied 
rate. A thorough over\’iew (it recent advances in supervised learning system can be found in [4-311. Unsupervised 
learning systems Sor prohlemi wherein ‘%orrcct” output “alucs are not known for a given input values have been 
dcvcliiped for classification problems 14-32] and for optimization probleins, such as control, for which the optimal 
soluti(in inust he learned through either real or simulated trials 14-33], 

A fciurth example is a inetliod known :is Xerietic ieurning where problem-solving procedures are developed by a 
process analogous to evolution (if biological systems. The Naval Center for Applied Research i n  AI has built a 
program capable of  learning ioptirnal missile iivoitlance behavior on simulated test problems. The program starts 
with ii complete set of primiti,;e operations for iiii airplane (speeding up, slowiiig down, banking left and right, ctc.) 
and ii simple ini t ia l  avoidance procedure (e.g. hank left and slow down). Many simulated missiles are fired at the 
airplanc. Whenever it succcs!;fiilly avoids the inissilc the current avoidance procedure is reinforced; whenever it is 

.ilc (almost :ill the time initially), the procedure is mutated by iremoving, deleting, or changing an 
g rctcntion o l  those operations which were part of many successful avoidances). Eventually, ii 

proccilurc results that cannot bc improved further. jscc 4-34 for inore inlbrmation on genetic learning] 

A final example is the SOAR architecture originally developed by Allan Newell, John Laird, and Paul 
Roscnhloo~n when all were :it Carnegie-Mellon Univcrsity. SOAR is a general-purpose learning architecture based 
upon t l i e  paradigm of state-space search. Its framework cncompasses any computational system utilizing 
combinatoric search. SOAR stores useful search paths as chunk.s which, when deemed useful on future problems, 
replace the paths in the search tree. Gradually, search is replaced by direct retrieval of successful solutions. SOAR 
has been lipplied to inany search problems ranging frmi computer configuration to robotic path planning. 14-35] 

The potential applicability (if niachine learning to tlic guidance and control of aerospace vehicles is as broad as the 
applicability of computational systems themselves. Aerospace vehicles and missions are complex and operate in 
uncertain and changing enviroiiments. In general, it is impossible to predict all  behaviors and failures ahead of time, 
and thcrefnre impossible to build diagnostic, planning, or  other problem-solving systems capable of successful 
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operation in all situations. Even if it were possible to achieve completeness initially in a problem-solving system, 
the vehicles themselves tend to he long-lived (e.g. 30 + years lifetime predicted for NASA's Space Station Freedom) 
with many components changing over time. Machine learning does not in itself solve any problems, but it is 
capable of making any problem-solving system behave more robustly and efficiently. 

4 . 7  Understanding the External Environment 

Image understanding is the process of taking an input signal form in some wave band and extracting information 
relevant to some task. Most image understanding work has gone on i n  the visual and IR spectra, but the process 
description is equally applicable to acoustic image understanding, such as that seen in acoustic structures analysis. 
The problem is difficult because the inputs are noisy, the typical sensors (camera or IR) have already reduced a 3D 
scene to 2D, the objects of interest are hard to define (what defines a target of opportunity?), and interesting 
applications need to operate in soft real-time. Since the problem of image understanding with no other interpretive 
aid is so difficult, image understanding is rarely applied without some other dynamic data source, such as inertial 
navigation sensors (INS) or global positioning system (GPS) sensors for navigation, or laser or optical range finder 
systems for object recognition in complex environments. This added information eases the image understanding 
task, at the cost of introducing multi-sensor data fusion issues (see below). 

The process involves at least the following steps: 
* digitization or sampling - forming discrete samples of image intensity across the input 

signal form 

smoothing - eliminating spurious noise 

segmentation - grouping the image elements into related sets 

labcling - providing potentially redundant reference tags for the segments 

analysis - grouping the labeled segments to form coherent objects 

- 
9 

* 

The process steps, analogous to the problem of speech understanding, are not cleanly separable. For example, 
connected components analysis may suggest that the initial image segmentation was too aggressive, and the 
segmentation repeated to form fewer elements. The number of iterations required can be reduced by simplifying the 
problem as follows: 

* region of interest identification - an external system (camera-pointing system) identities 
the area of the environment that will contain the object(s) of interest. 

environment simplification - object obfuscation (fog, specular reflectance, etc.) is 
eliminated, obscured objects are minimized, and so forth. 

limited object set ~ the number of types of objects that must be identified is reduced to 
increase the inter-class discriminability 

* 

- 
The two primary application areas for image understanding have been object recognition, (e.g., automatic target 

recognition (ATR)), and navigation aiding (e.g., passive ranging). Examples include passive navigation for 
rotorcraft flying nap-of-the-earth (NOE) missions [4-361, autonomous aircraft landing [4-371, and object tracking 
from mobile platforms 14-18]. 

Multi-sensor data fusion is the process whereby reports available from a variety of sensors are combined to form a 
single, cohesive view of a situation which is better than any single sensor system could provide in terms of 
robustness, reliability, and fidelity of the view. As an example, a millimeter-wave (MMW)/ forward looking infrared 
(FLIR) combination, applying a range normalization to pixel measurement, can derive a physical measurement of 
the detected object. Another example is the creation of a new feature, e.g. volume, from two features extracted from 
two sensors, e.g. area from FLIR, and Length from MMW. 

Multi-sensor data fusion has several technical challenges. Most come from the vast disparity the sensor reports 
arriving at the fusion processor (either human or computer). These reports can vary in a number of dimensions 
including: coverage area, temporal characteristics of coverage, field of view, angle of view, range, resolution, update 
rate, detection probability, modality of report (audio, electro-optic, magnetic, ... ), degree of complexity/realism of 
report, type of target information, and the temporal characteristics of the reports. Multi-sensor data fusion occurs at 
different hierarchical levels, e.g. at the pixel level, object level, feature level, decision level, and so forth. 
Theoretically, this fusion can occur at any level. In practice, however, fusion takes place at any level after regions of 
interest, i.e. objects, are detected. The selection of the appropriate level(s) at which to perform fusion involves a 
tradeoff: fusion at the lower levels demands more computation, but operates on more complete data before any raw 
information is lost. 

Data fusion occurs i n  conjunction with traditional signal processing. Sensor fusion processes data from a 
multiple sensor suite so as to exploit their synergy and improve the robustness and reliability of the situation 
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representation. Understand; ng the characteristi inil phenomenology of the sensor suite is crucial in sensor fusion. 
The goal is to recognize the strength and weak o f  each sensor and the complementary nature of the information 
provided by the sensors. This knowledge is used to formulate a strategy or rule based inference to direct the fusion 
proccss. 

Since ii cominon featurr: of any sensor system is that the data is noisy, and thus to somc degree unreliable, a 
universal problem in trying to combine data from disparate sensor systems is to decide how much confidence one 
should have in the inputs of one sensor system with respect to another. One approach to this problem is to use 
evidential reasoning. Evidential reasoning mcthods include weighting and majority approaches, confidence factors 
(such as those used i n  MYCIN), fuzzy logic, Bayes nets, and the Dempster-Schafer rule of combination. The 
weighting and majority rule is an ad hoc suboptimal solution, but is simple and easy to implement. Confidence 
factors. mostly iised in medical applications, suffer a major drawback which is arbitrary assignment of the belief and 
dizbclief by an expert. Fuzzy logic, an area of focused research attention, is :I well developed theory but has not yet 
been significantly exploited in sensor fusion. Baycs nets have become very popular in recent ycars; they are based 
on Baycsian probability and a class of networks typificd by the use of "influence diagrams" in decision analysis. The 
Dcmpster-Schafer rule o f  combination providcs ii means for assigning a,id manipulation of mass distribution 
functions. 

Data fusion approxhes are found throughout tlic acrosp;ice industry. The Enhanced Situation Awareness System 
(ESAS) system, a current research effort undertaker by n consortium of avionics, radar and airframe suppliers, 
priividcs a n  out the window heads up view syiithcsizcd from inputs taken from a variety of sensors, allowing a tlight 
crew to perform takeoff and operations i n  and around what would otherwise be untenable meteorological conditions, 
including windshear, wake r,ortex, and fog conditions. Other examples include INSivision passive ranging [4-391, 
14-401 and GPSiJNS for autoland 14-41 I. 

4 . 8  Human-Machine Interaction 

error rate i n  human-computer interficcs. Obvious approaches to these goals include: 
'I'hc goal of human-machinc interfction technology development is to incrcasc the bandwidth and decrease tlie 

adapting the machine interface so that human inputs take the form of more natural and 
commonplace iictioiis (picking up an iconic or wen  virtual folder ant1 dropping it in the 
appropriatc li)catioti. as opposed to keying, "mv S o 0  bar".) 

adapting thc machine's outputs to coiiimoii hu inx  cxpericncc (watching a wing flex, a s  
opposed to trackiiy a scrolling columii of stress values) 

adapting the iiiiichiiie's reasoning prii s o  that explanation of its intermediate states is 
possible 

- 

Tlic first two of these approaches are taken to the limits olavailable technology i n  \,irtual reality. Virtual reality 
aims t i )  ovcrco~iie the liiiiitiitions of convciitioniil humin-computer interaclion by matching thc computer much 
tnorc closely to the capabiliiies [if humaii sensoriiiiotor systems. The goal i s  to improve computer hardware and 
siiftuwe in order to match human capabilities iintl requirements, rather than to downgrade human performance to 
match thc ciimpotcr's limitations 

The components olii Yirtiiiil ruility system include a computerized description of the environment to be studied 01- 

manipulated, stcrcc 3-D vicwing system, 3-D auditory systcm, and data input device(s). The user may have tlie 
capability t i )  interact with the database through glovcs, gcsture commands. voice inputloutput or other aids Sor 
compiiter interfricing. Body motion tracking devices and artificial motion-inducing techniques may also be utilized. 
In other words. virtual rcality is ii display and contriil concept, which allows a human, wearing or using special 
devices, to virtually cxpcriciice a remote, actual environincnt or one fabricated by the computer from a database. 
This systcrn has the potential to  create an illusion s o  compelling and complete that i t  appears real to the observer. 

A number of organizations i n  the United States are sponsoring research on potential applications of virtiiiil 
rcnlity. The National Science Foundation, Officc of Naval Research and the Naval Research Laboratory are 
supporting basic research efforts including devclopmcnt of  the principles of multimedia human-computer interaction 
for scicntific visualization, potential applications of  virtuiil reality to spatial reasoning, software for data integration, 
interactive visualization 01 atistract data of high dimensionality and potential iltilization of virtual reality in lcariiiiig 
and training. [See 4-42 for more information on virtual en\'ironmentsj. 

The Human Interface Technology Laboratory iit the IJniversity of Washington focuses on a devclopmcnt of 
special class of softwarc programming which takcs into iiccount the perceptual organization of the human and 
dynamically creates the three..dimensional souiitl, video, a n d  tactile images which sui-round the user. The Laboratory 
has formed ii consortium 01 Iwelve companies wlio habe a number of developments in various stages of progress. 
These include: 

0 A retinal microscanner that will use lasers to directly scan images onto a viewers retina 
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An electronic wand or three dimensional input device for point-and-speak actions in the 
virtual environment; 

The Virtuphone, a video and audio inputioutput device to replace the telephone and TV 
i n  the home. 

- 
NASA Atnes is currently investigating the underlying perceptual principles of auditory displays which have the 

ability to generate localized sound cues in a flexible and dynamic manner and is also developing a prototype signal 
processor based on these principles. The prototype maximizes portability by synthetically generating 3-D sound 
cues in real-time for delivery through earphones. Unlike conventional stereo, sources will be perceived outside the 
head at discrete distances and directions from the listener. 

Other countries, such as Great Britain and Japan also have the beginnings of an industrial capability, but the 

There are some major technology issues which remain to be addressed. These include: 

United States is the principal developer and user of the technology. 

Visualization and spatial interpretation of massive databases, such as a planetary/lunar 
surfaces, earth terraidair traffic control data, the human body, ocean-land interfaces, etc. 

Interactive presence to manipulate, recombine or restructure complex, environmental data 
sets (real or hypothetical). 

Generation of visual, aural, and tactile representations via information processing 
subsystems. 

Degree of sensory distortion, imaging limitations and information representations 
congruent to normative human behavior. 

Advanced visual, aural and kinesthetic rendering and feedback capabilities for analysis of 
the real or hypothetical database. 

Advanced computer science for data access and processing and multi-sensory fusion 
algorithms. 

A high resolution, wide angle, true color image delivery system for each eye. 

The ability to track the user's head position ( and other parts of the body) within a 
inillimeter and orientation to a fraction of a degree. The lag between head position and 
visual field cannot be greater than 50 milliseconds. Lag is the biggest problem today, 
along with a narrow, 60 degree field of view. 

Though considered a part of many virtual reality systems, speech understanding is particularly noteworthy as a 
natural human interaction mechanism which has been particularly difficult to realize in human-machine interactions. 
Speech understanding combines two technologies which are by themselves challenging, namely speech recognition 
and natural language understanding. Speech recognition is the process of taking a time-varying acoustic signal 
(speech) and extracting the phonemes or individual sound units, then composing them to form words. This process 
is a special case of the image understanding problem discussed earlier. Speech understanding is a interdependent layer 
above this which extracts task specific meaning from the words. 

To illustrate the interdependence, in (connected) speech recognition it would be difficult if not impossible to 
distinguish "pilot scare" from "pilot's care" without the context in which the phrase occurred. Similarly, the phrase, 
"It's time" could be an interrogative, exclamation, or statement carrying varying levels of stress, certainty, and so 
forth. Without reference to the intonation (present during the speech recognition), i t  would be difficult to determine 
which of those forms was intended. Other simplifications are typically made to reduce the degree of interdependence 
and the knowledge which must be brought to bear on the problem. Coininon simplifications are: 

Isolated Word Recognition - i f  the speaker carefully enunciates "pilot" <pause> 
"scare", the complexity of context dependent interpretation is avoided. 

Speaker Dependence - if the recognition system can be trained to the way that a 
single speaker says "four", then the bounds on what the system will accept as an 
occurrence of "four" can be tightened, resulting in a lower error rate (higher accuracy). 

Limited Vocabulary ~ if the only possible words are "tune", "first", "second", 
"increase", and "reduce" the possibility for word confusion is reduced, and accuracy 
increases. This can often be structured by means of a finite state grammar that permits 
only a certain subset of the vocabulary to be recognized, given the preceding utterance. 

For example, the October 1990 Space Shuttle mission, STS-41, carried an experimental voice recognition system 
for control offour payload bay cameras which was based on a speaker dependent, 41 isolated word/phrase vocabulary. 
With on-mission retraining of the templates, 100% accuracy was achieved for one speaker over a three day period 14- 
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431. Honeywell has demonstrated dynamic retraining for a similar application (radio tuning in military transport) 
which eliminates the need for using a separate retraining mode during opei-ations [4-441. The European Fighter 
Aircraft has a demonstrated a system with u p  to 1000-word vocabulary, achieving 99% accuracy on isolated digit 
recognition in 7dB peak signal-to-noise ratio conditions 14-45]. 

I n  less challenging environments (stress-free, single task, no noise, fixed head position), some of these 
restrictions can be relaxed: current laboratory systems can achieve 99+% accul-acy on speaker independent connected 
speech for a small vocabulxy 14-46], and office systems can recognize 5- 10,000 word vocabularies for speaker 
depeiident isolated word recognition with correction. 
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CHAPTER 5 

INFRASTRUCTURE SUPPORTING TECHNOLOGIES: 

SYSTEMS IN GUIDANCE AND CONTROL 
DEVELOPMENT ENVIRONMENT FOR KNOWLEDGE-BASED 

5.1 Introduction 
Knowledge based system (KBS) development requires capturing knowledge (elicited from experts or reports) 

and transferring it into a computer formalism. This transfer is risky and is very time consuming. Due to certain 
characteristics which invalidate the classic waterfall development cycle (see 2.3. I j, KBS development requires new 
methodologies. 

This chapter explores existing methodologies and tools for developing such a system and analyses their 
adequacies for the G&C world. It is not intended to be a comprehensive study of commercial products dealing with 
this problem; it instead tries to explore functionalities existing in some tools that may be useful (from a productivity 
point of view) during the KBS development phase. 

The remainder of this chapter is organized into three sections. In the first section, particular problems associated 
with the use of KBS in G&C are identified. The second section describes some software engineering results. One 
characteristic of KBS lies in knowledge acquisition and modeling; methods dealing with this problem are also 
explored. The third section of this chapter describes features of tools that may be useful during the KBS 
development. Software, hardware and integration aspects are considered. 

5.2 Characteristics Of KBS Development In G&C 
The complexity of problems in the aeronautics field led designers to use KBS as an easier and more comfortable 

programming solution than classical laborious and error prone software development. Soon design tools, such as 
KEE and ART, built on top of AI languages like Lisp or Prolog became available. With those software tools, 
developers could quickly produce promising prototypes in advance of production systems delivery. No fnrinal 
methods were applied and it soon became apparent that high quality maintainable systems were not being produced. 
Since then, a disillusionment has been felt in the AI community. Two lessons have been learned from these 
experiences: - KBS applications required the development of dedicated methodologies because of certain 

- KBS tools should be carefully selected for the appropriate domain so that the KBS 
specificities which modify the development cycle ; 

application can demonstrate better performance than classical procedural type software. 
These practical considerations led to consideration of specific methodologies. The characteristics of KBS 

development for G&C applications are surveyed in this chapter, with less than an exhaustive coverage, in order to 
introduce the second part of the chapter where existing methods and tools are analyzed. For example, the validation 
and verification concerns are not covered (see section 6. I .4 for one successful approach to this problem). Problems 
associated with the inherent need for capturing human expertise are first surveyed. Then the results shown in the 
previous chapters will be used for identifying important points in the G&C domain. 

5.2.1 Difficulties In Capturing Human Expertise 
To understand KBS potential and complexity of development, one has to take into account the importance of 

human expertise in the design process. Human domain experts need to be considered as full membcrs of the project 
team and involved at each stage of the development,-e. g.  eerly description of the problem domain, requirements 
definition, design, description of performed tasks, ideas of new man-machine dialogue, validation, end-use, etc. 
This central role influences the developing environment and suggests modification of the infrastructure. It can also 
be mentioned that KBS attempts to standardize the knowledge representation in order that human specialists can 
more easily understand what is in the machine. It requires the use of new concepts like objects, plans, heuristics, 
agents. etc. The expert may even want to change quickly from one representation to another. Consequently, 
knowledge engineers have to walk their way through a very large set of representation schemes. 

Another problem with human experts is that they frequently change their minds or improve-the precision of their 
knowledge. The design teain is faced with a very iterative knowledge acquisition process resulting in frequent 



changes to the knowledge representation i n  the system architecture. This unstructured, imprecise, incomplete, ;~nd  
evolutionary naturc of hunian.cxpertise creates new needs ibr mastering the quality and validity of the KBS design. 
It n i q  well be the iniiin obst;iclc to the operational LISC of KBS technology. 

5.2.2 What Is Specific With KBS Used In Guidance And Control ? 
Knowledge handling i n  Ci&C applications is to sonic cxtent atypical. A fiinctional analysis of knowledge bil.;cd 

G&C systems is given in chapter 2.1. Specific examples tifG&C KBS applications are discussed in Chapter 6 and 
illustrate many G&C unique: characteristics. A G&C KBS is frequently a real-time system, incorporating some 
temporel reasoning and having Constraints due to its integration into a vehicle. Indeed with conventional systems, 
the iipcrator is often out-of-the-loop and the reaction time is on the order of cne second (faster reactions are treated 
by ful ly  automated systems). With automation aided hystems, the user is in-the-loop and, due to this much stronger 
interaction, the reaction t i m  is within tens of seconds. Others levels exis::. They may be characterized by the 
numhcr of involvcd agents a:; i n  air-traffic control o r  hattlefield management. Response times are then in the order 
of iniiiutcs or hoiirs. 

G&C npplicarions typically involve a two loop ;irchitecture with a very reactive inner control loop (monitoring ~ 

diagnosis - planning - decisioii making ~ implementation) and a time dependent, but less constrained, outer guidance 
loop (supervision - coordination - external agcnt(s)). The transverse description of decision systems proposes three 
stages iicross thesc loops for i i .  ssment, planning and cxecution. The world i n  which these decision-oriented KBS’s 
are supposed to work is coinplcx and applies to a largc variety o l  domains (:lvionics supervision, pilot assistance, 
tactics and nianeuvcrs, air-traffic control, battlefield management, etc.). A very important consequence is that all 
these systems are multidisciplinary in nature, mixing knowledge froin variou,; sources and not mono-expert, nionc 
infercrice type of systems. 

A sccond obstxvation is that time constraints are always severe i n  G&C. Even if strict real time operation can be 
avoided, as i n  inany pilot’s iissistance applications, ;It least human-perceived real time must be addressed. Real time 
does not mean fast, but means faster than the supervised process (and consideration of implemented functions). 
Such ii feature implies that tht: KBS must be able to reason under time constraints (coming up with a solution within 
a defined time), inonitor asynchronous events, perform continuous operations and be efficiently coupled with some 
nurncrical componcnts solving various real-time problems (such as planning, diagnosis, resource monitoring, signal 
processing and analysis, etc.). This remark concerns not only performance aspects but, inore fundamentally, also 
addresscs the capacity to deal with time in expressing and exploiting knowledge and in putting constraints on the 
strategies so that solutions c;n be reached i n  the rime available. Temporal reasoning is non-monotonic; data are 
either not durable or decay i n  v;llidity with time. The fact that the variable “tine” differs drastically from others (it 
constantly varies] has consequences at several levels. Such a system must he able to handle time and reason with 
dated facts (about past, present, and future events as well as the sequence i n  which the events occur). It niust be able 
to cope, to a certain extent. with missing and uncertain data. Very few KBS prototypes have faced these types of 
requireinents so t3r and methadologies and tools have [argcly ignored this problem. 

Finally, avionics systems are highly integrated systems and neither the common black box approach nor are 
loosely coupled module zipproach are likely be the appropriate answer for the designer of KBS’s in this environment. 
Irnpleiiientation of the final version of the KBS into a vehicle implies that i t  has to fit within limited cornpuring 
resources, be highly integrated into the vehiclc cnvironment, and he reliable and predictable in the way it processes 
data and interacts with the cnvironment. In such real world applications. designers cannot put aside issues 
associated with the integration of the KBS with conventiiinal systems arid with verification and validation 
constriii nts. 

5.3 Methodologies To Support The Knowledge Engineering Life Cycle 
As shown in  chapter 2.3, the life cycle characteristics of KRS differ in some ways from the traditional software 

engineering life cycle. Two main methodologies were mentioned, prototyping and waterfall development. To 
support such il life cycle, methods have to be adapted to these activities. Rapid prototyping and conventional 
software development are methodologies presently i n  use. Some examination of their advantages and drawbacks are 
given here and a possible approach taking advantage of them both is presented. 

5.3.1. Rapid Prototyping 
The use of rapid prototyping to build a complete system using one of the niany shell packages available on the 

market is the most common method of developing a KBS. This method, also h o w n  as “evolutionary prototyping” 
or “iterative prototyping”, was deduced from experimental approaches to KBS development. It consists of iterating 
the cycle : 

expertise collection. 



- 
* 

implementation - knowledge modeling &coding with the KBS development tool, 
validation and test with the expert(s), 

until there is no more knowledge to capture. This development approach stresses : 

1. early and constant expert involvement ; 
2. direct expert interaction with software engineers ; 
3. structured rapid prototyping ; 
4. incremental validation procedures (as soon as possible in the application life cycle) 

A possible representation of the life cycle associated with this methodology is shown in figure 5.1. This 
methodology does not incorporate large, sequential analysis, design and implementation phases resulting in a fully 
developed system. Rather, it leads to the delivery of a rapidly constructed prototype system to the client at an early 
stage of development (the requirements and modelization phases are not very time consuming). The prototype then 
dynamically evolves as further expertise or  requirements are fed back to the development team. The process 
therefore involves a gradual refinement of an initially crude solution into the desired one. 

Rapid prototyping of the developing system serves several useful and important purposes. First it provides both 
the expert and the engineer a substantial, “visible” version of the emerging system. Thus, the prototype is a common 
reference point that grounds communications between experts and engineers and reduces ambiguities and 
misconceptions. The prototype is also a useful testbed that allows the expert to inspect, criticize, refine and 
incrementally validate implemented knowledge. This process ensures steady progress towards useful functionality 
and enthusiastic user acceptance at the conclusion of the program. In a similar vein, the prototype allows the user to 
better envision the final version of the system in an operational environment and thus suggest reasonable 
refinements of functional requirements at appropriate places in the development cycle. The result of this insight is 
the final delivery of a truly operational version of the system. Finally, rapid prototyping may provide important 
program management insight into the progress of the development effort and thus reduce the risk of ultimate failure. 

Experts 
Witten Data 

Inconsistencies 
Moref iowledge  To 

I K”o*dge Base I 

Downsheam 

Figure 5.1 A Rapid Prototyping Life-Cycle Model 
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On the other hand, development of prototypes does not use any underlying life-cycle model to guide and control. 
The direct coupling between specification. design and implementation phases means that each iteration involves re- 
specification, re-design, re-implementation and re-evaluation activities. Moreover, major design decisions are also 
madc very early in the deveiopment process. These may very well be totally inappropriate but are nevertheless 
locked into the system. These inappropriate decisions may not be discovered until later, whereupon the system 
design is radically altered or rhe design is scrapped and re-started which leads to delays, wasted resources and extra 
costs. However, these added costs and delays are far less than what would have been experienced in a classical 
software development proces:;. Analysis is implementation-dependent and dri.ven by the prototype. The knowledge 
acquisition is driven and coiistrained by the fixed, pre-defined implementation formalisms and inference 
mechanisms imposed by the s.hell. Such an interpretation in a pre-defined way may lead to a "biased" system. The 
last, but not the least, argument concerns maintainability. Since the knowledge is not structured and is only 
represented as a knowledge base, the implication of a change in a knowlcdge item cannot be anticipated nor 
assessed. 

5.3.2 Extended Conventional Software Development 
There are presently some {heoretical studies which lead Lo consideration of another life cycle model and which 

tend to consider the KBS as a n  ordinary software production problem with its overall analysis completed prior to 
any implementation. KADS is the leader of this new way of design [ 5 .1 ] .  Many other examples may be found in 
Europe or in the [I. S. [5.2, 5.31. 

Based on a model-driven approach, these methodologies have much in common with conventional software 
development methodologies i n  that they prescribe phases, stages and activities, models, documents and deliverahles. 
They provide specialized techniques, project metrics and quality assurance procedures for KBS development. They 
differ from other methodologies because of the essential differences between KBS's and more conventional systems 
that require considerably mor,z complex models. It is important for these methodologies to present an approach at 
the analysis stage which is implementation-independent. For this reason, moclels are constructed at a high level of 
abstraction so as io emphasizt: the structure of the knowledge that underlies problem solving. The results-oriented 
approach of the development process lends itself to project management and quality assurance procedures. 

For KBS development, these methodologies use a modified waterfall-type life cycle model to describe the KBS 
development process, based o n  the conventional systems development life cycle model of analysis, design and 
implementation. This is depicted in figure 5.2 with KBS dedicated aspects shown with dashed lines. These 
methodologies provide additional sets of supporting methods and techniques tO account for areas such as expertise 
modeling and knowledge elicitation. They specify milestones, work packages and deliverables. Central to these 
approaches is the fact that lhorough implementation-independent analysir: and design are conducted before 
implementation, instead of the more commonly-used rapid prototyping approach described previously. 

The fact that these methods are based upon conventional development technologies implies that they can be used 
in conjunction with other me:hodologies. They can even accommodate projects in which there is a shift i n  the 
solution, which means that Ihe requirements documentation can be used as a starting point to continue the 
development in a conventional way. 

Figure 5.2 The KADS Top-Level Life-Cycle Model [5.1] 



5-5 

It is in the analysis and design phases that these methodologies differ most from conventional methodologies and 
therefore place the most emphasis. Analysis consists of external requirements analysis, broadly similar to 
conventional requirements engineering, and internal conceptual modeling, which has no parallel in conventional 
systems analysis. The latter involves the elicitation, interpretation, analysis and modeling of knowledge using an 
interpretation model to drive the entire process. In these methodologies, design is also model-driven, and there is 
frequently a direct mapping from the conceptual model of analysis to the functional and physical layers of the design 
model. Prototyping is viewed as a technique to assist a particular AI method or user interface. Prototyping is 
therefore an experimental or exploratory technique. 

The extended conventional methods bring useful answers to the knowledge acquisition and maintenance issues 
mentioned in chapter 2.3.4.2 Current knowledge engineering practices heavily depend on interview techniques and 
the collection and analysis of notes. The process, although valuable, is slow and frequently paces the development 
activity. There is general agreement that considerable gains in speed and efficiency can be achieved by improving 
both tools and methods. Efforts aimed at the automation of portions of the knowledge acquisition interview process 
(as automatic learning or neural nets) have shown promising results. Likewise, on-going experiments in the direct 
collection of expert knowledge in performance environment simulations seem likely to result in tools that will 
dramatically speed and improve knowledge acquisition. At a different level, current initiatives are focused on the 
development time and expense for new systems in the future. All of these efforts reinforce the essential user driven 
knowledge engineering methodology and argue for its practical applicability to both KBS’s and a wide range of 
conventional systems as well. 

The  nature of KBS’s, and, in particular, their dependence on the elicitation of detailed and fine-grained 
knowledge from human experts, has motivated the development of particular systems engineering methodologies. 
This elicitation process usually results in a mass of unstructured and confusing paperwork. The task of s 
elements of knowledge from this data is d cult. When a rapid prototyping methodology is used, this inass of 
seemingly unstructured data is often transformed into an equally unstructured mass of knowledge. This occurs 
mainly because the data obtained from the elicitation process and the knowledge in the implementation tool are at 
the same level of knowledge abstraction. 

Several examples of existing methods are presented in the following paragraphs. 

Knowledge modeling in KADS 
In KADS, the process of building a KBS is seen as series of transformations of the verbal data until the 

implementable code is obtained as depicted in figure 5.3[5.4]. For knowledge acquisition, generic models may be 
sclected from a library. These models can then be used to structure subsequent knowledge acquisition and analyses. 
This can be accomplished either directly by filling in the knowledge sources direct froin text books and expertise 
transcripts, or indirectly by inferring the kind of knowledge that must be used to get from one meta-class to another. 
It is in this way that KADS eases the knowledge acquisition bottle-neck, rather than having any novel elicitation 
techniques. 

A KADS four-layer model is a “paper model” of the expertise to be modeled and is very useful i n  order to 
capture expertise. It is not certain that all kinds of expertise can be reduced i n  such a way, but experiences tend to 
prove that the separation of knowledge into the four layers is mare than simply a representational convenience and 
facilitate expertise use and keeping. It eases the understanding of the paper model both for the knowledge engineers 
and the expens (all the manipulated concepts are clearly defined, the goals of the KBS are organized, the treatments 
are represented as tlow-diagrams understandable by the experts, . . .). Such a conceptual model is the first output of 
the KBS development process and may be used for other developments. 
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Figure 5.3 Level of Abstraction In KADS Knowledge Analysis [5.4] 

KOD : Knowledge Oriented Design 

knowledge[S.S]. This inethoC is mainly based on the two following ideas : 
KOD may be used for analyzing the expert interviews, and for collecting, validating, and structuring 

structural analysis of objects inanipulatcd by the cxpcl? and functions they ai-e subject to; - association of information to its statement conditions, so that knowledge is kept 
impregnated of the expert’s point of view. 

The proposed way of anaiyzing the expert talks is very complete and systematic and, subsequently, if i t  is strictly 
used, i t  may he extremely long and Fastidious. KOD appears to be very efficimt to model “classifying knowledge” 
or static expertise and the result is faithful to the expert talks. Ir offers an excellent bootstrap work when the expert 
system is started from scratch. 

Dedicated Approaches And Related Projects 

KADS and KOD (see f.i. 15.21). Another example may  he firund in chapter 6.?,.l 
For hpecific applications, companies have dcvclopcd cithcr propcr methodologies or methodologies derived firom 

Three ESPRI’T prqjects are also involved within this field; KADS I1 (an advanced and comprehensive 
methodology for integrated I<BS development), ACKNOWLEDGE (acquisition of knowledge) and VITAL (a 
methodology based workbench for KBS life cycle support). 

5.3.3 A New Approach : Full Iterating Approach And Spiral Life Cycle Model 
The main charactel-istic of :he methodologies just described (thorough implementation- independent analysis and 

design p i o r  to any implemen,~ation) inay be \,icwed t is  ;in ;idvantage or as a drawback. They do lack the dynamic 
l i n k  with experts that rapid prototyping offers. This chafiictcristic could create huge differences between the expert 
anti the paper inodel of his expertise leading to time-consuming development cycle. 

To cope with thcsc linritalions, an itcrativc KBS design approach, illust-ated by the following spiral model 
(figure 54), was introduced [:5.61. Depending on the complexity of the system to he developed, such a life cycle 
model inay he usi:d as a stand-alone methodology, in tlic c3sc of low complexity and small KBS’s, or on top of a 
structui-et1 approach in the case of more complex or fuzzy domains. The prototype thus developed eases the 
functionnl analysis and ~i l lou~s carly feedback from the end-user. This kind of model is very well suited to the 
knowledge acquisition and vnlidation phases. The re-scaling of the developed :system in its final environment needs 
to allow integration i n  conventional software and thcrcfhrc, i t  inay be more suitable to use a conventional software 
dcvelopment methodology. 
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Needs identification 
This initial phase is intended to achieve an understanding of the domain and tasks of users, the organization and 

the environment . This understanding not only includes users' activities, but also the prevalent values and attitudes 
relative to productivity, technology, and change in general. Evaluative assessments of interest include identification 
of difficult and easy aspects of the task, barriers and potential avenues to improvement, and the relative leverage of 
the various stakeholders in the organization (experts, users, designers, . . .). This problem framing can he viewed as a 
bootstrap phase preceding the spiral phases. 

Synthesis a n d  risk analysis 
This phase is very important in the spiral approach. Its aim is to assess risk and identify feasibility based on 

results and progress to date. Areas of uncertainty which could constitute potential risks are also identified at this 
level. 

Planning a n d  specification 
In this stage, plans, or updating of previously defined plans, are made for various development activities. 

Validation, test a n d  review 

quadrant is performed. Scoping reports, minutes of meetings, review reports, notes, etc. are produced. 
This phase can also be called quality assurance since the review of results of the activities of. the development 

5.4 Tools for developing a KBS for G&C purposes 
Available KBS development shells and "AI. languages" may not be suited to develop a KBS for G&C purposes. 

These tools were designed with the knowledge acquisition issue in mind, and not in order to optimize their real-time 
behavior and their resources needs. Moreover, they may not be used directly for safety critical applications. They 
are extremely useful and cost-efficient for developing off-line prototypes but, at the implementation level and for 
aeronautics systems, highly simplified architectures are required and the re-scaling of the prototype into its new 
environment has often to be considered. To ease this task, some constraints have to be put on development tools 
used i n  the previous stages : 

- Capabilities of temporal reasoning and uncertainty management ; 
Tight communication with conventional software and handling software-hardware intemupts 

- Facilities for focusing of attention on significant events and handling asynchronous inputs ; - Use of fault tolerant hardware withstanding harsh environments ; 
-Efficient memory use and management. 

Even if some tools have been built explicitly for real-time applications (5.71, they are only il partial answer to the 
problems associated with real-time systems within this field. 



Following thc spiral life (cycle model described i n  above, tlie need for infratructure i n  each phase is surveyed and 
possible solutions arc evokcd. Software, hardware and intcgration aspects are covered along the different phases of 
the lile cycle. 

5.4.1 Development 

divided into analysis, design and prototyping. 
It is here and i n  implementation that tool support is nceded and fortunately, is available. This phase may be 

5.4.1.1 Analysis Phase : 
This phase is d a t e d  to Iknowledge engineering. In connection with the mrthods described in the third part oftliis 

paper. tools exist or are under development. With such tools. the knowledge engineer is aided in lulfilling his task. 
His efficiency is improved rnostly by allowing hiin to build links between manipulated concepts and in preventing 
him from deviatirifi from the method. Some built-in editors are also useful i n  order to display hierarchy and graphs 
and t o  cdit reports. 

5.4.1.2 Design Phase : 
Tii help to develop a multiple agent KBS, arcliitccturc simulators may bc useful. Such a system has to interact 

with the outside and consists of several agents reasoning simultaneously and interacting asynchronously. It also has 
to take temporal constraints and limited resources into account. An architecture simulator helps the designer cope 
with tlie multiplicity of c1ioic:zs and complexity of interactions by helping hiir. describe the architecture and evaluatc 
its pcrfiirinancc and, by d<iing so, improve i t .  lunctional 
decomposition, structural ducription or use of resowces), such a tool sim,ilates the described architecture with 
chosen scenarios and supplier information on coinpiiter requirements such as memory, computer power, 
communication ficilitics , ctc:. 

Rased on a description of the application (f.i. 

5.4.1.3 Prototyping phase : 
Spccific Ianpuagcs or cxIJert system dcvelopinent tools may be used. Normally, the first choice is an overall 

knowledge representation fi-amewoi-k, as described i n  chapter 4.2. Rule based, frame based, and logic based 
methodologies all have advantages and disadvantages. Systems may also Ihe built in "traditional" programming 
languages (FORTRAN, C, ADA, etc.), specialized AI languages or, high levf:l tools. The most popular specialized 
AI languagcs arc PROLOG. LISP and SMALLTALK, along While they are 
reasonably general, they do 1:rovide a strong bias toward pi-ticular frameworks. 

with their many derivatives. 

The high level KBS building tools attempt to ins i l late system builders lrom the details of programming. They, 
too, f i l l  into sevei-al categories. based primarily on representation lrameworks 

5.4.1.4 General development phase 
Used in severe 

cnvironmcnts, thc KRS must be validated and coiiiplctcly tested. Prior t(8 its operational use, i t  must be well 
intcgratcd to its environment and communication facilities intist bc dcvclopcd. 

During the development o f  ii KBS, one has to couple i t  with thc simulation facilities for testing. 

For particularly safety-critical applications. such as cockpit systcms, i t  appears vital for the designer to have 
access to tools for verifying the correctness of the system In fact, safety analysis replaces maintenance generally 
performed on traditional systims and which is lorbiildcn lor on-board ones. Irk real-time AI systems, the correctness 
of the system depends not only on the logical result o i  the system behavior, but also on the time :it which the results 
are produced. 'The notion :if verification of  knowledge-based s y s t e m  irtvolves the checking of correctne 
consistency, and completeness of reasoning perfoi-ined. Most of the current literature that addresses this problen 
strictly designed for checking the parameter values involved in the production rules. Although there is an increasing 
awareness of the special problems of real-time systems i n  the literature, relatively little work has been done on 
mechanizing safety analysis of hard-real-time systcins. i.c. t i l  those that are guaranteed to meet timing deadlines. 
Clearly, analyzing an AI real~tiine system is an even more difficult and challenging objective, but methods should be 
derived from techniques avai:able for classic real-time ~ys tems 15.81. 

I n  order to achieve a hi2.h interaction between the KUS and the user, the user interface must be extremely 
efficient. The goal is to rcduce the time devoted to  madmachine communication (the user must spend less time to 
undeintand the assisting systcm than to do the reasoning by himself ...). Since the communication between two 
humans is, most of the time. implicit, the KBS must display information such :hat the user sees what he wants to see 
(neither too detailed nor too short), when he wants and where he wants These considerations induced the 
knowledge engineers to develop some "user cognitive miidels" for use when the task lexity is extreme (risk, 
uncertainty, time pressure, . . .). Such ti coinpurer rnodel serves to develop an i itelligent ance system which can 
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function as an automaton or as a support system. Such models have been successfully implemented in the defense 
area (within intelligent assistance system for fighter aircraft pilots), in the electrical industry (within nuclear power 
plant operators assisting systems) and in the steel industry (within blast furnace operators assisting systems). 

5.4.2 Implementation 
As the application is moved from the off-line to the on-line environment, new issues emerge : 

*reasoning speed and time requirements satisfaction ; - bottle-necks identification and treatment ; - hardware architecture (communication, processor, memory, display, .. .) ; 
* man-machine interface ; 

machine-machine interface ; 
* real-time performance evaluation ; 
* ... 

The last four points are directly related to the hardware. Generally, the improvement of real-time performance 
will be done at the expense of a loss of generality relative to the techniques used at knowledge acquisition level. 

In order to cope with these issues, i t  seems relevant to consider simultmeously the three following aspects : 

- t h e  software - in order to guarantee its quality, to meet speed requirements and to satisfy 

* the hardware - in order to specify the CPU, memory and communications media ; 
memory constraints ; 

the integration with the existing systems and with the user 

Software point of view 
At the implementation level, the fundamental issue is no longer development cost but real-time behavior of 

applications ported in highly simplified architectures. The re-scaling of the prototype into its new environment, may 
lead to a complete rewriting of the off-line prototype in a more conventional language as C, C++ or ADA. 

Hardware point of view 
The hardware depends on many aspects and an error during its design may have drastic consequences. Even if it 

i s  impossible to forecast at the beginning of the KBS development what the hardware will look like, one has to take 
it  into account as soon as possible. Tools and results, both practical and theoretical, exist (for example Petri nets) 
and it may useful to use them in order to reduce the risk of ultimate failure. 

Real-time architectures are now widely available on the market. Such systelns are more and more used for real- 
time implementation and a dedicated hardware is developed only for solving very specific functions for which real- 
time is harsh (e.g. mission planning). 

Integration point of view 
If the G&C intelligent system's architecture is considered as a distributed system consisting of a collection of 

autonomous data-processing knowledge sources controlled by a meta-planner, ADA seems to he a good substrata for 
developing such architectures. In these cases. knowledge sources and the meta-planner itself should be considered 
as potentially reusable software components. 

If not, it i s  a case-by-case problem 

5.5 Conclusion 
The successful realization of a KBS in G&C depends upon the careful consideration of all the specificities of 

such a system, such as performance issues, hardware constraints and limitations, etc. Tools are necessary for the 
development of such a system. The technology i s  available today to provide viable knowledge system solutions to 
well-chosen and well-defined problems. One can expect to see more and more successful on-board applications, as 
the research, the technology and engineering skills of application developers improve. It i s  presently an important 
and difficult decision to define the proper tools to populate a development infrastructure. Each project should he 
viewed as a specific case with no trivial generic answer in this matter. 

This chapter gave preliminary clues for such a decision. However, improvements of infrastructure should he 
pursued in order to guarantee the success of KBS's in G&C. Among them, one can cite: 



* the standardization of methodologies dedicated to KRS: all over the world, many 
companies are developing their nwn methodologics and nothing guarantees that i t  will 
be easy to switch Srom one to another ; 

tools or iit least to consider the speciticitics 11f I<RS ; 
- the integration of  thcse methodologics into the already developed soft,hiare management 

0 the progress o n  verification end validation ; - a better integration o!'AI took i n  software development environments 
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CHAPTER 6 

EXAMPLE APPLICATIONS 

6.1 Aeronautics Applications 

6.1.1 

6.1.1.1 Introduction 

CASSY: A Cockpit Assistant System for Instrument Flight Operation 

In this section, an application example for a knowledge-based cockpit assistant system is described which was 
developed to support the pilot crew of commercial aircraft during IFR (Instrument Flight Rules) flight operation. 
This application corresponds to the domain of the guidance and control aircraft level, as described in section 2.2.1. 
Commercial air transport is characterized by flights under IFR, since this kind of operation provides a high degree of 
independence from adverse weather conditions. However, lack of visual references of the aircraft environment and 
increased complexity of automated cockpit instrumentation can result in overloading the pilot crew. It is a fact that 
by far the majority of accidents are caused by some kind of human error or mismatching 16.1, 6.21. Aircraft accident 
causes can he correlated with findings on error prone characteristic features or shortages of human cognitive behavior 
[6.3 through 6.91. From these findings, it becomes evident that knowledge-based electronic pilot assistance can lead 
to effective support for pilot tasks like situation assessment, planning and decision making, and plan execution. 
This requires a situation-specific design philosophy for complementing human capabilities by autonomous machine 
capabilities. In  this sense, it  is not just an allocation of functions for automation (replacing human control 
functions by automatic ones) and relying on human adaptability for what is not covered by automation. It rather 
means that the piloting sub functions - except the control actions themselves - are performed in a cooperative manner 
more or less i n  parallel by the pilot crew and the cockpit assistant system. 

On the basis of formal knowledge about the situation-specific user needs, a cockpit assistant for IFR operation 
has been developed. This research and development work led to a first prototype at the Universitiit der Bundeswehr 
Miinchen, called ASPIO (Assistant for Single Pilot IFR Operation) [6.7, 6.101. Flight simulator trials with ASPIO 
have shown that this approach proves very effective. Since 1991, development of an advanced Cockpit Assistant 
a s t e r n  (CASSY) t6.11, 6.121 for the two man crew has been underway in cooperation with Dornier Luftfahrt 
GmbH and has been implemented on SGI workstations in conjunction with the flight simulator facilities of both 
organizations. 

6.1.1.2 Functional Structure of CASSY Modules 

following task specific modules as shown in Figure 6. I :  
Similar to the basic structure of knowledge-based assistant systems described in chapter 2, CASSY comprises the 

- Situation Assessment Modules as Monitoring of Flight Status(MFS), Monitoring of Systems 
(MS), and Monitoring of Environment (ME),as well as Piloting Expert (PE) and Pilot 
Intent and Error Recognition (PIER) for behavioral interpretation 

- Automatic Flight Planner (AFP) 

- Piloting Expert (PE) 

- Pilot Intent and Error Recognition (PIER) 

- Dialogue Manager (DM) as coordination module 

Execution Aid (EA) 

The internal coordination function, as described in section 2.1, is not treated as a separate module in CASSY 
because of communication efficiency. This function is embedded in the situation assessment modules and the AFP. 

As long as there is no data link capability available, the Air Traffic Control (ATC) interface is not explicitly 
realized within the cockpit assistant. The important ATC instructions and information have to he transferred to 
CASSY by the pilot crew through speech input. This can be operationalized rather easily because the ATC 
instructions are to be acknowledged verbally by the pilot, anyway. 



6-2 

d 
- 
- Air Traffic Control 
- 

CASSY , ,[-I 
__ 

rea 

wrdination 

Dialog" 
dlanags 

Execution 

EXBCvfiD" 

r- 

& 
Situation Assessment 

t I 

Aircraft Systems 7 

Figure 6.1 Functional Structure of CASSY 

In the following sections, the CASSY modules are described in more detail, focusing on those modules where 
knowledge about the pilot ere# concerns most. 

6.1.1.2.1 Modules for Situation Assessment 
Situation assessment is acnieved by a situation representation on the basis of the flight chronology and potential 

tasks and events pertinent to the flight segments. A data base contains the actual values of state variables to be 
instantiated i n  that representation (see section 2.2.1). Situation evaluation iis part of the situation assessment is 
accomplished by means of a number of monitoring modules along with the Pilot Intent and Error Recognition 
module (PIER) and the Pilotirlg Expert module (PE): 

The Monitor of Flight Stetus (MFS) has the task of monitoring the flight progress in order to be aware of the 
arrival at any subgoal of interest during the flight. On the basis of this information, the actual state with respect to 
the flight plan can be ac tuahed  and the expected pilot actions can be generated in the PE module. Also, standard 
callouts, usually delivered by the co-pilot in the conventional two man cockpit, can he provided via messages to the 
speech system in the DM. 

The health status of the aircraft systems is monitored by the Monitor of Systems (MS). This module works on 
the information about defects in the aircraft systems i n  order to generate messages to the pilot crew. This 
information is also rendered to the AFP and the PE, since replanning could be necessary and the expected pilot 
actions could be different subsequent to system defects or f ai '1 ures. 

Sensor information for the assessment and evaluation of weather conditions and surrounding traffic are gathered in 
the Monitor of Environment (ME). This monitoring module also identifies deviations from normal with respect to 
the immediate aircraft environment and reports to the pilot crew and the CASSY modules concerned. 

On the basis of the flight plan as generated by the AFP (see section 6.1.1.22) and acknowledged by the crew, the 
PE is capable of determining the expected plan execution actions the pilot crew is supposed to carry out during the 
various flight phases. So far, this model describes the pilot crew rule-based behavior as a normative reference 16.15, 
6.201. In a later development state, it will also include a model of the individual situation-specific normal behavior 



6 3  

of the pilots actually flying. The model mainly consists of ranges of expected pilot actions. However, it also 
represents the knowledge about the danger boundaries for pilot actions, which is of fundamental importance for the 
function of monitoring of pilot behavior within the PIER. 

The rule-based normative model comprises all flight phases and mainly the following flight task domains: 

- Primary flight guidance (altitude, course, speed) 

~ Control of landing flaps, landing gear, spoilers 

Radio navigation procedures 

- Procedures for take-off, holding and approach 

- Check list procedures 

- Communication with air traffic control 

Typical properties of the pilot crew tasks with regard to temporal and causal aspects (i. e., rule-based execution, 
parallel execution of different tasks, different situation-dependent rule packages for the same, elementary flight task 
(such as radio navigation)), task breakdown in "flight phase-related and "event-related", and typically awaiting certain 
events for the execution of a short action, led to the conclusion that petri nets are to he preferably used for the 
representation 16.151. The net structure is hierarchical and modularized. Subnets might work in parallel or 
alternatively. 

The PIER function bears upon not only the information of situation assessment and monitoring but also on 
reference information about the pilot behavior as well as tolerances with regard to safety margins from the PE. 

The main task of the PIER consists of the recognition of either pilot intent or error i n  order to explain unusual 
discrepancies in pilot behavior and flight status from what should be expected according to the flight plan [6.161. 
The intent recognition is initiated upon detection of pilot actions deviating from the flight plan. In case of a 
confirmation of a change of the pilot intent, the aim is to assess the intent or the new flight plan the pilot has 
adopted. These cases of off-nominal unannounced change of pilot intent are likely to occur in the context of IFR 
flight operations when any of the following kinds of situations are encountered: 

Flight in a conflict area ( for example thunderstorm, turbulence, collision hazard, etc.) 

- Flight around a conflict area and return to the original flight plan 

- Selection o f a  new waypoint and no intent to return to the original flight plan 

Reaction due to a system failure event 

Abortion of take-off or final approach 

The intent recognition is mainly performed by use of an inference algorithm based on known intent hypotheses 
(see figure 6.2)[6.16] . A priori probabilities are assigned to the possible hypotheses with regard to what is known 
about the actual situation. On the basis of the actual pilot actions, these probabilities are modified. The most 
probable hypothesis is the best candidate for selection. With this kind of approach either pilot crew intent or error 
is inferenced. 

The crew behavior is classified as au error only if a meaningful intention was determined or if the danger 
boundary is going to be exceeded. In these cases warning messages are transferred to the crew through the DM 
module. 

If intentional behavior has become evident but the intention is not completely uncovered a short hint is given to 
the crew. Possibly, the pilot crew might react to the hint by speaking out new directives. In any case, the module 
carries on trying to specify the crew intent by further checking certainty factors of the possible intent hypotheses. 
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Figure 6.2 Functional Structure of the Pilot Intent and Error Recognizer (PIER) Module 

6.1.1.2.2 Automatic: Flight Planner (AFP) 
During flight, the AFP autonomously generates recommendations for modifications of the flight plan when 

significant deviations from the current flight plan have to be faced because of events such as new ATC instructions, 
adverse weather conditions, system failures or insistently deviating pilot actic'ns [6.13]. The pilot crew represents 
the decision issuer with regard to acceptance or rejection of the AFP recommendations. The crew decides about the 
actual flight plan by means of communication links with the AFP through the DM. They essentially decide on a 
globally but unambiguously defined plan about the destination, the route, necessary flight procedures and the vertical 
profile. On the basis of this decision, optimizing routines are providing the exact flight plan data as the basis for the 
forthcoming flight operation. At this point it should be clarified that new flight plan recommendations are not only 
produced autonomously as a result of autonomous situation assessment but also on explicit request of the pilot crew. 
Flight plan changes might be also initiated by information from the PIER concerning recognized changes of pilot 
intentions not explicitly fed into the system by the pilot crew c6.191. 

6 .1  . I  .2.3 Dialogue Manager (DM) 
The Dialogue Manger (DIM) is part of the coordination function, as described in chapter 2.  It comprises all 

components for the information transfer between CASSY and the pilot crew, including the management of 
information flow to the pilot crew. 
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Extensive use is made of speech communication in either direction between pilot crew and CASSY [6.17, 6.191. 
Speech input is used for acknowledgment and rejection of assistant system recommendations and as a medium for 
instructions to the EA. The latter can be used optionally by the pilot crew instead of conventional pilot controls and 
inputs for aircraft systems other than CASSY. Speech input is mechanized by means of a speech recognition 
system. The vocabulary is based on the standard phraseology of civil aviation. Specific algorithms are developed in 
order to provide support for the speech recognition function through context knowledge. Hereby, the DM controls 
and switches syntax depending on the flight situation. 

Synthetic speech is used for speech output, with different voices for different categories of assistant messages. 
More complex information, like comprehensive flight plan recommendations, is presented through the visual display 
of CASSY. 

A priority control function for the message flow to the pilot crew is one of the core DM functions. It consists of 
the priority assessment (message ranking), the dialogue control and some buffer function, as depicted in Figure 6.3. 
This function decides which incoming information from the CASSY modules will be presented to the pilot crew as 
relevant messages, and in which order (time) it  will he presented. The ordering is executed on the basis of the 
situation interpretation, certain general rules and the time when the message is coming in. The message transfer list 
is buffered until the next message cycle. The information presentation to the pilot crew is mechanized by both 
speech output and an graphicialphanumeric display. 

The communication between DM and CASSY interfaces, especially the pilot interface components, is organized 
by inter-process communication and standard interfaces for data transfer. In general, the inter-process communication 
for both inside the CASSY modules and between CASSY modules (including interfaces) is organized by both 
message buffer transfer and transfer via shared memory. The shared memory contains all data of possible common 
interest for one or more CASSY modules, except NAV data. There is a special service process for NAV data, which 
delivers a NAV data subset from a given data base (disc) as explicitly requested from one of the other CASSY 
processes. 

6 . 1 . 1 . 2 . 4  Execution Aid (EA) 

optional service functions, conventionally performed by the co-pilot without automatic aiding. 
functions are automatic instrument setting, flap and gear setting and navigational calculations. 
functions can be commanded by the pilot crew through speech inputs. 

6 . 1 . 1 . 3  Experimental Test Results 
The cockpit assistant system implementation in a flight simulator facility at the Universitat der Bundeswehr 

Miinchen is continuously extended. A one-seat fixed base cockpit with computer generated outside vision and head 
down display, artificial stick force as well as speech input and output is employed. The simulation comprises 
aircraft dynamics (6-degree of freedom model), autopilot system, radio navigation systems and a wind model. 

In order to support the pilot crew i n  the course of executing the actual flight plan, the EA offers a variety of 
Among these 
All of these 

A first prototype implementation of the cockpit assistant system was tested late 1989. This implementation, 
named ASPIO, differed from CASSY in a number of ways. 

ASPIO was intentionally limited to support a single pilot and was not able to consider and recognize widely 
deviating pilot intentions, characterized by the use of an isolated-word speech recognizer, and was implemented only 
for the flight phases from arrival through final approach. This prototype comprised the main functions, though, of a 
knowledge-based cockpit assistant system, which are necessary for a serious flight simulator evaluation. 

The experiments were aimed at proving hypothesized enhancements in overall performance and safety without 
increase of pilot workload. For this purpose, performance criteria like flight accuracy, pilot errors in situation 
assessment and system operation, duration and quality of planning, pilot workload and pilot acceptance were 
investigated. 

The pertinent parameters were evaluated for a number of test runs of IFR approaches. Three different IFR 
scenarios were developed which consisted of standard situations as well as of unusual events and emergencies. A 
total of nine professional pilots, each with a great amount of IFR flight experience, performed these test runs. Some 
of the evaluation results [6.7, 6.101 showing flight accuracy and duration of planning are presented in the following. 
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As an indication of flight accuracy, the airspeed deviation was considered to be most appropriate for evaluation. 
It was supposed to be controlled manually by the pilots. The evaluation results for the standard deviation of airspeed 
for all pilots are depicted i n  Figure 6.4. It was shown that the improvement in flight accuracy by use of the 
assistant functions was highly significant. 
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Figure 6.4 Flight Simulator Results with ASPIO: Performarice in Flight Accuracy 
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In figure 6.5, the pilot's decision time without support by the cockpit assistant is shown in comparison to that 
with assisrant aid. The planning activity was triggered by an ATC instruction, where an immediate reply about the 
pilot's further intentions was demanded. The time between the ATC instruction and the pilot's reply was measured. 

For the particular example, shown in figure 6.5, the planning and decision task was to check for an alternative 
approach procedure taking into consideration the weather and airport data, after information was given that the 
instrument landing system at the destination airport had failed. The differences are obvious. Moreover, the pilots 
stated that all decisions recommended by the cockpit assistant, made sense. 

With regard to pilot errors, no unusual deviations from normal flight could be observed when the pilot crew was 
supported by the cockpit assistance function, although a number of pilot errors occurred during the simulated test 
flights. The experimental data showed a tendency of slight reduction in pilot workload with the cockpit assistance 
function activated and the subjective scores about the cockpit functions as a whole were positive. 
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Figure 6.5 Flight Simulator Results with ASPIO: Performance in Planning Tasks 

6.1 .1 .4  Concluding Remarks 
Whenever the piloting crew tries to act sensibly in the face of a flight situation, they act predictably within a 

confined range of possible actions. This hypothesis has not been verified yet, in its full sense, because of the 
difficulties of representing the actual situation in flight with all its implications and contingencies - that is the state 
of the world including that of the pilots themselves, i.e. their error susceptibility, too. However, this fundamental 
hypothesis is the basis for the potential success of knowledge-based cockpit assistant systems for supporting the 
pilots in tasks like situation assessment and decision making. 



Therefore, understanding of the state of the world, i.e. the flight situation, including the potential pilot crew 
reactions, is the basic design requirement for an assistant system. This is so because pilots can not be expected to 
convey thcir own perceptions and intents to the assistant system. 

CASSY is able to understand the flight situatioil on the basis of knowledge about facts and procedures of the 
piloting task and aviation doinain and the actual data about the flight status, pilot actions and intent. The situation 
is evaluated with regard to contlicts concerning the actual flight plan. If necessary, the system derives a revised 
tlizht plan as a recommendation to the pilot or can serve the pilot for plan execution tasks. It also issues advisories 
or warning messages to thc pilot crew in case of recognized pilot errors. 

Thc assistant system performance has been investigated in  a first flight simulator study, based on an 
impleinentation of a prototype system, called ASPIO. The results were extremely promising. CASSY will undergo 
a similar investigation and will be tested i n  flight i n  early 1994. 

6 . 1  . 2  The Pilot's Assoc iate  Program 
The DARPA - USAF Pilot's Associate Program has developed a prototype knowledge-based Decision Support 

System for pilots of single seat fighter aircraft. The current prototype is running in a realistic concept cockpit for an 
advanced tactical fighter aircraft. I t  operates i n  a f u l l  iiiission flight simul;ition system that projects a realistic, 
demanding 1997 air combat scenario. The systcin runs i i i  rcal-time, and is capable of processing over IO0 "enemy" 
objects per second using avionics boards i n  a VME chassis, similar to those found on current aircraft. The existing 
Pilot's Associate is considered to be a realistic prototype iif an avionics decision support system that will be able to 
support the opcrational needs of future tactical pilots. 

As an  Associate system, i t  provides the pilot a varicty of services similar to the functions performed by the 
Weapons S y s t e m  Operator i n  current two-place tactical aircraft. The associate nature of the system is, i n  fact, 
derived from a inodcl of the interaction between two crew members in such aircraft. Thus the system is active, i n  
the sense that it attempts to anticipate the needs of the pilot to provide answers at the time and in the form that are 
most useful to the pilot L6.21-6.241. It does not, however, attempt to dictate solutions to the pilot. 

Although the pilot can express his preferences and mandate action by the system, his direct input is generally 
not required for most system functions. Thus the system collects it  operational data directly from the aircraft 
sensors, forins its own problem definitions, develops solutiolis and, in certain special cases - authorized by the pilot 
prior to mission execution ~ carries out the plans with little explicit dircclion from the pilot. In every case, 
however, the plans must conform to the pilot's own plan, and the pilot must be able to recognize that fact. If not, 
he can override or reject any r'xommendation either explicitly, or by merely pursuing his own, different plan. This 
action will then be recognized by  the Pilot's Associate system and i t  will adjust its plans accordingly. 

The Pilot's Associate serve:; as a realistic cxample OS the potential for app1ic;ition of knowledge based technology 
to current and projectcd operational problems. It hiis demonstrated the ability cif such systems to support humans In 

forming valid models of real world conditions (situation awareness), developing effective plans for the solution of 
difficult problems (response planning) and responding to lime critical situations (emergency response) under the 
stress of  combat conditions. Although the Pilot's Associate was never intended for full scale development, it has 
motivatcd follow-on programs as well as system requirements for aircraft in development. It seems very likely that 
the heritage of this important effnrt will be visible in fielded systems in the earl:+ part of the next century. 

6 . 1 . 2 . 1  Program History 
The Pilot's Associate Program was launched in February 1986 as an application demonstration in DARPA's 

Strategic Computing Program The technical goal of the Program was to encourage development of real-time, 
cooperating knowledge-based sys tem and speech understanding. The U.S. Air Force initial interest was in exploring 
the potential application and 1:Neiiefit- expressed as survivability and mission riffectiveness - of that technology in 
futui-e military aircraft. Specitically, the Program was directed toward an on-board system in an advanced single-seat 
tighter of tighter-bomber aircraft. 

As shown in Figure 6.6, the Program was planned as a five-year, two phase effort, administered for DARPA by 
the USAF Wright Aeronautical Labs. Phase One focused on a proof of the concept of cooperating expert sys t em 
and indications of potential benefit to aircrews. In the initial phase, two major Demonstrations of increasingly 
capable. but functionally limited, non-real-time Pilot's Associate System were held. Two independent development 
teanis led by Lockheed Aeronautical Systems Company and McDonnell Aircraft Company implemented separate 
Pilot's Associate Systems applied to distinct combat domains (air-air and air-ground). The Phase Two effort was 
dedicated to air-air issues and conducted entirely by the Lockheed team. 

In Phase one, successful dernonstrations in March of 1988 (Demo 2) and November 1989 (Demo 3) illustrated 
the viability of cooperating expert systems in a supporting complex, interactive processes of the fighter aviation 
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domain. This, coupled with the observed potential for significant benefit - improved effectiveness and survivability - 
motivated a decision to proceed with a second Phase of the Program 16.25 - 6.271. 

Phase Two focused on issues of practicality and application to actual aircraft. Thus, a principal goal of this 
phase was to develop a prototype system that would, first, run in "real-time" and secondly, operate on hardware that 
was similar to that expected to be seen in the emerging generation of aircraft. In addition, experiments in improved 
knowledge acquisition techniques and in verification and testing concepts were planned. 

Work began in late 1989 and was completed i n  the spring of 1992. After six weeks of testing with operational 
US Air Force pilots, a final demonstration (Demo 4) was held in July 1992. The test and the ensuing demonstration 
featured a demanding air-air escort scenario in which pilots were to precede and provide protection for a strike package 
of vulnerable ground-attack aircraft penetrating a modern integrated air defense system. Although the testing results 
are still in final analysis, the collected impressions of the test pilot cadre have been favorable and indicate satisfaction 
with the system. 

Phase 1 

Feb 1 9 8 6 A F e b  198- 
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Lockheed 
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Feb 198- Jul 1992 

D3 D4 
Near Real Time Real Time 
Broader Functionality ~ ~ i ~ ~ i ~ ~  HW 
Interactive Scenario ~~~~~i~ scenario 
Lockheed 
ISX 
Search 
Greystone 
Cimf lex-Teknowledge 

Figure 6.6 PA Development Schedu le  

6.1.2.2 Pilot's Associate System Architecture and Functionality 
The Pilot's Associate was originally designed around an architecture that reflects the high-level functions it 

supports. The PA architecture is shown in Figure 6.7 Individual modules, which were originally distinct expert 
systems, were developed and integrated. Two modules, known as Systems Status and Situation Assessment, 
essentially correspond to the Monitor and Diagnosis functions of the functional model described in Chapter 2 of this 
report. 

System Status (SS) monitors and analyzes onboard systems data to determine current aircraft state and evaluate 
actual systems capabilities. Malfunctions are evaluated in current mission context to determine the degree of 
effective degradation and impact on current and proposed tactical and mission plans. When possible, the system also 
generates remedial plans and coordinates them with plan generation in other systems. Thus, this sub-system, as do 
all other modules, subsumes small portions of Plan Generation and Coordination of the general functional model 
discussed in  Chapter 2. 

The Situation Assessment (SA) module monitors events external to the aircraft to provide a combat situation 
analysis. It combines stored mission data with sensed data from on-hoard sensors and cooperative sources to provide 
context sensitive information directly to the pilot and mission state information to other modules. Thus, it 
combines the requirement to react to and interpret unexpected events with the query-driven function of interrogating 
the external space with respect to data needs of current or proposed plans. 
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The Pilot Vehicle Interface (PVI) module partially supports the Coordination function in the general functional 
inodel. iis well as providing elements of the Diagnosis and Planning functio?. The PVI is responsible for explicit, 
and importantly, implicit communication with thc pilot and interface to the cockpit display and command systems. 
The design integrates interface management. an adaptive aider, and an e r r x  monitor to accomplish monitoring, 
diagnosis and planning functions. 

Aircraft Systems 

Weapons & Defensive 
Flight 

Sensors Mission 

Coordination 
support 

Tool 

Pilot 
Vehicle 

* Interface --- 
Assessor; Planners 

Manager Tactics 
Assessmen t  Planner 

t 
Mission 
Planner Pilot's 

Associate 

I 

Figure 6.7 PA Architecture 

Pihit intent determination is the essential function of the PVI. Through monitoring pilot actions and mission 
context and comparing them to a model of the pilots plans and goals for the mission, the system determines pilot 
intent without the need for explicit input. Thesc intentions may he passed to the rest of the system as implicit 
comm;inds. Although the pilot can always request explanation and override recommendations, in most cases, the 
pilot is informed by observatlon of system behavior ~ much as he is by iictioiis of another crew member. Actions 
that arc consistent with recommendations are inferred to he approval. Deviations from any current plan indicate a 
rejection (if that plan and ii prcference for anothcr action. Whenever the systein cannot infer pilot intent i t  responds 
with stiindard default behavior, similar to current avionics systems. 

Plan Generation and Plan Selection are supported by the Tactics Planner (TP) for tactical plans and the Mission 
Planner (MP) for route planning. The Mission Planner creates and maintains a takeoff-to-landing mission profile 
that includes routes, resources, and time constraints. Beginning with a start and end point, it generates a three 
dimensional flight profile tha: trades exposure to known threats (ground-based and airborne) with consumption of 
resourccs (fuel, expendables, etc.). The resulting 4-D route, including projectec! exposure to threats and consumption 
budgets. are provided to other systems to other modules to reason about and, in the case of.PVI, for display to the 
pilot. MP also functions as a resource for the Tactics Planner, providing minimuin risk trajectories to support both 
offensive and defensive plans. 

The Tactics Planner reasons about threats and targets and plans for sensor actions, attack , or if required, evasion. 
TP also tasks the SA module '.a monitor certain high-value objects. Thc TP does not "invent" new tactics. Rather, 
i t  recommends tactics, selected frorn the pilot's own set (if pre-briefed tactics, or library of stored "standard" tactics, 
that arc most suitable for the ;actual situation. In doing this, the TP applies expert heuristics to an array of sensory 
data to find very good solutions to tactical problems inore rapidly and in finer detail than humans can. The current 
TP design will be described i n  greater detail at a later point. 



Except in certain select cases - authorized defensive expenditures and emissions, for example - Plan Execution is 
largely accomplished by the pilot. Authorization is provided by the pilot through a sixth module, the Mission 
Support Tool (MST). The MST functions as a ground based Mission Planning System. The pilot uses i t  to plan 
the mission, select sensor actions and search patterns for various conditions, and to express a preference for both 
offensive and defensive tactics in expected situations. This data is then transferred to the Pilot's Associate through 
magnetic media and used to initialize the Pilot's Associate and customize it for individual pilot techniques and 
preferences for the particular mission. 

The Pilot's Associate interacts with the pilot through display and control systems in the cockpit, Figure 6.8. 
These include five flat panel displays, a multi-function "Hands-on Throttle and Stick System" (HOTAS). The 
displays include an aircraft Systems Display that graphically depicts the state of various systems in several formats, 
ranging from traditional "round dials" to schematics. This display also indicates the quantity and state of on-board 
weapons. A Weapons and Sensor Display System indicates the state and field of view of air-air missiles as well as 
that of the radar and IR sensors. The primary displays are three tactical displays that are somewhat interchangeable at 
the pilot's discretion. A Tactical Situation Display provides a plan view of the tactical situation, including map 
information, route, ground-based threat location, and aircraft locations and state data. The Offensive Situation 
Display provides offensive tactics information, and in particular, targeting and weapons information. The Defensive 
Situation Display provides greater detail on identified threats and suggested reactions to the threats. Important, time 
critical information, such as missile warning and authorized PA response (e.g. using "chaff" or "flares" ), are relayed 
through a voice interface system. That same system also allows the pilot to verbally control displays and certain 
other functions. In addition, a small message screen provides for text-based communication with the pilot. 

Display - 
I PA Message4 

Situation 

Offensive 
Situation 

Hands-on 

Figure 6.8 PA Cockpit 
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The Phase One prototype was a heterogeneous, loosely coupled system in which independent modules, using 
domain specific approaches, communicated through a global blackboard. In Phase Two, the perceived exigencies of 
real time processing drove the design to a much more tightly-coupled implementation. 

The system has been designed to run on five 68040 boards, mounted in a VME chassis. Each board contains 
16mb of memory, with most of the memory on each board available to any processor on any board. The hardware 
also includes an additional 2mb of separate global memory. The operating system is VxWorks, which is a variation 
of UNIX specialized for real-time performance in a distributed processing environment. A VxWorks process is 
executed only when signaled by a global event flag that can be observed by any processor in the system. That 
signal then unlocks the process and allows its execution. Thus, there is no processing overhead with unsignaled, or 
blocked processes. 

In the Phase Two design, the collection of five independent expert systems, or modules, evolved into six closely 
related sub-systems specializing in the functions previously described. The new, sixth sub-system, dubbed Plan 
Manager, serves to facilitate communication among the other five subsystems. Despite functional differences, all 
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sub-systems share a common view of the domain, seen in a representational structure called the Plan-Goal Graph 
(PGG). Sub-systems develop plans that are represented as nodes in the PGG. When a plan is built, i t  instantiates 
the appropriate node in the Plan Manager's plans database, which is then available to other systems that support or 
are supported by the plan. 

6 . 1 . 2 . 3  Tactics Planner Design 
Of the 6 sub-systems that comprise the Pilot's Associate, perhaps the best example of the use and evolution of 

knowledge based technology is seen in the Tactics Planner. From one perspective, this results from the somewhat 
amorphous and context dependent nature of the tactics planning problem operational environment. Tactical problems 
tend to combinc highly-valued, complex choices with considerable urgency. In general, these needs are met with 
adequate, if not optimum, "satisficing " solutions as discussed in Chapters 3 and 4. Expert heuristics, captured i n  
knowledge-bases offer a technical approach to support for such problems. 

I n  Phase I ,  this systern was implemented in  Lisp using the KADET development tool planning structure. At 
the time. when the program focus was on rapid functional development and test, this tool met all needs. However, 
the dcmands of real-time planning mandated a shilt to ii design in which execution speed could be studied and 
optimized. 

In the Phase Two Pilot's Associate, the Tactics Planner is implemented as a generative planner, employing 
knowledge-based planning techniques described in Chaptes 4 of this report. When signaled, the planner selects stored 
skeletal plans determined to be appropriate to the actual conditions and then specializes their attributes to provide an 
effective response. Figurc 6.V illustrates the general sequence of events in the Seneration of such a plan. 

The process is initiated when the Situation Asscsstnent (or Systems Status) sub-system detects and identifies an 
interesting event" that ciills for a tactical response. This is effected by SA ;and SS structures known as naonirors. 

Monitors are set to watch for particular occurrences, such as the initial obse-vation of an aircraft, a change i n  the 
assessed threat value of some known aircraft or the launch of an enemy missile. Any such event then results in thc 
firing of the corresponding imoiiitor and the posting of an event signal. The Tactics Planner then selects goals 
appropriate for the situation ;mI develops n strategy for satislying those goals. Resources are then allocated and the 
plan is executed. During cxcciition, the selected plan is continually modified to adapt to changing conditions unt i l  
the plan ultimatcly completes os fails. 

,, 

Planning data is received from three sousces. Psior to the tnission, internal data structures are initialized with 
specific data particular to the inission and preferences of thc individual pilot flying the mission through the Mission 
Support Tool. In this manner. the plans contained i n  the plan database are modified to retlect the requirements oi the 
mission and the tactical decisions of the pilot. During the mission, the Tactic:; Planner continually reviews updated 
data regarding aircraft and mission status in the Mission Systems and Threat dai.abases. 

Situation 
Assessment 

Figure 6.9 Simplified View of Plan Generation in t h e  Tactics Planner 
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Within the Tactics Planner, a five level data structure known as a "Focus of Attention (FOA) hierarchy" provides 
planning control and knowledge organization. As illustrated in Figure 6.10, this structure maps directly onto the 
Plan and Goal Graph knowledge representation, with each level in the hierarchy corresponding to a node in the PGG. 
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Figure 6.10 Focus of Attention Hierarchy 

The top, or "FOA'  level, represents the object or event that motivates the formulation of a plan. For example, 
an enemy aircraft or missile launch would be represented at this level. The second, or "Goal" level represents desired 
world states that the planner will attempt to realize. Note that a number of Goals may be associated with any 
particular FOA. For example an enemy aircraft FOA may promulgate distinct Goals for the destruction, diversion or 
avoidance of that particular aircraft. The subsequent or "Behavioral" level provides for the representation of strategies 
for the accomplishment of the Goal. As in the previous case, a number of Behaviors may be found to satisfy any 
given Goal. At the next level, "Activities" supply collections of resources and information about their relationships 
- dependencies, sequences, synergies, etc. - to Behaviors. The lowest, or "Resource Plan" level, contains elemental 
plans tied directly to the basic resources . sensors, weapons, systems - of the host aircraft. 

The Tactics Planner design is composed from three conceptual elements. First are a set of VxWorks tasks. 
"Monitor task," responds to event signals from the two assessment sub-systems (SA and SS) and PVI. Five 
additional tasks, one at each level of the FOA hierarchy, initiate reasoning at that level. When a task runs, it 
executes logic in objects known as handlers. Because handlers are objects and may be passed between processes, they 
form the essential means of communication between tasks. For example, an FOA directs a particular subordinate 
Goal to specialize its attributes by passing a handler to it. Reasoners are the third conceptual element in the Tactics 
Planner. Reasoners are rule bases for specializing particular classes of FOAs,  Goals, Behaviors, Activities, or 
Resource Plans. For example,  all Fighter FOA instances are specialized by the same reasoner which contains the 
essential knowledge about fighter aircraft. 

Control flow i n  the Tactics Planner depends heavily on rhe actual situation to which rhe Tactics Planner is 
responding. Indeed, the need for great processing flexibility drove the decision to partition control logic into various 
handlers. Thus, it is difficult to describe a single control path through the system. However, a representative case is 
offered in Figure 6.11. In  this case, the firing of some monitor unblocks a Tactics Planner "monitor task" which 
then executes to determine the type of processing that will be required. The appropriate "task' in the FOA hierarchy 
is signaled and a handler is passed to that task. The FOA hierarchy task unblocks and invokes the reasoners needed 
to perform the requisite plan specialization. This, in turn, may result in signals to other tasks in the hierarchy and 
subsequent activity. 
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Figure 6.1 1 Control Flow in the  Tactics Planner 

This design offers two features that facilitate real-time tactical planning. First is the clear distinction between 
assessment and planning. Assessment takes plzicc cxclusivcly i n  the two assessment sub-systems and PVI. Tactical 
planning is accomplished solely in the Tactics Planiicr and always occurs in rcsponse to the firing of a well-defined 
monitor. Thus planning activity is always focused and controllable. Secondly, domain knowledge and execution 
logic are separated and represented in distinct, specialized data structures. Handlers provide control and ensure 
efficicnt, speedy and reliable processing. Reasoners apply domain knowledgi: to defined problems and provide for 
"intelligent" solutions. 

Thc Tactics Planner currently provides and, sometimes supervises, executicn of tactical plans covering ii range of 
tasks from sensor actuation and employment to defensive measures to air-to-air attack of multiple enemy aircraft. 
The system meets the demands of operational pilots i n  a realistic air combat simulation and appears to add value to 
their decisions. Further development of this or similar systems is anticipated in the near future. 

6.1.2.4 Summary 
Thc Pilot's Associate provides a good example of the application of the potcntial application of knowledge based 

technologies to guidance and control problems - particularly those requiring decision support systems for human 
operators - in modern military aircraft. The system, as i t  currently exists, meets practical requirements for real time 
performance and operation [in lightweight multi-purpose avionics processors. It has been applied to genuine 
operational problems and provides good answcrs. Pilots arc generally pleased with its performance. Quantitative 
meiisures of value are currently not available, and given the limited sample size in the test program, it seems 
doubtful that substantive c o n c l u ~ i o n ~  will be reached iis ii result of this program. It is, however, expected that 
sufficicnt trend information can be developed to indicate the further development of this technology. 

6.1.3 Terrain Referenced Navigation Terrain Following Sy!;tem 
The terrain following system discussed in this section forms a part of the covert Terrain Referenced Navigation 

(TRN) system selected for the Tornado mid life update. This on-board system not only has to satisfy the 
requirements of real-time operation but is also required to interface with a conventional automatic flight control 
system i n  what is generally termed il high-integrity safety-critical application. What is of primary interest is not the 
standard of the KBS technology content, but the fact that i t  does contain a KElS element and has been subjected to 
the full software generation process for safety-critical applications. 

In order to set these terms i n  context the following delinitions are offered: 
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safe@-critical 

integrity 

availability 

- the safety of the aircraft is dependent on the equipment. Usually applied to 
flight phases with an imminent risk of ground collision, or to situations 
resulting in loss of control. 

- a measure of operational correctness. It can he applied to the effectiveness 
of the design of the control requirements, to the implementation of these 
requirements in the software, and to the effectiveness of the hardware in 
executing the software in a failure free manner. In a safety-critical 
application the safety of the aircraft is dependent on all three measures. 

- primarily related to the equipment being in an operable state 

The system architecture exactly matches the functional levels identified in Section 2.2.1 and Figure 2.1 I .  In 
Section 2.2. I ,  the concept of functional levels was introduced without specifying whether, in implementation, it 
would he carried out manually or by machine. In the application described in this section, all levels are automated. 
The aircraft and state control loop represent the existing avionics. The flight path control loop is a new automated 
system based on conventional control technology and the tlight management loop is a new automated system which 
contains the terrain following trajectory planning system. It is this element that is of primary interest here, since 
there is a KBS controlling the formulation of the trajectory to be followed. 

6.1.3.1 The Trajectory Planning Problem 
The specification of the requirements for an optimal flight path trajectory is relatively simple. It shall be 

mathematically continuous in its location and derivatives while achieving the lowest possible ground clearance 
without violating the requirements of minimum ground clearance or maximum aircraft maneuver limits. The 
optimum trajectory lies somewhei-e between the unconstrained path which follows every nuance of the ground and 
the level path above the highest ground feature in the area. The requirement that the system shall design and 
construct an optimal trajectory introduces new concepts to the specification of avionics functions. The implications 
of logical planning and decision making within the system are not compatible with the traditional approach to the 
design of high-integrity safety-critical avionic functions. 

A major part of the normal design process is the checking and verification, by analysis and simulation, that the 
system will correctly function throughout the operational envelope. This results in a requirement specification for a 
system which will operate with a known level of performance in that it will produce a high-integrity and robust 
solution. Thus the design process has reduced the task of the system to applying a defined and ordered set of 
operations to the input data. This is termed control processing and although different paths may he invoked as a 
consequence of the applied data set, a finite program flow map of possible paths has been designed and only one of 
these paths will be invoked in the knowledge that it will generate a solution. The set of generated solutions has 
been designed to he within the set of acceptable inputs to the following process and can therefore be used directly. 
The probability that it will be an acceptable, or correct, solution is the measure of the integrity of the system. Fly- 
by-wire control, autopilots and stabilization systems fall within this class. Since they directly affect the flight path 
of the aircraft by deflection of the control surfaces, they also belong to the safety-critical class of systems. Most 
avionics systems of this class have distributed frame based structures in order to ensure hard real-time operation at a 
constant repetition rate. Analysis of the trajectory planning problem showed that, whatever the applied technology, 
it would be extremely unlikely that it could be formally proven, to the level demanded for safety-critical systems, 
that an acceptable geometric solution could be guaranteed. Geometric considerations include the effects of location 
uncertainties and database accuracies as well as the effects of pilot actions. 

The first major concern is therefore related to system integrity. Since the system may be placed i n  a situation 
where there is no possihle solution that exhibits all of the necessary attributes of an acceptable solution, the inherent 
integrity associated with the traditional control processing design strategy is lost. 

The construction of an optimal tlight path trajectory through a multi- dimensional terrain model is a complex 
process. This complexity is further compounded when i t  is required that the trajectory satisfy a further series of 
performance related constraints; a variable weighting to minimum vertical clearance, a pilot acceptance of minimum 
horizontal clearance, a variable pilot acceptance of maximum maneuver levels, and a dynamic uncertainty as to the 
aircraft location. This form of nonlinear two-point boundary-value problem is representative of the class of 
algorithms known as 'computationally hard' and mort formally defined as 'NP-complete', being characterized as 
having exponential order time complexity. While it may be possible to construct an optimum trajectory by 
recursive dynamic programming techniques, the commercial constraints of size, weight, and power i n  the military 
aircraft environment are factors which promote the use of technologies which maximize the efficient utilization of 
on-board processing capabilities. 
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The second major concern is therefore related to the size of the problem task in terms of the computational power 
required to generate and maintain a solution in a hard real-time environment. 

6.1.3.2 The Trajectory Planning Solution 
With respect to the first concern dealing with system integrity, since the trajectory planning process can not be 

designed to guarantee an acceptable result, a different strategy must be invoked. The fact that a process does not 
produce a solution which exhibits high-integrity properties, by virtue of having been subjected to the control process 
design procedure, does not necessarily mean that the process itself can not be high-integrity. Such a class of system 
is termed analytical processing, which is defined as any data reductionkonversion process which produces a result 
based on the information content of the applied data set. In this case the computed result may be that there is no 
acceptable answer based on the applied data and, although not very helpful, represents a failure free high- integrity 
result. Put another way, the solution set has different dimensions to the acceptable input set for the subsequent 
process. 

In order to maintain the overall system integrity, there must be an additional element which monitors the quality 
of the solution and responds to the situation where no solution is available with a safe, high- integrity control 
strategy which will be invoked in this situation. System disconnect, which removes availability, is not a desirable 
first strategy, but may be the eventual safe strategy. Monitoring is most frequently associated with the detection of 
failures in hardware elements, however, there is no reason why it should not apply to an assessment of the quality of 
the processing results, provided that the necessary attributes of an acceptable solution can be formulated. 

The trajectory planning system was therefore constructed around a high-integrity central core which monitored 
for, and managed, this 'soft failure' with a default control strategy which was both demonstrably safe and had the 
added advantage of simplifying the subsequent trajectory generation process. This architecture is illustrated in Figure 
6.12. 

I 1  High-Integrity Environment 

KBS Trajectory I Quality 
Planning System Monitor 

Default 
strategy 

Figure 6.12 Trajectory Planning System Architecture 

The second concern regarding computational power requirements is best addressed by the use of efficient 
algorithms and programming techniques. The hard real-time requirement does iiot favor good 'average solution times' 
since the excess time associated with below average values can not be carried forward to ease the above average 
values. It is the situation where the time allowance is reached without achieving a solution which is of concern. 
This fact has previously provoked a negative reaction to KBS, and AI systems i n  general, within the G&C 
community. Claims that Expert Systems were capable of 'generating solutions for 90% of situations using only 
10% of the CPU power' have evoked concern as to what happens in the 10% of situations where a solution is not 
found. In a fixed frame-rate control system, there must be a solution, or plan, available at each iteration. If the 
consequence of a 'no solution' result from the KBS system is that a conveniional solution must be subsequently 
generated, then the total CPU power that must be made available, in the worst case, is 110% (10% for the KBS 
which failed + 100% for the subsequent conventional solution). This requirement to consider worst case conditions 
will always favor the conventional algorithmic solution. 

Since the trajectory path controller was designed to be tolerant to the lack (if solution case, the consequences are 
alleviated to some extent and, in this circumstance, the potential benefits of a I(BS solution can be utilized. In very 
simple terms, the time benefits of the KBS approach are best illustrated by comparison against a conventional 
structured programming approach. The conventional approach would be to ideritify a problem and then apply a repair 
strategy. This would be applied recursively until no more problems could bf: found. Pseudo-intelligence may be 
introduced by applying a hierarchical order to the types of problem being soJght and also to the order that repair 
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techniques are applied. In  the KBS solution a different strategy is applied. The problems are still sought hut they 
are not acted on immediately. Instead, they are assessed and ranked and a cumulative problem magnitude value is 
assigned. The assessment is important in that it considers the possibility that the apparent problem may actually be 
the symptomatic consequence of a different problem and this should be tested before any remedial action is taken. 
When the problem magnitude becomes significant, or the number of outstanding problems becomes excessive, or all 
diagnostic processes have been applied, then the scheduler assesses the problem list and invokes the system to solve 
the big problems first. In repairing a major problem, many minor problems and indirect consequential problems 
disappear without ever needing to he addressed directly. It is this reduction in inefficiency, by not imposing a rigid 
flow structure, that affords the timing benefit. An added bonus is that the quality of the final trajectory is often 
improved. This is a direct consequence of not applying local fixes to the trajectory to solve apparent problems 
which might subsequently disappear. 

6.1.3.3 KBS Description 

6.1.3.3.1 Overview of KBS Technique 
A classic blackboard approach to the organization of large KBS problems was adopted. This concept is relatively 

simple and is representative of the class of AI-systems referred to as expert systems (see Section 4.4). The entire 
system consists of a set of independent modules, referred to as Knowledge Sources (KS's), that contain the domain- 
specific knowledge within the system, and a blackboard which represents a shared data structure to which all the KS's 
have access. 

When a KS is activated, it  examines the current contents of the blackboard and applies its knowledge to add to the 
contents of the blackboard or to modify the existing contents. Although the execution of the total process consists 
of the asynchronous execution of a collection of KS's, the execution of an individual KS is a sequential process. 
Once a KS has been activated, i t  executes without interruption until it completes. During the execution of a KS, 
triggers, or demons, may be fired which create activation records describing that a different KS needs to be 
subsequently activated, together with the reason and the event that fired the trigger. This information can then be 
used to assess the potential benefit and also to focus the attention of the KS when i t  is actually activated. Execution 
of one KS may result in the firing of several triggers, causing several activation records to be created. It is the task 
of the scheduler to assess the activation records and decide which KS should be applied next. The scheduler is itself a 
KS which uses knowledge about the capabilities of the other KS's together with ratings of the expected benefits, 
passed up from the independent KS, to assess which of the KS's is likely to result in the greatest progress towards a 
solution and should be next activated. When the scheduler finds no pending activation records, an acceptable solution 
has been found and the flight path trajectory is made available to the path following controller. 

6.1.3.3.2 KBS Trajectory Planning 
For the trajectory planning problem, five separate domain experts are provided to help in the creation of an 

optimal trajectory. These domain experts are essentially diagnostic and eac.h has a specific myopic focus against 
which it assesses the quality of the trajectory and either accepts the trajectory or creates a series of problem reports 
and associated recommendations. These recommendations could be changes to the constraints, other processes to be 
activated, or both. Problem reports without recommendations are not permitted. The diagnostic domain experts 
cover: 

ride control 

clearance 

safety 

performance 

continuity 

- to minimize bumpiness commensurate with terrain characteristics. 

- to maintain, but minimize deviations above, the set value 

- to maintain safe roll-out recovery tracks. 

- to maintain target levels of maximum airframe performance. 

- to maintain kinematic continuity between trajectory sections 

A final process is provided which performs the actual construction, or modification, of the trajectory in 
accordance with the directions and constraints provided. This process itself contains a simple expert system which 
activates, from a library of construction techniques, that most suited to the required repair task. 

At each invocation, the scheduler assesses the current status of the trajectory, in terms of the list of problem 
reports, and decides which of the processes will afford the greatest benefit. This decision may be to invoke the repair 
process immediately or it may he deferred pending further diagnostic assessmenf. 

When all of the diagnostic domain experts have been activated and there are no outstanding problem reports, the 
trajectory is accepted. All points on the final trajectory will satisfy the kinematic equations of motion and the global 
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constraints on maneuverability. In addition the linal trajectory will exhibit all the properties necessary to satisfy the 
requirements of each domain expert. It is the dynamic balance of the intermediate local constraints which controls 
the final flight trajectory. 

If the real-time clock mandates ti time-out situation prior to ti solution bein;: available then the blackboard is reset 
to corrcspond to a new set of initial values for the next iteration and a no-sohion flag is set. 

The choice and use of languages and high level utilities is more relevant to the development phases. In the 
production phase, the Equipment Specification is likely to dictate the lanzuage to he used. It is i n  the rapid 
prototyping and development environments that high level utilities can provide the greatest benefits. During the 
development phase, the desire to fly the laboratory clevelopment system in a real-time environment restricted the 
choice considerably. KBS shells and languages wci-c re.jected at the time since none could meet the real-time 
requircmcnts and none were considered to be sufficicntly mature. Also, none were considered capable of giving the 
required visibility for the flight demonstration. FORTRAN- 77 was used throughout the development phase for the 
host microprocessor because i t  represented the greatest maturity by virtue of its popularity and near universal usage 
as a general purpose language. The visibility afforded by a high order language coupled with the confidence in the 
compiler proved to be invaluable in achieving rapid software modifications in the tlight demonstration phase. 

6.1.3.4 KBS Interface with Existing Technology 

6.1.3.4.1 Impact on System Architecture and Monitoring 
I n  the design of a conventional, safety-critical, renl-time system, the processing load is distributed across the 

time-lratne structure. I n  the case of a multi-processor environment, this allocation also considers degradation and 
integrity by grouping interdependent processes and segregating monitors froll; the processes being monitored. Any 
loading which is found to bc cxcessive results in a redistribution of modules within the frame structure. Typically 
an a w e g e  utilization of 70% to 80% can be expected with no frame overruns. 

The KBS element is not compatible with this tightly deiined frame structure The process flow is self determined 
and, therefore, can not be preassigned across ii frame and subframe structure. In order to sensibly include the KBS 
trajectory planning task wsithin the system it was necessai-y to allocate a dedicated and uninterrupted block of assigned 
proccsror time to the total KBS task. The iisscssetl variability in the processor throughput required to achieve a 
solution ranged from near zero, i n  the trivial case, to several MIPS under the most demanding situation found (not 
necessarily the worst possible). The distribution o l  throughput exhibited extreme skew and i t  was necessary t n  
allocate a finite processing power (MIPS) to the KBS element and accept the probability of failing to reach a 
solution within the allotted time. A nominal 98% success rate was set which resulted in a mean execution time of 
only 20% and a mode value of about 15% of the execuLion time allotted to this task. This low average utilization of 
available processing power is undesirable i n  an application where power, weight, and volume are all premium assets, 
however, it represents an application specific choice of a point on the utilizatio.1 vs. success trade-off curve. It must 
also be assessed against the processing power that would be required to perform an equivalent function using 
con~cntioniil technology. 

I n  ii conventional technology system the assigncd pro or loading will i-emain within known bounds and. as 
part of the hardware integrity monitoring, this attribute can be used to monitor each frame for unusual execution 
times. A watch-dog timer can detect short or long frame timings associated with failures of the frame executive 
controllcr. 

This attribute is lost i n  the design of the KBS element of the real-time system. The variability in execution time 
precludes the use of frame-time monitors to detect frame-time failures since frame times from near zero to time-out 
arc now acceptable events. 

Thc frict that the KRS element is incompatible with both the system architecture and monitoring associated with 
conventional technology high-integrity systems supports the segregation of the KBS element, either within a single 
processor or to its own separate processor. The input to the high-integrity c,>ntroIler is then treated as any other 
input i n  that its validity tlags are checked together with reasonableness and quality monitoring as appropriate. 

Although requiring a inore complex failure management philosophy, together with a default real-time control 
stratcgy, this form of soft failure management is no morc demanding than that associated with a simplex sensor such 
as a radio altimeter. which is subject to intermittent unlock and loss of availability. 

6.1.3.4.2 
The project was managed and orgenizcd as any other software engineering project where internal Company 

pmcedures are appended to any Equipment Specification rcquircments. In this instance, the Specification requirement 
was for ill1 software to be written i n  a high level language and to satisfy, among others, the requirements of DOD 
STD 2167.4. These requiremcnts are intended to ensure that designs are robust, efficient, and maintainable. 

Impact on Software V & V 
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Additionally they require that the system be tested at all levels, from module through integration to full system 
performance, together with static and dynamic code analysis. The requirements directly related to the levels of 
documentation and production of code are clearly applicable to any application and cause no specific pi-oblems. 
Those related to testing, however, were not so straightforward in the case of the KBS application. 

Basic module testing against the module requirements was problem free. The KBS elements are only in embryo 
form and can be specified, coded, and tested as any other software module. 

Integration testing was more demanding. The KBS element is fully operational and is exposed to the full  test 
procedures. Code analysis using current software engineering tools proved difficult and time consuming. The 
toolset is designed to identify, among other things, dead code and inefficient constructs. The major difficulty was 
identifying test harnesses which invoked all the rules since the analysis tool would reject uninvoked rules as dead 
code. 

Performance testing was carried out by closed loop operation and statistical analysis, and also comparison against 
results from the original VAX-based development model. At this level the KBS element is treated as a closed 
function and presents no specific problems. 

6.1.3.4 Status 
The development system has been demonstrated on a variety of UK, US, and European airframes. This has 

resulted in  the selection of the terrain following subsystem for the Tornado mid-life-update program. Based on the 
Specification for this system, a production standard equipment has been developed and tested against typical current 
requirements for safety-critical avionic systems. 

6.1.3.5 Summary 
The safety of the aircraft is dependent on the integrity of the design process, the software implementation, and the 

host hardware. In a conventional avionic system the design process is checked and verified by analysis and 
simulation throughout the operational envelope. Tolerance margins are included and sufficient linearity is assumed 
that operation will be possible between the design points. This results in a high-integrity and robust requirement 
being passed to the software engineer. He operates within the framework of Standards and Procedures to implement 
the requirement in a correct manner while adding monitoring and BIT and testing to ensure the operation of his 
product against the requirement. Similarly, the hardware engineer, by monitoring, selection, and replication, ensures 
the availability of a failure free host environment. 

In a KBS environment, the hardware engineering task is unchanged. The software engineering task is also 
unchanged, it is the software requirement that is different. The requirement is now specifying a system which will 
carry out the design task and also perform the resultant control requirement. While it is possible for the design 
engineer, the software engineer, and the hardware engineer to all impose the highest quality or integrity on their 
products, it is difficult to assign an integrity value to the quality, or even existence, of a solution from the KBS 
element which is now carrying out the design, or planning, task. It is therefore important not to confuse the 
integrity of a process with the acceptability, or integrity, of the result of that process. This is dependent on the 
mapping of the possible output set from one process onto the acceptable input set of the subsequent process. 

To maintain the safety of the system, this reduction in the system integrity must he compensated for by the 
introduction of the premise that the KBS element output is of low integrity possibly with an associated failure rate. 
There is now a requirement to both monitor the process output and also invoke a default recovery procedure in the 
event of a failure. This has been achieved by the provision of an independent monitor on the KBS element which 
checks the solution for completeness and constraint violations. A soft failure is flagged against any non-compliant 
attributes and a default recovery control strategy is invoked. If the soft failure condition persists, then as a function 
of time and maneuver, i t  converts to a hard failure status. 

Software engineering standards and procedures dictate comprehensive requirements to ensure the generation of 
high quality software, against the requirement specification, for safety-critical applications. The use of formal 
methods and software toolsets is encouraged while standards of documentation, traceability and accountability are 
mandatory. These standards have been developed and proven against a class of safety-critical avionic systems that can 
best be described as 'conventional'. 

By separating the attributes relating to the conventional element and the KBS element from the quality, or 
acceptability, of the solution, it has been possible to apply the same Standards and Procedures to both elements. An 
avionic system containing a KBS of the expert system, or rule based, class has been successfully developed for a 
safety-critical application against these standards without any need for change. 
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There is, however, a need to ensure that the KBS element does not compromise the system integrity for safety- 
critical applications. In this application, this has been successfully achieved Iiy the segregation of the KBS element 
and the provision of an independent monitor which checks the solution for completeness and constraint violations. 
This normally will imply a strategy leading to the eventual disconnection of the equipment, thus maintaining the 
integrity of the system at the expense of availability. 

6.1.4 COMPAS - Computer Oriented Metering Planning ;and Advisory System [6.29- 

6.331 

6.1.4.1 Introduction 
The COMPAS system is an example of the successful introduction of kncwledge-based planning support in Air 

Traffic Control. The basic functional concept of how the computer-based functions for Monitoring, Diagnosis and 
f ' lmning  support the other mental control functions of the human air traffic controllers have been outlined i n  
Chapter 2.2.3 . 

COMPAS is a planning tool to assist the controller i n  the handling of arrival flights in the extended terminal 
area of major airports. It aims at improving the flow of traffic and the efficient use of the available airport landing 
capacity while reducing planning and coordination effort of ATC personnel. The system has reduced controller 
workload of the approach controller team and does not cause any significant additional load to the en-route controller 
teams. 

Main basic functions of the system are Monitoring and Diagnosis of the t;-affic situation based upon the on-line 
input of the initial flight plans, actual radar data and the actual wind. Basic Planning parameters such 
perforinance data, air-space structure, approach procedurcs and controller strategies, separation standards and wind 
models arc already stored i n  the computer and do not require additional inputs by the controller. 

Each time a new aircraft enters the predefined planning area, COMPAS determines the optimal sequence of all 
approaching aircraft and calculates a schedule of arrival times for the "Mete-ing Fix", a waypoint at the Terminal 
Maneuvering Area (TMA) boundary and the "Approach Gate", a waypoint on the runway centerline. The computer- 
derived optimum sequence and schedule and some advisories on achieving the desired plan are displayed tu all 
Controller teams who are responsible for the control of the inbound traffic. Each of these teams receives only those 
data which are necessary to control the arriving flights in its sector and to contribute to the optimized overall plan. 
Usually there is no interaction required between COMPAS and the Human Operator. However, the controller has the 
ability, i f  he sees the need, to modify the computer generated plan or to change planning parameters and constraints 
through a sinall function keyboard. 

6.1.4.2 Monitoring, Diagnosis and Planning process 
The whole process is divided into several steps: 

o the acquisition and extraction of radar and flight plan data (Monitoring) 

o the prediction of the flight profile and rhe calculatiun of the arrival times (ETO) as if the 
aircraft were alone in the system, checking for rime-conflicts at the so-called "Gate" 
(Diagnosis) 

0 planning of the optimal overall sequence and calculation of the planned arrival times with 
minimum total delay for all known inbound flights (Planning) 

o freezing of the planning status when the aircraft reaches its top of descent 

There are several assumptions within the flight protile model with regard to an economical descent profile and the 
performance of the type of aircraft. A simplified method based on airline operations data was developed for profile 
prediction. The different profile legs are calculated with the actual radar position, airspeed, flight plan data, altitude, 
wind data as received on-line from the ATC data processing system. Further consideration is given to the aircraft 
type-specific econoinical descent gradient, ininiiiiuin cost descent speed, the aircraft deceleration rate and possible air 
traffic constraints at the Metering Fix and the Approach Gate. The estimated time of arrival (ETO) is based on the 
preferential flight profile of the aircraft . The earliest estimated time of ai-rival (EETO) takes into account all 
measures to advance the aircraft within its performance envelope without requiring any thrust increase. The time 
difference between ET0 and EETO is used as a margin for sequence changes to maximize traffic throughput without 
violating economical flight conditions. 
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With its EETO, the newly entering aircraft is inserted into the already existing sequence (see Fig. 6.13) The 
result is an initial plan, i.e., a tentative sequence of aircraft according to the 'first-come- first-served' principle, but 
possibly with still unresolved time-conflicts. 

As an example of the knowledge-based core functions in COMPAS, the planning algorithm to establish the 
optimal sequence and schedule shall be described briefly . It is an analytical 'Branch-and-Bound algorithm with three 
major elements 

o merging of new arrivals into the sequence 

o time conflict detection and 

o time conflict resolution with optimization criteria 

INITIAL PLAN 
3. 'I" 

ARRIVAL PREDICTION 
I * 

TIME-AND SEQUENCE-PLANNING 

CONFLICT-FREE PLAN WITH MINIMUM DELAY 
A. B, E" 0" c, 

r! I . t  

0 BEST SEQUENCE AND SCHEDULE 
0 TIME COMPENSATION 

Figure 6.13 COMPAS Planning Algorithm 

The overall goal here is to minimize the total delay time by optimal combination of the aircraft of different 
weight classes. A dense sequence of aircraft ( i.e., minimum total delay ) contributes to the best utilization of the 
available runway capacity. The algorithm can be graphically represented as an heuristically oriented search in a 
decision tree. The nodes represent the individual sequence pairs which are characterized by the earliest time conflict 
between two aircraft in each case. The branches show the alternatives for conflict resolution and the decision tree is 
developed following the principle 'solve-the-earliest- conflict-first'. The cost function is the total delay time, which 
is accumulated until a conflict free plan is found. The cost value of this first solution is called 'first bound' (usually 
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it is a sub-optimal sequence). A backtracking procedure leads sequentially to all those nodes with less then the total 
delay of the first bound. From there new branches in the search tree are developed. The development of a new 
branch will be stopped either when the total delay viiluc of the 'first bound' is exceeded or it leads to a new bound 
with less total delay. The planning process ends when all remaining conflicts have been resolved. The result is a 
sequcncc for all  known inbound flights with the shortest time separation between any preceding and trailing aircraft 
equal or greater than minimum permitted separation and a planned delivery time for all arrivals at the so-called 
"approach gate". From this "gate time" all other intermediate arrival times for other waypoints are calculated 
individually for each actual flight. Furthermore, an advisory is calculated which defines how much each arrival has 
to be advanced or delayed. 

6.1.4.3 Display 
The layout of the man-machine interface of COMPAS was of crucial importance to the acceptance of the whole 

planning system. "Keep the controller in the loop". "Give him the plan, but leave the implementation to his 
experience, skill and flexibility". "Minimize the need for keyboard entries and keep the advisories as simple as 
possible". Thcsc were the inain guidelines and pi-inciplcs f b r  the design of the Human-Computer interface, i.c. the 
COMPAS-display and the COMPAS-keyboard. 

The display of thc solutions from sequencing and scheduling is speciallji tailored to the needs of the different 
ATC uni t s  ( Enroute and Approach ) which are involved in the handling of inbound traffic. Figure 6.14 shows the 
features of the controller display. The planned aircraft in thc arrival tlow are listed sequentially in a vertical timc 
line, with the earliest arrival at the bottotn. The aircraft labels are additionally marked with 'H' or 'L according to 
the weight categories of the individual aircraft ( H=HEAVY, L=LIGHT, the standard MEDIUM category is nor 
indicated explicitly). The vertical position of cach arrival is correlated with a vertical time line which moves 
downward with the progress of time. The bottom of the line represents the planned time over the Metering Fix 
(enroute display) or Approach Gate ( approach display). A color code is used I:O indicate from which approach sector 
the aircraft are coming. The letters left of the time line give a rough indication (advisory) of the suggested control 
action for each aircraft during the descent phase. Four characters are defined i n  order to reach the planned arrival time 
and to establish a dense, smooth traffic flow ( ' X =  a n  acceleration of up to two minutes, 'o'= no action, 'R= a delay 
of u p  to four minutes and 'H' = more than fuur minutes delay). The controller is free to accept or to reject the 
advisory. He can modify the computer-generateil sequencing plan if he desires or if unforeseen events have occurred. 
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EEB510d 
AFULSS 

J A W  

DLH013 
sum7 

SEQ CH6 DLH451 M* OM639 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

Figure 6.14 COMPAS Enroute Controller Display 

In addition the display shows. at top right, two basic parameters for informz.tion: the active runway direction (e.& 
25) and the so-called "FLOW", which actually tells the minimum permitted and planned separation. 
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The controller can move a cursor up or down on the time line to identify a specific aircraft or time window if he 
wants to enter modifications. 

6.1.4.4 Keyboard 

are ten function keys to change the basic parameters or operational functions. 
Figure 6.15 shows the intentionally very simple functional keyboard for controller-computer interaction. Thcre 

Inputs to modify the basic planning parameters can only be entered by the approach controller, Le.: 

o change of minimum separation ( FLOW ). 

o change of landing direction (RWV CHG ) and 

o STOP in case of closure of runways. 

Inputs to modify the automatically generated sequence and schedule can be entered at all controller keyboards, 
both in the in enroute and approach sectors, Le.: 

o insertion of arrivals unknown to the system into sequence (ADD SLOT), 

o cancellation of planned arrivals (CNL SLOT), 

o move an arrival over several positions in the sequence (MOVE), 

o change of planned sequence between two successive aircraft (SEQ CHG), 

o assign priority to an arrival(e.g. emergency, ambulance, etc.)(PRI) 

o display of additional information to the en-route controller (TFC INFO), to give additional 
information about aircraft in adjacent sectors. 

6.1.4.5 Conclusions 
The COMPAS-system was installed in the Frankfurmain  Air Traffic Control Center of DFS, the Gemman Air 

Traffic Services in 1989. Since then it has been used successfully, 24-hours-a-day, and has shown improved traffic 
flow and throughput. It has found overwhelming acceptance with the human operators. As scientific, statistically 
proven studies have shown, this is mainly due to the planning results which are generated by the knowledge-based 
functions. They are reasonable, feasible and easy to comprehend and to apply. Controllers feel that these advisories 
are "non-intrusive", and give an easy-to-follow framework plan while allowing them to stay in the loop with some 
flexibility to make changes. Above all, the controllers retain the ultimate authority and responsibility. 

Figure 6.15 COMPAS Keyboard 
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The future development of COMPAS is focused on two main directions: 

o incorporation of more sophisticated models, advanced planning technologies and heuristic 
planning methods as described in Chapter 4. 

o full integration with other planning support tools for ATC Terminal Automation, ( e.g.: 4D- 
Planning; Wake Vortex Warning System; Ai~rivalDeparture Coordination; Airport Surface 
Traffic Management) 

This will be achieved through the application of advanced knowledge-based technologies (e.g.: Multi-Agent 
Planning; Hierarchical Planning; Multi Sensor Data Fusion; Information Management) as described in Chapter 4. 

6.2 Space Applications 

6.2.1 The Real-Time Data System (RTDS) 
The Real-Time Data System project was the first major success within the United States space program in 

integrating knowledge-based systems technologies into the operational world o.!space vehicle monitoring, diagnosis, 
and control. It was initiated i n  1987 at the Johnson Space Center (JSC) with the following major goals 16.341: 

* To inexpensively introduce modern computational technology into real- time Space Shuttle 
operations 

* To improve the quality of flight controller real-time decisions by using KBS reasoning 
methods 

* To improve the quality and efficiency of training for flight controllers 

- To provide a flight control system development platform external from the operational center 
which would allow for testing of new computational technologies and easy integration into 
the operational flight control rooms 

* To transfer applicable technology for flight control into Space Station Freedom operations 

From an initial application to the communicatioiis subsystems of the Space Shuttle (the Integrated 
Communications Officer or INCO console), RTDS has now reached the stage where advanced graphics and AI 
technology has been infused into I I of 19 flight control positions. These include such critical areas as propulsion, 
electrical systems, communications. and guidance. The project has also expanded in scope to real-time data 
acquisition/distribution since there was previously no means of providing telemetry to the engineering workstations 
on which the RTDS applications are hosted. RTDS has grown to be both an operational platform in the Mission 
Control Center (MCC) and a development platform in outside office buildings. Perhaps the most significant impact 
of the RTDS project has been the demonstration, proof, and programmatic acceptance of a distributed, networked 
workstation architecture for the new Space Shuttle and Space Station Combined Control Center. 

Thc first RTDS systems made use of graphical user interfaces and heuristic reasoning techniques (expert systems) 
to "translate" the display screens of numbers in traditional control systems into engineering oriented displays. The 
comparison can be seen below in Figures 6.16 and 6.17 for the INCO console system. This had the effect of 
decreasing errors and substantially reducing training time to become expert INCO controllers. 

Three techniques were used to facilitate the translation from a "flat" display of parameter values into the RTDS 
displays. First, the major part of the RTDS INCO display is organized as a schematic of the Space Shuttle 
communications systems. Functional interconnections are easily seen and engincering parameters (both numeric and 
qualitative) are displayed immediately adjacent to the relevant components. A skilled communications engineer needs 
very little additional training specific to the INCO console to effectively monitor the system. Second, while it 
cannot be seen i n  the figure below, color is used extensively to highlight warnings and potential component failures. 
Parameters, associated components, and potentially affected inter-component linkages turn red when immediate action 
may be required. This is nearly impossible to uverlook compared to a numeric change i n  one of hundreds of 
parameters on the  prior system. Finally, a knowledge base of hundreds of heuristic rules is used to analyze and 
classify parameter changes. Instead of simply showing out-of-limit parameters, the system is able to correlate 
changes and provide advice on problem nature and criticality. For example, the system can help decide whether a 
problem has occurred in a single component or i n  communications links among components by an analysis of 
parameter changes. 
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Figure 6.1 6 Traditional Display of Communications Systems 

Figure 6.17 RTDS Display of Communications Systems 
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Within the last several years, "second-generation'' AI technology has begun to be used to upgrade existing RTDS 
applications and provide a core for new systems. These technologies, mainly model-based reasoning and machine 
learning, are used to correct the major weak o i  expert systems: the inability to reason about previously unseen 
problems. For example, the Fuel Cell tnoni g system shown in Figure 6.18 employs a detailed causal model of 
the elcctrical components. pipes, valves, and tanks to reason directly about pressure and voltage changes and assign 
likely causes to those changes. It "understands" failures in the system even if the precise pattern of parameter values 
has not been encoded within heuristic rules. 

RI'DS has made a qualitative difference in the way space mission conti-ol is being conducted for the NASA 
manocd space program. The shift has been from ccntralized data processing on a mainframe computer to distributed 
proccssing on workstations specialized to each engineering discipline. AI technology provides heuristic and model- 
based diagnosis techniques Lo bear in situations wherc algorithmic methods are either incomplete or too slow. 

Thc technology has alsn provided substantial cost savings in the Mission Control Center at Johnson Space 
Center. This has occurred i n  three ways: by reduction of actual console operator positions, by reduction of training 
costs. and by reduction of software development cnsts. The latter has been by far the most dramatic, with a recent 
estimate of a $160 million cost savings by the year 2000 in ci-eating the Conlrol Center Complex that will he used 
for nn-orbit operations of the Space Shuttle and Space Slation Freedom. 

Figure 6.18 Model-Based Fuel Cell System Elisplay 

6.2.2 
ARIANEXPERT is an cxcelient example of KRS potential for the spacecraft monitoring function (see 5 2.2.4), 

and. more specifically, of KBS capability to reason about physical systems (sei: 5 4.4). ARIANEXPERT has made 
the Post Flight Analysis (PFA) of ARIANE launcher telemetries, which were recorded during the flight, far more 
productive (by a factor of 4), while making this task more systematic and iaore exhaustive, and improving the 
quality of the task. Furthermore. bechuse of its capability to store PFAs for some time, ARIANEXPERT captures 
the PFA cxpettise, and thus provides a technical data base of ARIANE flights and PFAs.[6.35, 6.361 

6 . 2 . 2 . 1  Statement Of ProblemlSolution 
The ARIANE launcher post mission analysis is clone at ARIANESPACE. This activity is called the "Level 0 

Post flight Analysis" and is carried out after each launcli by about 60 engineers who are working together under the 
leadership of ARIANESPACE. 

ARIANEXPERT : A KBS For Post Flight Analysis Of Ariane Launcher 

The PFA is one of the most critical ARIANE operations, for several reasons 



the launch rate (8 a year for ARIANE 4) allows only a very short time to carry out all the 
verification work. Moreover, the PFA is a mandatory step before authorizing the next 
launch; 

the complexity of the ARIANE launcher results in a very high demand on the PFA engineers. 
Moreover, there are problems of availability of people with relevant expert knowledge 
(characterized by a substantial staff turn over during the I O  year life duration of  ARIANE 4) 
which could potentially result in errors or omissions; 

it is very important to be able to take into account the experience of the preceding flights and to 
record the results and the knowledge accumulated for each launch; 

the quality and the reliability of the PFA mainly depends on the accessibility of data and on the 
methodology used. 

The PFA is composed of the analysis of fourteen flight domains : 

- first., second- and third-stage propulsion domains; 

* liquid andlor solid boosters (depending on the launcher configuration); 

electrical systems of the vehicle equipment bay; 

- cap mechanical analysis (separation); 

- flight program; 

* trajectoly performance; 

- automatic pilot during propulsion phase; 

* flight mechanics; 

attitude control system: 

* vibrations; 

- POGO 

The PFA i s  still largely done manually, and does not benefit from improved methodologies and advanced 
technologies providing computerized support for data processing and diagnosis. Consequently, ARIANESPACE has 
sponsored MATRA MARCONI SPACE for the development of a KBS, called ARIANEXPERT, for supporting the 
PFA activity. This system combines AI techniques and Numerical Analysis techniques, together with advanced 
graphical capabilities. 

6.2.2.2 Benefits Of KBS Techniques 
The AI techniques were used to provide the system with high flexibility capabilities: 

possibility for the experts to enrich the analysis Knowledge in the system by themselves. This 
was achieved by using an Object Oriented representation of knowledge and reasoning 
mechanism 

manual or expert access to the rich set of graphical and numerical capabilities of the system in 
analysis phases. 

6.2.2.3 Interface With Existing Technologies 

that provides the telemetry tiles or the FrameMaker TM word processor to automatically format an analysis report. 
ARIANEXPERT is interfaced with more conventional software technologies such as a data base on a mainfmne 

6.2.2.4 ARIANEXPERT Main Modules 
The system architecture is shown in Figure 6.19. The Feature Extractor is the manager of the PFA. It directs 

the different data processing and plots, handles the fault detection and trends analysis, activates the diagnosis 
facilities, records analysis results in the PFA database and drives the automatic report editing. 
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The Man Machine Interface provides the interaction tools between the user and the system. 

The Diagnosis Facilities provide the knowledge bases (KBs) and the different mechanisms (KB Methods) to 

Finally, the KB Administrator is a toolbox containing dedicated editors to enrich or modify the different 
knowledges used by the system such as diagnosis KBs or fault detection knowledge. It also handles a special 
mechanism to take into account new fault patterns. 

interpret the detected anomalies. 

I .., , 

4 I -14 

Man Mrchinc lnreiirce 1 

Figure 6.19 ARIANEXPERT General Architecture 

6.2.2.5 Status 
After a 6 months experimentation phase, ARIANEXPERT became operational at ARIANESPACE in early 

1991. The operational deployment of the system was a success. Today the availability of ARIANEXPERT has 
become mandatory for the users at each PFA. A major benefit is that performing the PFA with ARIANEXPERT 
requires 114th the time than previously and, in addition, ARIANEXPERT allows addressing systematically and 
exhaustively more analysis than before. 

6.2.2.6 Maturation 

following factors: 
Introducing such innovative tools as operational systems was a challenge that was successfully met due to the 

- A major factor was the iterative development methodology This limited .:he technical demand 
placed on the initial prototype in order to deliver a first usable version to the end users very 
quickly in order to get their feedback, The final users were kept involved in each step of the 
development process; feasibility study, mock-up development, prototype development and 
operational deployment. 

- In addition the system was designed to allow an incremental knowledge axpisition and 
experimentation from the beginning of the prototyping phase. 

- Then a highly motivated user was identified to become the administrator of the system. His 
mission was to handle the evolution of the system by managing the interface between PFA 
Operators and other Domains Experts as well as to support them in the use of the system. 



Finally, because of the psychological organizational impacts generated by these innovative 
tools, it  was necessary to introduce them very progressively in its industrial target 
environment. 

6.2.2.7 
The user loads the knowledge base corresponding to a flight domain and selects the flight. The ARIANEXPERT 

system then loads automatically all the telemetries which are required for the flight domain and performs 
successively all the analyses which have been defined in the knowledge base by the experts. 

A Typical Analysis Case Performed With ARIANEXPERT 

The analysis procedure is simple and always the same. This is an important point because new users can learn 
very quickly how to use the system. The system first explains the goal and the reasons for the analysis and displays 
the telemetries involved in the analysis (see Figure 6.20). The analysis consists of a data processing performed 
automatically by the system on the telemetries. The result of the data processing is compared to the reference values 
specified by the experts of the flight domain. ARIANEXPERT is then able to detect abnormal values and to warn 
the user of these anomalies. The user is released from the tedious tasks which are performed automatically by the 
system and he can concentrate on the on-going analysis. 

This simple analysis procedure is powerful because many types of data processing are available in the system and 
because it is possible to organize the single analyses into a complex conditional analysis procedure. The system 
explores an exploitation tree (see Figure 6.21) which contains not only single analyses but also tests. Single 
analyses placed below a test are performed only if the test is positive. 

Fig 6.20 Main Window of ARIANEXPERT 

The user can suspend the analysis at any time to perform complementary investigations on the data using the 
interactive graphical functions proposed by the system. 

At the end of a working session, a final report on the PFA can he automatically generated by ARIANEXPERT. 
Several types of report formats can be defined by users, depending on whether they want a synthetic or exhaustive 
report. The user can also select telemetry graphics during the analysis which will be included in the final report (see 
Figure 6.22). 

The user can find all the results associated with an analysis in the report. The Figure 6.22 gives a report 
example for the analysis of the offset of the gyroscope during the 5 seconds before the launch at Ho. The mean 
value of the offset must he lower than a reference value for the three components roll-pitch-yaw. The main 
characteristics of the analysis are listed first: purpose of the analysis, telemetries which were studied, the analysis 
time interval and the validity criteria of the analysis. Results are displayed in a three-column table. In this example, 
the validity criteria is fulfilled for each telemetry, i.e. the observed offset is lower than the maximum reference 
offset. 
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6.2.2.8 Field Experience With ARIANEXPERT 
The main challenge for the successful application of ARIANEXPERT to the PFA was related to human factors. 

The system had to be used by people with little experience in using computers for interactive analysis and who had 
their own habits in performing the PFA. It was quite a big change in their way of working and people were rather 
reluctant during the first working sessions with the system. Reluctance left progressively place to conviction 
mainly because : 

- It is integrating conventional computerized support together with advanced analysis 
functionalities. 

low-level tasks are automated and data is very accessible 

it is possible and easy to enrich or modify the knowledge of analysis progressively with flights 

- it is easy to understand the results of analysis and efficient to have them being formatted 
automatically in a report 

it is possible to compare analysis results of past flights taking into account the different 
launcher's versions 

- the results given by the system are complete and very precise, 

ARIANEXPERT is very easy to use although it provides a very rich and advanced set of 
functionalities. 

6.2.2.9 Conclusion & Potential For Other Applications 
Now that ARIANEXPERT has achieved a good state of maturity, a generic reusable kernel called X-ANALYST, 

including all the main functionalities of the system has been extracted in order to adapt it to other data and trends 
analysis problems such as in-orbit spacecraft monitoring., design data analysis, etc. Of course its analysis 
procedures and diagnosis knowledge representation modules can also cover other data analysis domains, which opens 
a wide potential for other applications to X-ANALYST. 

ARIANESPACE in January 199 I ,  Enhanced versions of ARIANEXPERT have since been delivered. 
ARIANEXPERT development was initialized in 1988, and its first operational version was delivered to 

The X-ANALYST generic kernel was isolated in 1992; its first other application, SAT-ANALYST for satellites 
trends analysis, was developed and delivered in 1992. It is now being used within several space programs (e.g. 
TELECOM 2, HISPASAT...). X-ANALYST has been recently adopted for ARIANE 5 (the future version of the 
ARIANE launcher) test benches, for testing the launcher prior to launch. 

6.3 Life-Cycle Example Applications 

6.3.1 Management of Life Cycle : Copilote Electronique 
This chapter illustrates AI life cycle Management, as mentioned in chapter 2, through the initial phases of a KBS 

development project. The example here is the description of the early phases of the French Copilote Electronique 
Program. This program is representative of a multiple-domain, multiple-partner project with a fixed-cost approach. 
The various efforts described resulted in the establishment of the Copilote Electronique management structure 
intending to optimize the development phases of the life cycle. L6.37-6.431 

6.3.1.1 Introduction : Problem description 
Around 1986, the French Aerospace Defense Services began considering the emerging problem of aircraft mission 

management being adversely impacted by a growing information and cognitive task Pilot overload. At this time, AI 
technology was moving toward new decision aids and in the US, the Pilot's Associate program was also receiving 
more attention in European defense departments. 

An action was then initiated by the French military research agency, DRET, to survey the need for pilot 
assistance in French air force programs and the feasibility of KBS as a potential technical answer. The need was 
expressed by senior pilots of the French air force and navy, based on experiences with the Mirage F1, Mirage 2000 
and Super Etendard. This survey was completed by Dassault test pilots currently involved in the definition of the 
new Rafale program. A rapid prototyping approach led the Dassault team to mock up a simplified assisting system, 
which showed enough promise to lead to a more important action of Exploratory Development. For this 
development a fixed cost constraint was imposed and the need to federate various industrial experiences was 
expressed. 
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The history of the Copilote Electronique early phases can be viewed as a typical process that many G&C KBS 
projects lire likely to follow i f  they involve multiple domains of expertise and several industrial partners. This 
example covers mainly the initial AI life cycle iterative phases as presented by the "Knowledge Engineering Life 
Cycle" spiral shown in Figure 2.33 Three main phascs are described: the concept feasibility phase; the technical 
studies phase; and the federative project definition phase. It gives some insight regarding the various actions 
performed by the French Aerospace partners from 1986 to 1992. These descriptions show how such a project is 
faced with the development infrastructure needs as described in chapter 5. Ad Hoc solutions in t e r m  of 
methodological approach and design tools are presented with estimates of the;., merits (precise metrics could not be 
issued as unrestricted material). 

Figure (6.23) depicts the cycles Dassault and other French Aerospace indusiries went through before the launch of 
the exploratory development "Copilote Electronique" by the French Defense Services. 

Problem understanding : 
DRET - CERMA : 

Requirement capture 
Planning, specification : 

DRET - Dassault 

Aerospace companies : 

Implementation : 
S.T.T.E. 

D.E. 
te Electronique 

Loekheed - Dassault : 
Technical exchange 

STUDIES DEFINITION 

Figure 6.23 Copilote Electronique Initial Phases 

6.3.1.2 A first iteration example : t h e  f eas ib i l i t y  p h a s e  
All fighter aircraft equipment follow the same cycle; better or new techniques and technologies -> improved 

performances -> increased complexity -> better or new techniques and technologies-> etc. The resulting 
workload may overextend the pilot's capabilities resulting in a drop in the global performance of the aircraft and may 
even lead to a mission failure. 

Aftcr the initial understanding of this problem and the generic needs identification, the French Defense Services 
launched several actions in parallel through the Aerospace community in order to study the feasibility of an onboard 
assistant concept. 

The first action was to conduct the requirements analysis of the concept. 

A survey of existing efforts (national as well as intcrnational) was initiated to give answers to these questions. 
Thc CERMA (Centre d'Etude et de Rechercht en Medecinc Aerospatiale) tackled the problem of operational expertise. 
Extensive work with Mirage FI reconnaissance pilots provided a lot of clues resulting in the identification of various 
pilot behaviors correlated with pilot profiles. These studies were conducted ,311 pilot's cognitive activities during 
high speed, low altitude penetration missions over a four year period. During these missions, expert pilots and 
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novices showed different cognitive processes. Pilots' strategies depend on their knowledge of their own competency. 
It was also noticed that priority is given to short term activities like flight control. Medium and long term 
activities, like navigation and tactical planning, are only engaged in when the flight is stabilized. The flight plan is 
never executed as defined during ground preparation. These studies highlighted how the pilot's inetaknowledge 
influences mission-preparation as well as his instant reactions. A joint activity with Dassault allowed the mapping 
of Pilots intuitive aspirations for new assistance into the reality of Mirage 2000 and Rafale advanced designs. This 
established the feasibility Building on this 
requirements analysis, Dassault oriented the design of the Copilote Electronique toward a Pilot-in-the-loop adaptive 
aiding system. 

of adaptive aiding for the Man/Machine relationship concept. 

In parallel with these studies, the French Defense Services asked Dassault tLcarry out a feasibility study in order 

This action followed previous attempts in the field of dogfight simulation which had shown that Pilot's 
experiences could be modeled in the form of rules in a reasoning system in order to fly a combat aircraft against a 
single opponent. A software environment to perfect the expertise in multi-aircraft combat tactics by automatic 
learning was created later with French Defense Services support. One difficulty encountered in this first attempt was 
the lack of an adequate development infrastructure. Only a homemade version of Lisp could be used on an IBM 
mainframe resulting in poor performances. A new project prototyping was therefore realized with more mature 
software environment (ART shell and Common Lisp on a Symbolics machine). The  resulting mock-up 
demonstrated that KBS technology could work on a tactical advice subset of the Copilote Electronique. It included 
some tactical assessment, planning and plan selection. The four expert systems which were developed used 400 
ART rules and 3000 objects. Real time performance was not reached, but ways of improvement could be foreseen. 
This work drove the architectural design of the Copilote Electronique toward a multi-agent distributed AI approach. 
It revealed the difficulty of mastering multi-expert architectures and identified the necessity of specific methods and 
tools (other than rapid prototyping ones) for the full scale development. 

to validate the technological KBS orientation of the project. 

At this stage both the ergonomic concept and the technical orientation were considered feasible. 

6.3.1.3 Iterating on Previous Experiences : the Technical Studies Phase 

identified: 
At the end of the first iteration of the Copilote Electronique program, three main unanswered questions were 

- Is it  possible to capture enough expertise to create real assistance for pilot reasoning? 

- Is the KBS technology mature enough for a real development? 

* Is the Aerospace community able to integrate such a new concept in a current avionic system 
design? 

Two types of studies were then initiated to address these questions. A first set was dedicated to prototyping of 
various expert functionalitys. A second set considered the elaboration of proper tools to populate a program 
development infrastructure. 

As the environment of a military aircraft is not a static, well known and precise one, a research task addressing 
the management of uncertain and temporal information appeared necessary. This has been undertaken by Dassault in 
collaboration with LIFIA (a research laboratory in Grenoble), under DRET contract. The approach was to take 
advantage of the operational expertise gained from heuristically handling the quality of information. This allowed 
reasoning about the certainty of information, the quality and interest of hypothetical worlds, and the confirmation of 
information during the mission. 

Another expert system prototype was developed by Dassault for rapid diagnosis of Mirage F1 equipment on 
return from a mission. It has been mocked-up under STTE (a French Defense Technical Service) sponsoiship and in 
collaboration with Dassault Electronique. It performed as a realistic filtering module for the RAFALE A 
demonstrator aircraft, The mock-up was implemented with EMICAT, an expert system shell on top of Prolog. 
This work gave some initial clues about addressing real-time issues of KBS onboard implementations. 

At the same time many aerospace companies were conducting preliminary prototyping of expert systems in the 
G&C domain. 

For instance, SAGEM, as an Inertial Navigation System (INS) manufacturer, and the French agency STTE 
decided to launch SEAN - an Expert System For Navigation Assistance Aboard Fighter Aircraft. This project, 
started at the end of 1986 and ended in 1989, can provide a view of the community background at that time. 
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Increasing precision of navigation equipment, as well as on-board computer!: performance and diversified means of 
navigation updating have improved navigation performances but has also coinplicated the pilot’s tasks. 

Two main goals were assigned to the expert system 

~ assist the end-user in performing critical choices (such as validating a navigation update, 
selecting the best out of 6 navigation choices, selecting the best inixtial uni t ,  ... ) ; 

assist the end-user in understanding and qualifying the supervised system (such as qualifying the 
optirnal navigation, diagnosing the present navigation update, diagnosing the inertial units, 
... ). 

I n  ordcr to fulfill these requirernents, it was obvious that one had to work with several experts : 

tlight test pilots anti co-pilots [end-users) - i n  order to identify their needs and requirements ; 

inertial systems designers ; 

tlight test engineers involved in tuning and repairing the INS ; 

- experts in Kalrnan filtering 

The methodology and project management were based on the rapid prototyping approach. As explained in chapter 
5, a KRS development differs considerably from ii conventional software development. In  this project, two 
methodologies were selected for use. First, among specification and design sostware methods, the KOD method was 
selected for knowledge acquisition. 

Secondly, an upstream knowledge validation was ciinducted which was based on simulations. In this manner, the 
acquircd knowledge was validated as soon as possible i n  the application life cycle. After completion, a validation of 
the entire demonstrator was perfornmed. 

A demonstrator was implemented on a Syinbolics m;ichine using the expert system development shell ART. 
This software was coupled with a complete sirnulation ofthe INS. It showed the improvements offered by an expert 
system. Implemented knowledge performed the diagnosis of six of the rnor,t corninon inertial error sources and 
supervised navigation updates. The prqject also revealed thc limitation of t:ie current knowledge based systems 
supporting environment [cf Chapter 5). 

01 course many similar developmcnts were conducted i n  parallel during ;:his first iteration by other aerospace 
comp;inies with useful results for the orientation of  following phases of th- project. In particular, many KRS 
development tools were used and evaluated. 

”, ‘iss‘iult . ., conducted technical studies, mainly ill-iveii by thc distributed A I  perspective. In the context of the 
iry to define how the industry partners would interact with Air Copilote Electronique program, it appeared necc 

Force operational experts for knowledge capturc and rcfincment. 

Thc CERMA studied a specific rnethodology fc)r eliciting and forrnalizing pilot’s expert knowledge. This 
methodology will bc used for the Copilote Electroniquc Exploratory Development. It covers various aspects of 
expei?isc elicitation, such as: 

* session preparation, - role of the session leader 

- interview technique. 

* Sorinalization technique including : 

full  text, 

object descriptions, 

test descriptions, 

action descriptions, 

strategy descriptions, 

mission descriptions 
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This methodology was derived from previous CERMA work with Mirage FI pilots and has been tested by 
Dassault while eliciting Mirage 2000 Pilot expertise. The development concerned an intent recognition module. It 
was implemented in Common Lisp and Flavors with an actors mechanism. This implementation was done in order 
to test the methodologies proposed for the full Copilote Electronique project. In particular the method and tool for 
capturing pilot's expertise were tuned during this study. This gave useful insight about the knowledge acquisition 
process. 

This 
performance must be forecast regarding the constraints inherent i n  the suitability of an expert system for airborne 
use. For the Copilote Electronique project, realistically hypothesized core avionics anticipated for the year 2000 are 
used. With various partners, Dassault explored several potential solutions such as parallel processors, symbolic 
processors, risc processors, etc. For instance, a parallel implementation of the initial mock-up has been realized. It 
results in a network of 25 tasks functionally equivalent to the four expert systems. The performance improvement 
achieved, as well as the re-engineering time observed, confirmed the feasibility of an iterative optimization after the 
initial functional design. 

Another important activity was initiated to survey the real time performance of AI  mechanisms. 

Similar work was performed by Dassault with ONERA on the Multi-agent problematic aspects of the Copilote 
Electronique. The architectural work seemed very tedious and not easy to project to future real-time 
implementations. Thus tools to help the architect appeared necessary. This work resulted in the development of a 
design tool called SAHARA. SAHARA is a French acronym for "Simulateur dArchitecture Hktkrogkne, $Agent et 
de Ressource Active" (Heterogeneous Architecture, Agent and Active Resource Simulator). SAHARA'S main goal is 
to help to design a multi-expert system in vue of future prodncability. It is assumed that such a system has to 
interact with the outside, is made of several agents, (Le. expert systems reasoning simultaneously and interacting 
asynchronously) and has to take temporal constraints and limited resources into account. SAHARA helps the 
designer face the multiplicity of choices and complexity of interactions by helping him describe the architecture and 
evaluate its performance. 

The modeled architecture consists of three levels; functional, structural and virtual resources. The functional 
description is given in terms of a hierarchy of functions (as in SADT methodology) where the inputs, outputs and 
behavior of each function, and the data flows between functions are specified. SAHARA helps the designer 
determine if the implemented function corresponds to the desired function. Structural description includes the 
definition of implemented procedures (size, time response, exchanged data with other procedure...), used memories 
and communication protocols between procedures. SAHARA simulates the procedure behavior i n  terms of 
processing durations and memory allocations. Resource description includes the definition of available computing 
facilities, available memory and communication facilities (flow rates, access time...). SAHARA simulates the 
described architecture with chosen scenarios and supplies information on measures of performance. All these 
measures help the designer evaluate his architecture and, by doing so, improve it. 

These technical studies gave the aerospace community a strong background to investigate the cognitive aspects 
related to the various areas of expertise associated with decision aids, and the computer science aspects relative to the 
implementation of artificial intelligence techniques in real time airborne systems. They were conducted i n  order to 
better plan the future development of the Copilote Electronique. 

6.3.1.4 Planning For Development : The French Federative Project Definition Phase 
According to these first results, it appeared necessary to initiate a multi-expert, multi-industrial federative prqject. 

Asked by the French services to federate these competencies via a major national program, Dassault identified the 
major industrial stake holders and initiated discussions with them in order to take advantage of their past experiences. 
It happened that these experiences were very diverse and adequately covered the multiple aspects of the KBS 
problems, with each project bringing an interesting viewpoint. 

The preliminary phases then shifted to a more precise project definition with planning and risk analysis. The 
first constraint on the plan definition was to respect the proper vision of the concept. To satisfy that constraint it 
was essential to identify a general architecture properly hacked by fundamental considerations (acceptable by any 
stake holders) and directed towards the final project consideration, i.e. the challenge of considering the human in the 
design and maintaining enough flexibility to resist the economical and industrial tendencies during the program 
execution. Dassault proposed such an architecture at the level of the main assistance domains and worked with 
industrial and official partners to refine this architecture in a top down design approach. 

This process turned out to be difficult and risky. Difficult because the concept was still fuzzy and with each 
cornpany having a broad scope of competencies, the limit of each companies assistance domain was controversial. 
Risky because each partner had its own goals, culture, and methods. Consequently, the system design could have 
resulted in a collection of nice, but incoherent, functionalities. 
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Several actions were initiated to reduce this difficulty. An international cooperation was initiated by Dassault 
with Lockheed i n  order to augment the French approach with the US team experience and thereby avoid several 
drawbacks during the progrm planning. Initial experiences in the development of the Copilote Electronique, as well 
as the technical exchanges with Lockheed Pilot's associate team, led to t:le fact that conventional knowledge 
engineering techniques using questionnaires and intervieu ire not sufficient to provide implementable and secured 
knowledge for Pilot aids. This confirmed the view that knowledge engineering techniques, investigated in order to 
tackle the problem of such a complex AI system development, are interesling in the perspective of large MMI 
designs in aerospace systems. Those techniques should he used for capturinj: expertise in the initial design. They 
should then he supplemented by extensive knowledge evaluation and correclion in simulation and, in some cases, 
backed by automatic knowledge generation tools. 

Collegial work was performed to bring the partners to a consensus on {he project shape. Lots of work was 
initiated to refine the initial "pyramid" architecture (figure 6.24) into lower levels of functional descriptions resulting 
i n  SADT-like formalization of each module of the architccture. The use of SAHARA at this stage to confirm the 
architectural choices and optimize the producahility of the fiiture system is an important part of the approach. 

Another lesson from past technical studies concerned the difficulties linked with the choice of a generic 
development shell for all of the assistance domains. The large number of KBS environments tested showed the 
desire to keep flexibility and optimized tool selection for cach domain. Consequently, the development phases are 
planned upon an open software development architecture (ranging froin languages like LISP, C and ADA, through 
specialized languages for constraint programming like CHIP or knowledge based operating systems like KOS, to 
complete development shells like MUSE, ART, EMICAT or ILOG-RULES) controlled through a set of adapted 
communication and cooperation protocols. This of course requires a precise definition of a common semantic at the 
exchange language level. As a result of the initial iterations, a technical principle was established to facilitate these 
exchanges via the intent planning paradigm. In the open \oftware development environment, each domain expert 
should he tuned prior to optimizing the overall real time performance of the Cc,pilote Electronique. 

PILOT 

PILOT EhIVIRONMENT AIRCRAFT 

Figure 6.24 Copilote Electronique Architecture. 
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This phase ended in a seminar where technical contributors and economic pa-tners gathered to express a common 
set of objectives, a coherent view of the concept and an analysis of the risk associated with the project plan 
definition. At this stage a complete development phase was proposed to the French official services and the Copilote 
Electronique program entered another part of it's life-cycle. 

6.3.1.5 Concluding Remarks 
The Copilote Electronique project will now proceed in two stages in order to integrate an adaptive assistance 

function in the aircraft. The KBS will first be used in a simulation context providing an operational demonstration 
without jeopardizing the aircraft safety before an on-board system implementation. Then a real-time prototype will 
be tuned to meet the constraints of guidance and control systems. The management plan of these two stages is the 
result of the lessons learned from previous cycles of this project. 

A first lesson of the preliminary developments is that the software infrastructure should be very flexible and 
should ease the tuning of knowledge bases rather than insuring real time performance first. Future development 
infrastructure will accommodate the tools best suited for each planning domain and will leave an opportunity for new 
partners to join the team. 

Another important lesson is that a distributed architecture should be continuously tuned and mastered through 
early simulation tools. This is necessary to prepare the next phases of the life cycle in the iterative life cycle 
perspective. One should deal with the interest of the architectural choices (i. e .  the physical distribution, the 
communication protocols or the real time properties allocated to various modules) at the earliest stage of the 
development, long before the real code can be observed. 

Finally, the experience with the specific methodologies in handling the complexity of multiple domain, 
interactive agents was very helpful. The metrics observed during the initial iterations are being used to extrapolate 
the cost of the knowledge acquisition phases of future developments. Specific tools are designed to help the 
knowledge representation and, more specifically, to insure the consistency of expertise throughout the various 
domains and the various partners. 

It can be stated that the iterative process followed by the Copilote Electronique project during the preliminary 
phases is a fruitful experience in view of the coming development. It is difficult at this time to determine the cost 
reduction effect of this approach, but one can argue that such a complex program cannot avoid such a risk reduction 
approach. 

Careful management of a large KBS life cycle is an important product of a project initial cycles. 

6.3.2.  Flight Line Diagnostic Systems 
The magnitude of the maintainability problem in currently fielded tactical aircraft can be found by examining the 

Re-Test OK (RTOK) and Can Not Duplicate (CND) percentages. RTOK percentages are representative of the 
number of unnecessary removals and CND percentages are representative of the number of times a failure indication 
cannot he diagnosed. Typical CND and RTOK figures for the F-16A in 1988 were 31% and 22%. respectively. As 
more sophisticated avionics are introduced, these figures, even in the presence of more sophisticated Built-In-Test 
(BIT), have continued to rise. For example, the Flight Control Computer RTOK rate for the F-16C over the period 
spanning January 1990 to September 1991 averaged approximately 40%. 

Complex avionics systems are typically designed to meet a 95% BIT coverage requirement. The remaining 5% 
of undetected faults must be located and diagnosed by the human technician. Since that 5 %  often represents the 
failure modes which a skilled designer couldn't find a good way to detect, finding the problems represented by this 
final 5 %  is by definition a challenging task. Even for failure modes which are covered by BIT, the age and 
experience level of maintenance crews are dropping, exacerbating the problem of correct diagnosis. In a study by 
Rome Air Development Center (RADC), 65% of RTOK instances were caused by the technician failing to use the 
available information to best advantage [6.44]. As the United States Air Force pushes to reduce the number of 
maintenance specialties, and goes from three level (depot, intermediate and flight line) to two level (on-aircraft and 
off-aircraft) maintenance, this reduction in specific skills is likely to continue and worsen. Classical approaches to 
training for this expertise involves classroom instruction and simulator time, which is time-intensive, costly, and 
ineffective, if we are to judge by the RADC study. Once the technician emerges from classical training, he is given 
Technical Orders which describe: - 

* 

- 
* 

how to determine what i s  wrong (Fault Isolation Manual) 

how to perform procedures (Job Guide) 

how the aircraft is built (Illustrated Parts Breakdown) 

how the aircraft is wired (Wiring Diagrams) 
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Unfortunately, this represents a mass of paper which fills a good sized file cabinet. Navigating through this 
inforination is a formidable task, even when the information is used in a favorable environment. When carried to a 
flight line. using the information is difficult at best. 

Worse yet, even this mass (if paper is incompletc. For example, the Fauit Isolation Manuals (FIMs) contain a 
statically determined Fault tree, i n  which each node of thc tree represents a decision based on information obtained 
from performing a test procedure. It is common when diagnosing a comple,. problem to see the phrase, "Refer to 
schematic" as the final instruction. This meiins that either the technician hxs made an error i n  diagnosis, or the 
problem was not considered likely enough by the authors of the Technical Orders to warrant explicit directions for 
remediation. In either case, it is a frustrating experience, and one not manageable by most maintenance technicians. 
"Refer to schematic" is commonly followed by, "Call the chief". 

6.3.2.1 Approach: Discussion of Solution 

6.3.2.1.1 Why KBS? 
Classical AI texts, such as 16.451 state that KLIS (actually, expert systein) approaches are suitable when the 

development task is "possible. justified and appropriate." This common-sense statement is developed in t e r m  of a 
number of attributes which the aircraft avionics maintenance task clearly ha. in abundance: the task is cognitive, 
there are experts, the experts agree on how to solve the problern, and the task is "do-able". In addition, correct 
perforlnance of the task is important in terms of readiness and cost savings, and human expertise is being lost as 
experienced crew chiefs retire from the Air Force ranks. 

6.3.2.1.2 Benefits of KBS Technologies for this Application 
A KBS system has the potential to significantly rctluce costs associated with aircraft maintenance in a number of 

areas. Some of these benefits are indirect (reduced training, improved maintenance data collection and distribution, 
better inorale), while others arc more directly attributable and measurable (reduced maintenance man-hours per flight 
hour and reduced spares requirements). 

Knowledge-based systems are usually nrade up of a repository containing th.: knowledge about a specific field and 
"reasoning" modules that uses knowledge within the repository to solve a specified problem. These kinds of 
systems are also able to provide explanations about why m i d  how a solution is found. Moreover, changes within the 
domain don't imply rebuilding the whole system, but rathcr simply updating the knowledge base repository. 

6.3.2.2 Implemented Systems 
Though i t  is evident that KBS has clear benefits to offer, what kirid of KBS to implement is still an open 

question. (See section 4.4 for a further discussion of alternative approaches). We present here two examples of 
successful KBSs which a im to solve the same set (if issues. The first, Aircraft Diagnostics and Maintenance 
(ADAM), uses a symptorn-to-fault mapping (rule-based) approach. The r.econd, Flight Control Maintenance 
Diagnostic System (FCMDS), uses a functional ciinncctivity model (model-based) approach. 

Nonetheless, the two system ince they solve a ~ o t n i i ~ o i ~  problem, have a number of coinmon attributes. Both 

* put the user in charge of selection of the next test to perform (though the diagnostic system 
suggests appropriate tests) 

have extensive graphical and other help and explanation capabilities 

record the diagnostic session, for later review and potential training oppottunities 

separate the knowledge from the inference procedure, allowing re-use of the tool for other 
applications 

provide a means for cornpleteness and consistency checks of the knowledge base 

went through a prvcess of initial prototyping, ficld test, and final itrpiementation 

- 
* 

* 

* 

6.3.2.2.1 Aircraft Diagnostics And Maintenance (ADAM) - A Symptom to Fault Mapping 

ADAM 16.461 is composed of a knowledge acquisition nrodule and a run-time module. The first allows domain 
knowlcilge to he directly captured by having the expert "draw" his knowledge using a graphical tool, making 
knowledge acquisition and updating simple and 1-apid. The run-time module: provides all the capabilities for the 

Approach 
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consulting session. The user indicates the symptoms and ADAM supports him to find the fault that caused such 
symptoms. 

The troubleshooting steps sequence is not rigid: when more than one action is possible, the user can choose 
which one to execute first. ADAM flexibility is further enhanced by features that allow the user to define the 
components replacement order. ADAM also performs search optimization, eliminating "unnecessary tests", i.e. 
those tests that have lost their power to differentiate between different search paths due to knowledge already obtained 
during this diagnostic session. 

A version of ADAM has been implemented by Alenia for the entire AMX aircraft, including: 

Airborne auxiliary power 

Air conditioning 

Anti-ice 

Canopy control and indicating 

Crew escape 

Electrical power 

Engine 

Fire protection 

Flight control 

* Aileron 

Electronic flight control 

- Elevator 

* Lift augmenting 

- Rudder 

* Spoiler 

* Stabilizer 

Fuel 

- Air to air refueling 

* Defueling 

Distribution 

- Indicating 

- Refueling 

* Transfer 

Hydraulic generation 

Indicating and recording 

Landing gear 

Arresting hook 

* Extension and retraction 

- Groundltlight safety 

* Ground operation 

- Position -nd warning 



6-40 

- Steering 

* Wheels and brakes 

* Lights 

- Oxygen 

* Rain dispersal 

* Weapons 

- Air to air missile 

* Gunnery 

- Stores management 

* Avionics 

* Communication 

* Navigation 

6.3.2.2.1.1 Knowledge acquisition methodology 

Two kinds of knowledge sources are generally available: the knowledge derived by operational experience and 
design data. To obtain the optimal fault search paths, one must take into account both of them, since during the 
knowledge acquisition process, the expert has to reason using design knowledge and to verify the resulting paths by 
using his operational expertise. 

In order to elicit the knowledge in a systematic way, a knowledge acquisition methodology consisting of the 
following steps has been adopted: 

1) 

2) 

3) 

Analysis of an aircraft system or subsystem and collection of related documentation. 

Definition of the components list (e.g. LRU's) {hat are diagnostically meaningful. 

Definition, for each component, of all possible fault modes. This slage allows us to 
discover systematically all the faults of the aircraft. 

Definition, for each fault mode, of all failures (malfunctions or symptoms) caused by the 
fault itself. The resulting set of cause-effect chains 

4) 

Fault ---> Malfunction [---> Malfunction ... J---> Symptoms 

is called a Fault Tree. This stage systematically defines all the possible symptoms which 
can be observed on the aircraft. 

Definition, for each symptom (or set of symptoms), of the optimal diagnostic path, Le., the 
best tests sequence leading to the isolation of the ?"aut. The result of this step is a set of 
chains 

5 )  

Symptom(s) --->Test [--->Test ... ] ---> Faults 

called the Decision Tree that represents the expert's reasoning. 

Through steps 4 and 5 the knowledge engineer can perform a cross-check between fault tree and decision tree, 
verifying that all faults causing a symptom are the leaves of the decision tree having that symptom as root. This 
check also ensures that the knowledge base is complete with respect to the identified symptoms. This methodology 
has the added benefit that the process matches the domain expert's model of reasoning quite well, making use of the 
system natural and comfortable. 

6.3.2.2.1.2 Architecture 

The system, shown i n  Figure 6.25, has two main modules: the knowledge .acquisition module and the run-time 
module. The knowledge acquisition module provides an easy and "user-friendly" mechanism to update the knowledge 
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base. The run-time module supports the user during diagnostic sessions. Both modules use the decision trees as a 
means to represent the system knowledge. There are two more modules that manage the fault rate and the images 
and connect the system to the respective databases. 

Images Database 

Domain 
Expert 

Knowledge 
Engineer 

User 

Figure 6.25 ADAM Architecture 

Knowledge Base 
The knowledge base is made of several parts, each representing a different system or subsystem of the aircraft. 

The knowledge is set up as decision trees: the sequence of steps that starts from the reported symptoms and leads to 
the fault identification, through a series of tests. 

The internal representation of the decision trees is set up as objects linked via slot values. The following types 
of objects are used: 

* 

* 

Symptoms: roots of the decision trees 

Tests: intermediate nodes of the decision trees; each test has two or more answers (typically 
yes or no) that determine the links to other objects (either other tests or faults). 

Faults: leaves of the decision trees. - 
These objects are linked via values stored in slots. For instance, a symptom is linked to tests or faults through 

the value of the "Hypothesis" slot. 

Decision trees can share partial common paths. The complete set of decision trees makes up the decision net. 
There is a decision net (Le., a knowledge base) for each subsystem of the aircraft. 

Run-time Module 
Fault detection can be carried out at two different levels: in the hangar and on the tlight line. The most complete 

and complex case is hangar troubleshooting, where all test equipment and documentation are available: thc 
diagnostic process corresponds exactly to decision tree exploration. Fault detection is done by means of a module 
that explores the decision net, starting from the detected symptoms. The module displays the first test of tb': 
diagnostic path, the user performs it, then indicates the result to the system. The module uses this result to continue 
net exploration. When the system finds a fault, it asks the user to fix it and to give a confirmation about the failure 
rectification. The process goes on until fault (i.e., a leaf of the decision tree) rectification is confirmed. The search 
algorithm explores the net using the typical features of object oriented programming (e.g., message passing). 

In flight line troubleshooting, the system proposes a subset of all possible causes: this subset is composed by all 
faults that can be repaired at the flight line, i.e., in an easy and fast way and with the simple and portable test 
equipment available there. Typical faults repairable at the flight line are LRU malfunctions, circuit breakers not 
plugged in, etc. These hypotheses are suggested as alternatives, so that the user can choose which one to consider 
first. 
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In both cases, the system provides several features for explanation: 

I )  graphical display of the proposed diagnostic pith (decision tree); so, at the beginning of the 
session, the user can know what the system will display to him and which are the candidate 
faults causing the initial symptoms; 

graphical and textual display of steps (tests, substitutions) already done; 

local fault rate (based on the fault reachable from the current step) and global fault rate 
(based on all the faults of the current system or subsystem); 

display of significant images representing block: diagrams or manual drawings. 

2) 

3 )  

4) 

The system is able to record the complete diagnostic path followed by the user. This capability can be used to 
pause and store the diagnostic session, so that ADAM can be immediately used for a new session. Later, the user 
can resume the interrupted session (e.g., after the execution of a complex and time-consuming test). Results of the 
session are also used to update the fault rate database, iresuiting i n  improved performance for future diagnostic 
sessions. In normal operation, ADAM suggests the test which the domain expert considers optimal. The user may 
choose to follow another path through the decision net, or directly postulate a faulty component. When the user 
exercises this override capability, ADAM automatically tracks what portions (nodes) in the decision tree no longer 
provide diagnostic information, and eliminates them. 

This procedure elimination is shown in figure 6.26. Suppose the user, in!;tead of verifying the functionality as 
proposed by the first test, directly selects the fault "IFF TRANSPONDER SB-XOOI". The system highlights the 
chosen fault (shown on the left side of the figure). If Ihe fault is not rectified, the functionality test becomes 
redundant, since after the substitution of "IFF TRANSPClNDER SB-XOOI", the functionality of the component is 
almost certainly correct. So, the system will inark this test as useless (colore~d in dark gray in the right side of the 
figure), bypass it and will propose the next continuity tesl. (colored in light gi-ay). In this way, the system is able 
to optimize the diagnostic search. 

IFF TRANSPONDER IFF TRANSPONDER 

Disconnect the mnneclor P2000 from 
the IFF RESPONDER and verily the 
funnionalily Of the IFF antenna SB-001 
Is the Functionaiily correct7 I -  ! 

A 
Yes No 

JG 34 52-02 P2000 (IFF 
TRANSPONDER) 10 
mnnectoi P3000 (IFF 
ANTENNA SB 001) 
is there c o n l ~ n u ~ t y ~  

Yes No 

JG 34-52-03 
JG 34-52-03 [*I 

Figure 6.26 ADAM Automated Procedure Bypass 

Knowledge Acquisition Module 
The knowledge acquisition module allows us to represent the domain expert's reasoning in a very natural way 

using the decision tree formalism, The user simply "draws" the trees using the !;ystein facilities; the module directly 
translates this graphical representation into the system's internal formalism. T o  create or to modify the knowledge 
base, the user doesn't need to learn either Artificial Intelligence or programming techniques. This results in rapid and 
painless knowledge acquisition. The knowledge acquisition module also pro.vides a capability to link additional 
information to the decision tree nodes: references to Job Guide manuals, drawings, images for explanation, and so 
forth. 
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f\ knowledge documentation function prints the current state of all decision trees. Thus, it is very easy to obtain 
documentation about the whole knowledge base, that can be used, for example, during the knowledge base validation 
stage. 

6.3.,2.2.1.3. SoftwarelHardware Platform 

?The current system is built using the Goldworks I11 toolset that provides a LISP programming environment. It 
runs on the Windows 3.0/3.1 environment on a 386 P.C. and is integrated with images drawn with standard products 
running i n  the Windows environment or input via an optical scanner. 

6.3.2.2.1.4. Future Directions 

The next version of ADAM will make use of different tools. It will be written using C++, i n  order to solve 
prohlems of portability, data persistence and performance. Data and knowledge will be stored in an object oriented 
datz.base. Further, we plan to incorporate a "deep" module, able to find the faults by reasoning on the structural and 
functional model of the aircraft systems. The reasoning on the deep model could also be integrated with the one on 
the shallow model created so far (model reasoning integration). 

6.3.2.2.2. Flight Control Maintenance Diagnostics System (FCMDS) - A Functional 
Connectivity Approach 

For more than seven years, Honeywell has been developing a system, the Flight Control Maintenance Diagnostic 
System, to perform diagnostics and act as a maintenance aid to F-16 flight line technicians 16.471. The system was 
developed under contract to the Flight Dynamics Laboratory of Wright Laboratory, contract number F336 15-85-C- 
3613. 

6.?,.2.2.2.1. Technical Approach 

FCMDS is an end-to-end system with support for pilot debrief, capture of logistics information, automated flight 
coritrol system status debrief via the 1553B bus, diagnostics, electronic maintenance aiding, and electronic 
inaintenance action report generation. At the core is a functional connectivity model which expresses the dependence 
of , I  given component on the contributions of its connected neighbors. Components are represented down to the 
"sub-LRU" level, that is, functions within a Line Replaceable Unit. The static fault tree captured in the Fault 
Isolation Manual has been "flattened", so that any procedure (e.& measuring and reporting a voltage between two 
pins) can be executed at any point in the diagnostic session. In inany cases, diagnostic procedures have been added to 
help identify the faulty component in an ambiguous set. Most procedures take the form of stimulus-response 
actions: the technician applies a stimulus to some point in the system, and observes the response. If the response 
matches (within some specified tolerance) the expected response, the "goodness value" of all elements in the 
furictional path just tested are credited. If on the other hand, the response is flawed, all components in the functional 
path are debited. Overlapping paths are tested to apply different credilldebit transactions. When a clear faulty 
component emerges from this process, a remove and replace action is recommended. 

6.:3.2.2.2.2. Maturity of Solution (Process Description) 

As with most programs with this sort of longevity, the nature of the issues addressed, and the work performed, 
ha,; changed over the life of the program. The system began as a research prototype, but over time has evolved intu 
a workable approach that has undergone first preliminary field testing, and subsequent more exhaustive field tests as 
reported below. These changes have been driven by a number of factors. including: I )  technical advancement both 
within and outside of the contract scope, 2) changes in the perceived need, 3) the identification of previously 
unknown constraints either in the user environment or inherent in the then contemplated approach. 

The evolution of the FCMDS effort is presented, starting from the "humble beginnings", in which it  was unclear 
what the correct approach would be. The pieces of the solution which together comprise a workable approach to 
such a system are discussed in turn: 1) diagnostics, 2) hardware, 3) user interface, 4) languages, and 5) development 
tools. For each piece, then, we discuss the influences and progress made to date. We discuss the future that we see 
as appropriate for each element, and end with some conclusions and recommendations in the hope that others who are 
at varying stages in this all-too-familiar evolution can benefit if not from the specific recommendations, then from 
ths exercise of examining the probable course of events on their project. (Chapter 5 of this report contains an. 
extensive examination of the development process and environments). 

Diagnostics 
When the FCMDS effort began, i n  mid-1985, there were no commercial systems that served as maintenanct: 

diagnostic aids. Several demonstration prototype systems were available as guideposts. Unfortunately, there was no 
consensus on the "correct" approach to building such a system. The initial prototypic diagnostic system that wa!; 
created for the FCMDS program used a qualitative model-based approach. Tests results were evaluated against the 
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rnodcl by tracing from an output measurement back to known input signals. If a test passed, the goodness measure 
of the components that were in  the tested path was increased. If a test failed, the goodness measure of the 
components that didn’t match the expected qualitative vahes was decreased. I f a  new test was needed to reduce the 
ambiguity group of the most suspected components, the test that best divided the ambiguity group in half was 
selected. 

At the end of a six month development period, the l i n t  demonstration system was created. The diagnostic 
system detected faults i n  the pitch trim subsystem of the F-l6A flight control system (FCS). This subsystcrn 
represcnted approximately 2% of the total FCS. The diagnostics worked extremely well. All postulated failures 
were isolated to the correct L,RU 

Over the course of the next three years, the diagnostic: system was expanded from 2% of the FCS to the entire 
I T S .  One of the first casualties of the expansion was the level of detail in the qualitative representation. There 
were severill problems: processing the large qualitativc ‘nodel required significant time, mapping quantitative to 
qualitative values and back was difficult, and verifying that the model representcd the real-world vehicle behavior was 
extremely difficult. 

The decision was made to represent the functional information flow of the system without the specific values. 
The Sub-LRU now held functional information of the form “Output signal X is a function of input signals Y and 
Z.” Using this representation. automatic generation of diagnostic models froin a CAD database is possible. (This is 
discussed further i n  section 4. I ) .  

Also, as the model became large, the components that could have caused a test’s failure could no longer be 
identificd quickly. The component dependency trace that was performed for teach test as it  executed began to lake 
longer than the technician’s perceived patience level, so the test traces were “pre-compiled”. 

In retrospect, given time, any reasonable approacl-i can probably be as successful for a small, limited 
demonstration system as our approach was. At the time, of course, we felt that we just needed to fine tune the 
diagnostic algorithm and fill i n  the knowledge bases. Time and time again, the size of the knowledge bases threw 
obstacics in our path. Execution speed was frequently a problem. We were fortunate that we were able to slowly 
increase the system size. When an execution speed barrier would present itself, we had time to analyze and correct it. 
If our early success would have driven us to immediately expand to the full FCS, the combination of barriers may 
have been too much to overcome. 

Hardware 
Initial knowledge based system software development was performed using Symbolics 3600 workstations. These 

workstations were developed specifically for use with the LISP language, ancl have built-in hardware to assist the 
most common operations in the LISP language. Coupled with the Symbolics operating system, these machines 
provided a very powerful platform for prototype symbolic software development. 

Demonstrations of the FCMDS software required acccss to similarly equipped Symbolics workstations at the 
demonstration site. An essential element in the successful development of a knowledge based system is the ability 
to obtain end user feedback early in the software developmcnt phase. Few operational Air Force Bases had access to 
this type of computing environment, requiring demonstrations to be held at the FCMDS software development 
facility or Wright Patterson Air Force Base. 

Portability of the targeted hardware was emphasized as a key element in the selection of a next hardware platform. 
Conflicting requirements were that the majority ot’the already developed software must be easily transported and run 
efficiently on the new target hardware. The goal of portability favored a laptop computer as candidate system 
hardware. Though a desktop system choice was sub optimal from a portability perspective, particularly when 
contemplating use i n  a flight line environment, it was at the time the only available form factor of the requisite 
computing resource. 

The next FCMDS port was to the Agilis microcomputer system, which provides ruggedized computer processing 
resourccs closely matched with the desktop microcomputer system previously adopted [6.46]. Future directions for 
the hardware platform might include (as proposed for a recent Army maintenance aid program) voice generation and 
recognition with a helmet mounted display for hands-free operation. Elimination of rotating storage media (hard 
drive, CD-ROM, etc.) which is susceptible to impact damage may be accomplished with RAM modules made 
possible by l6Mbit (or greater) DRAM technology. 

User Intcrface 
The choice of user interface was determined, in large nmisure, by the hardware platform on which we were to 

demonstrate work to date. The Symbolics workstation provided a set of sophisticated tools for “programming the 
user interface”, and manipulating windows and presentarions on those windows. When we ported to the PC 
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environment, a graphics toolkit was chosen that provided support across a wide variety of computer display devices. 
New graphics display devices are easily supported using this approach since the only software that needs to be 
changed is the specific graphics device drivers. Rehosting of the user interface software was then performed using the 
selected graphics toolkit. 

Remote demonstrations using the new desktop portable hardware and rehosted user interface software allowed the 
technical team to obtain significant user interface recommendations from the maintenance technicians. One of the 
best recommendations received was to display the cable wiring runs in a graphical format. The graphical depiction of 
wire runs shows a signal path from its source to its destination. A skilled technician could spend up to twenty 
minutes using the Air Force Maintenance Manuals tracing this signal path, with a large potential for error. Using 
FCMDS this process only required a few seconds. 

Note that the most important evaluator of the interface is the user. Users don’t always agree on what they want 
to see i n  the user interface, but the points on which they agree or disagree should be taken very seriously. Users 
often have different ways of looking at information. (Chapter 3 of this report provides a framework for 
understanding and managing these factors). If the diagnostic system can present the material in different formats to 
different individuals, all the users will benefit. 

Standards, either de facto or adopted, will promote ease of use and interoperation with other tools. Much of our 
new software is already using MS Windows, which while neither knowledge based nor particularly cutting edge, is 
well-known and usable. We’ve found that software that isn’t comfortable won’t get used, no matter how good the 
underlying algorithms are (or how good we think the interface is). Support for individual differences by means of 
user profiles, and use of FCMDS as a training tool, tracking progress over a technician’s career are both research 
areas. 

Languages 
The development for this phase was performed in LISP, a language normally associated with “artificial 

intelligence” research, but more recently finding favor as a rapid prototyping language. In a LISP environment, the 
linking step is bypassed. Binary files are loaded directly into the environment, and each definition found in the 
binary file becomes available for use. The compilation step can also be bypassed, if desired, by directly “evaluating” 
a LISP form. This feature allows on-the-fly redefinition of functions in the working environment, which 
substantially reduces the implement-test-debug-implement cycle time. 

While this makes LISP an excellent choice for prototyping, as we examine moving this approach to other 
environments, particularly embedded ones, it is clear that LISP will not be a commonly supported language. Ada or 
C are more frequent choices. Thus, we have implemented portions of the diagnostic software in both Ada and C .  
Each language has its advantages and its disadvantages. In the final analysis, it comes down to using the language 
that has the best development environment, the best compiler, and the best debugger. 

Development Tools 
Prototyping a knowledge based system requires the use of software development tools with layers beyond the 

implementation language. These layers save the prototyper from having to re-implement commonly used features 
(such as a frame language). Initially the FCMDS technical team utilized the KEE tool running on the Symbolics 
workstations as both a development and demonstration system. Later this system configuration was used only for 
its sophisticated software development environment. 

Portable demonstrations executing on a platform other than the development environment require either a 
common software approach or a translation methodology. The approach used by the technical team was a 
combination of both. For example, to support the KEE knowledge bases a Common LISP frame system was 
developed for the demonstration environment. Automatic porting of KEE knowledge bases was then made possible 
through the development of a knowledge base translator utility. Transitioning software from the development to the 
demonstration environment now could be easily accomplished in a few hours. 

New development tools are being created to support incremental compilation of the model from the captured form 
to the run-time form. Design knowledge is no longer be explicitly represented as frames in KEE. Instead the design 
information is entered into a Computer Aided Design (CAD) tool and then translated into KEE frames using CAD 
database interpretation utilities. This suggests that the original design data serves as an appropriate source for model 
data. In a research setting, we have demonstrated translation of a detailed model from Electronic Design Interchange 
Format (EDIF) to the FCMDS format, and minimization of a model from the overly detailed CAD form to one 
which contains only the information required by the set of available tests. 
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6.3.2.2.2.3. Technology Transfer and Furtlher Applications 
The core technology developed under FCMDS has been applied to a variet:y of diagnostic aids, including systems 

for tiirpcdo manufacture acceptance test, inertial rcfcrcncc uni t  test, and mis t  recently, the Central Maintenance 
Computcr for the next Boeing commercial airliner, the 777. In addition, the Air Force has undertaken a program to 
institute two level maintenance for the F-16 called the F -  I6 Integrated Maintmance Information System (IMIS), i n  
which FCMDS plays a key role. 

6.3.2.3. Status: Evaluation of the KBS Solution 

6.3.2.3.1. Evaluation Criteria 
Thc goal of the FCMDS system is to enable less skilled technicians to perform maintenance diagnostic sessions 

on the F-I6 flight control system quickly and accurately. Thus, the evaluation criteria in a field test, conducted at 
the Luke Air Force Base between September, 1990 and J i m ,  1991, were: 

troubleshooting time by grade 

unnecessary removals of LRUs 

Diagnostic troubleshooting time was liinitcd to ii maximum of 45 minutes to reduce technician frustration with 
"insoluble" problems. 

6.3.2.3.2. Test Results 
Table 6. I lists the number of false pulls by technician category for each of the failure cases using the technician's 

Standard Troubleshooting Methodology (STM), which in some cases did not u:ie Technical Orders (T.0.s). No filse 
pulls were encountered for technician experiments using I'CMDS. The false pull rate increases for failure cases 4 
and 5, reflecting that the relative difficulty of these failures is higher than for the first cases. 

Table 6.1 False Pull Counts (RTOK) 

FCMClS RTOK Count 

0 0 

STM RTOK Count FCMClS RTOK Count 
Case FLCS Non- 

FLCS 
1 2 2 4 
2 I 3 4 
3 I 3 4 
4 2 3 5 0 

I 
2 3  

5 5 I 
1 1  1 2  

Table 6.2 presents troubleshooting time statistics using the STM and FCMDS. As expected the variance i n  the 
FCLMDS data is much more stable than the STM data. Thus, on average FCMDS can provide accurate diagnosis i i i  

less tinic than the STM even with a more divcrsc work fiircc. 

Table 6.2 FLCS Troubleshooting Times 

27 33 22 
23 37 

2 2 . 6  2 9  18.2 
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6.3.2.3.3. Conclusion 
We have presented two successful approaches to performing diagnostics on the flight line. Although they use 

different KBS techniques, they have many features in common. As KBS tools see more common application, tools 
such as ADAM and FCMDS, are likely candidates for the first widespread uses of KBS, since they have fewer 
processor, real-time and certification constraints than on-hoard systems. 
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CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

In this report G&C functions in connection with aeronautical and space systems have been 
analyzed with respect to their potential for the application of Knowledge-Based Systems Technology. 
The top-down analysis of the different areas of application - aircraft, mission, air traffic control, 
spacecraft mission operations and life-cycle management - has shown large potential benefits from 
KBS. The results of this analysis are presented in Chapter 2. A bottom-up view of the same areas 
was carried out by investigating existing KBS examples. These results are presented in Chapter 6. A 
comparison of the top-down and the bottom-up views -together with a thorough consideration of the 
supporting technologies and scientific disciplines (Chapters 3-5) - has lead to some conclusions 
regarding the present status of KBS in Guidance and Control, their potential for further applications, 
the shortcomings of the supporting technologies, and the work to be done in the future. Many of 
these conclusions are presented in the main chapters of this report. The most significant ones are 
summarized in this chapter. 

The example systems discussed in Chapter 6 illustrate the fact that knowledge-based technology 
is real and sufficiently mature for application. These examples stein from the areas of aeronautics, 
space and life cycle management. Some of the KBS representing singlefunctions (e. g. diagnosis and 
planning) are already fielded and have demonstrated their high potential in the real environment. 
Multifuncfion systems with more complex architectures are still in the laboratory environment, but 
testing and evaluation in simulated real-world conditions are underway. The first results indicate 
their high potential relative to conventional systems. In most of the examples considered, 
knowledge-based technology is applied to support, not replace, human operators. 

Single function systems (see 6.1.4, 6.2.1, 6.2.2, 6.3.2), especially diagnosis and planning systems, 
find widespread application in aeronautical and space G&C systems, and experience from extensive 
field testing and from routine use is available. Ground-based applications (ATC, maintenance) seem 
to be easier to realize than airbome or space applications. This is primarily due to the existence of 
fewer processor (power, volume, weight, etc.), real-time operation and certification constraints for 
ground-based systems. Experience with fielded example systems indicates that, after successful 
implementation and acceptance by the human operator, there is a tendency to progress from single 
function to multi function systems. Supporting a single function of a human operator by knowledge- 
based technology in a multi function environment may lead to a shift of the bottleneck to another 
function in the functional chain. This tendency highlights the need for multi function knowledge- 
based systems with complex architectures. 

Multifunction systems (see 6.1.1, 6.1.2, 6.3.1) are still mostly in the laboratory stage of 
development. Lessons learned to date from test and evaluation in simulated environments are as 
follow: 

~ Presently unresolved questions of validation and verification are hampering the 
use of KBS in safety critical applications. (see 6.1.3 for an example). KBS can 
only ”assist” human operators and full automation is not possible in these 
cases. 

- In order to be able be to ”assist” an expert like a pilot, an air traffic controller or a 
space mission manager, a KBS must have comprehensive situation awareness 
and understanding, including the operator’s intentions, which makes the 
system very complex from the beginning (See 6.1.1, 6.1.2) 

- Architecture and development environment are important factors for the life cycle 
of KBS for G&C. They must be fl.exible enough to cope with changing 
situations and roles of the system in the total man-machine context (see 6.3.1) 

The system 
architecture must also contain a path for degradation in case of failure of a 
machine function which the operator can not take over (see Chapter 3)  

~ Human factors have to be considered from the beginning. 
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Human factors have a strong impact on the layout of KBS for C:&C. This is especially true for 
multi function systems, because of the ”assisting” role. The future role of automation will be to assist 
operators, not to substitute for them. This results in a human-machine partnership, where both 
partners must be informed concerning mutual status and intentions. Some basic principles have to be 
imposed: 

- Automation should not be introduced for it’s own sake, but to help the operator. 
- Tasks should be allocated to human or machine according to what each does best. 

~ Attention has to be paid to the interaction and integration of man and machine. 
- Machine execution of a task need not emulate the human reasoning processes. 
- Users should be involved in the design and functional allocation from the outset 

The following recommendations for the technical: support of human cognition were derived from a 
detailed analysis of cognitive behavior (see 3.2): 

~ Improve information display and human-machine dialog. 
- Support information management, deciiiion making, prcblem solving and 

planning. 
~ Reduce educational and training requirements. 
~ Build error tolerance and error insensitivity !nto the system 

Optimizing the life cycle is the ;ob of an overseeing function termed Life Cycle Management. 
There are three different ways in which KBS can be viewed in the context of life cycle management: 
a) The system whose life cycle we consider can be a KBS. b) KBS can be applied to some part, or 
phase, of the life cycle. (good examples are diagnosis systems for maintenance, a single function, 
6.3.2). c) KBS can oversee the entire life cycle process (become, or aid, the overseeing function). In 
most cases this will be a multi function system (see fi.3.l). 

Life cycle management is a very promising area for the applicalion of KBSs because there are 
almost no processor, real-time or certification constraints. Some conclusions can be drawn from 
experience obtained with the examples considered: 

- Often KBSs are the “best” possible solution among many other candidates. ”Best” 
in this case means ”easier to use by operators, cheaper, better performance, 
etc.”, integrated over the life cycle. 

- A KBS has the potential to significantly reduce costs associated with maintenance 
in a number of areas. Some of these benefits are indirect (reduced training, 
improved maintenance data collection and distribution, better morale), while 
others are more directly attributable and measurable (reduced maintenance 
man-hours per flight hour and reduced spares requirements). 

KBSs for life cycle management have complex architecture and functionality. 
This requires flexible software infrastructures and simulation tools for the 
tuning of the KBS to different phases of the life cycle. Specific tools for this 
application area must be developed. 

Validation and verification is a key problem for KBS applications in safety critical G&C systems. 
This issue was not discussed in detail in this report (an example is discussed in 6.1.3), because it is the 
subject of other AGARD documents such as ACARI)-AR-274. 

Recommendations for further G&C research are: 

In parallel with many on-going and sometimes technology-driven single function 
applications, we must intensify the top-down and architectural considerations, 
in order to realize high-payoff KBSs for G,SrC. 
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- There are large areas in the G&C functional world where KBS technology has a 
great potential, but there is not enough investment in Research and 
Development (R&D). Examples include ; Multi-functional systems for 
battlefield management, for integrated mission and weapon systems 
management, and for air traffic management. An area with excellent prospects 
is life cycle management. Many of these areas are not hampered with 
extensive real-time and certification constraints. 

- Although most of the enabling technologies are already sufficiently mature for 
application of KBS technology to G&C systems, they must be further 
developed, improved and tailored to the needs of aerospace engineers. This is 
especially true regarding the methods for knowledge acquisition and 
management. 

- Full exploitation of the potential of KBS requires systems with complex 
architectures and full functionality. Development methodologies, shells and 
tools are needed. Standard software packages for the basic G&C subfunctions 
(monitoring, diagnosis, plan generation, etc.) must be made available. 

- Development environments and tools for the design, testing, and evaluation of 
KBSs for G&C have to be developed so that complex solutions can be 
constructed from more basic functions. Finally, functional modules and the 
corresponding hardware have to be standardized. 

1 
I i 

! 
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APPENDIX A 

APPLICATIONS OF NEURAL NETWORKS IN GUIDANCE AND 
CONTROL WORK SYSTEMS 

A.l Technology Overview 

This appendix gives a brief overview of neural network (or connectionist systems) technology and a description 
how that technology can be applied to the monitoring, diagnosis, plan generation and plan execution sub-functions 
that have been defined and analyzed in Chapter 2 in the context of G&C related problems. Specifically, three 
applications are discussed: flight control (Le., plan execution), image recognition and sensor fusion (i.e., monitoring 
and diagnosis) and route and mission planning. The discussion of the application of neural networks to flight control 
is an elaboration of that which has already been introduced in Section 4.5.1. For a more thorough introduction to the 
fundamentals of the technology of connectionist systems, see [A-1, and A-21. 

A.2 Two Principal Classes of Networks 

(MLP) and fully 
connected recurrent networks [A-21. The MLP is a so-called static network that computes an output value given an 
input value and thereby defines a mapping between its inputs and outputs. The recurrent networks are dynamic in 
that they have an internal dynamic state, comprising state values for all of the nodes or elements within the network, 
that evolves in time. Typically, the “input” to a recurrent network is an initial value for this state and its output is the 
steady-state value to which the network settles over time (here we assume stable state dynamics). 

There are two principal types of neural networks: feedforward mulfi-layer perceptrons 

The basic building block used in the construction of each of these two networks is the network element (or 
network node) illustrated in Figure A.1. As shown in the figure, the output of a given network element is a 
nonlinear function of a weighted sum of its inputs. This figure depicts the standard sigmoidal network output 
function nonlinearity. Modifications to the basic network element have been developed to overcome problems 
associated with so-called learning generalization (discussed later in this appendix). These modifications take the 
form of a variety of so-called localized nodes employing radial hasis functions [A-21. In particular, these modified 
networks have been applied in addressing flight control problems as discussed in Section A S  below. 

Output Nonlinearity 

Figure A.l  Input-Output Relation for the ith Neural Network Element 
The inputs are the xj (outputs of other network elements) and the weights are wij. The first order 
dynamics of the internal state ui are present only for recurrent networks. The output nonlinearity 
is typically a sigmoidal like function as illustrated on the right. 

A.2.1 Multi-Layer Perceptron (MLP) Networks 

The principal function of a feedforward network is to approximate a desired mapping from its inputs to its outputs. 
If we  let x represent the network input and y represent the network output, then the network provides an 
approximation yner = fne&) to a desired mapping y = f (x) .  The approximation is “learned” by adjusting the input 
weights w i j  for each network element based on a sequence of training input-desired output pairs {x,yJ. It has been 
shown that the class of feedforward sigmoidal networks is capable of learning arbitrarily complex continuous 
mappings [A-3]. 
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A variety of approaches have been developed for adjusting the input weights for the network elements given a 
sequence of input-output training pairs. The most common (and simplest) form of learning (weight adjustment) is a 
gradient algorithm referred to as backpropagation. As with any gradient approach, step-size, local minima and either 
very flat of very steep cost surfaces can all result in slow or even improper learning. MLP learning problems 
typically exhibit all of these! There is an entire field of research dedicaied to developing alternatives to the 
backpropagation search technique (again, see [A-21). 

A key issue that must be addressed in designing an MLI? is defining the neroork topology. The network topology 
refers to the number of layers of nodes and the number of nodes at each layer (of course, the number of nodes at the 
input and output layers must be consistent with the dimensions of the input and output of the function to he 
approximated by the MLP). In addition, the topology is ;also characterized by the connectivity of the nodes in the 
network, i.e., which node’s output provides an input for which other nodes. Figure A.2 depicts a three layer MLP, 
Le., one that contains a single hidden layer. A variety of theoretical results relating the topology of the network, the 
difficulty or complexity of learning and the nature of the function to be learned have been developed. These results 
can he used as starting points in defining the topology of the network for a give.? application (see [A-2]). 

t Layer 
IrlDUt 

Figure A.2 A Three Layer Feedforward Multi-LayerNetwork. 
In a feedforward network, the outputs of one layer (e& the input layer) provide the 
inputs to the next layer (e.€., the hidden layer) 

A.2.2 Recurrent Networks 

In contrast to feedforward sigmoidal networks, fully-connected recurrent networks (see the network topology in 
Figure A.3) have been applied in designing associative: memories and in function optimization. For these 
applications, the network weights are pre-assigned and, therefore, no learning is necessary. More recently, learning 
approaches have been developed for recurrent network:s. Combining learning with the dynamical system 
characteristic of recurrent networks presents the potential for learning models of nonlinear dynamic systems that can 
be employed in adaptive and sliding mode control applications. 

Figure A.3 A Simple Four Element Recurrent Network. 
For the associative memory application, the network state (i e., the values of the ui in 
Figure A I - I )  is initialized to a key. For the optimization problem a random initial state 
is used. The network state settles out to a final value which for the associative memory 
problem represents the recalled value and for the optimization problem represents the 
solution to the optimization problem. 



A.3 Issues and Limitations 

A.3.1 Learning 

Connectionist learning systems (neural netwoi-ks) are appealing because (1) they are relatively simple in form 
and concept, (2) they can be used to learn and realize (Le., approximate) general continuous nonlinear mappings and 
(3) they can he implemented in parallel computational hardware (both digital and analog parallel implementations 
have been developed). Error backpropagation [A-41 is a straightforward gradient descent algorithm that modifies 
(Le., learns) MLP network weights incrementally to minimize a particular measure of learning error. The learning 
error is usually defined as the squared error between the actual network ou:put for a given input and the desired 
network output. Since the network nodal functions are continuously differentiable, it i s  possible to calculate the 
gradient of the learning error with respect to the weights, and to then adjust the weights in the direction of the 
negative gradient. As with all gradient descent optimization techniques, there exists the possibility of converging to 
a non-optimal local minimum. Despite this, learning systems using back-propagation have been shown to find 
satisfactory solutions to a variety of  problems including difficult, highly nonlinear control problems [A-5, A-6, A-7, 
A-81. 

The problem of non-localized learning is often manifested in the form of input "fixation." Fixation can occur 
when the learning system input remains in the same small region of the input-space (near some point or trajectory) 
for an extended period of time. If learning is non-local, the mapping associated with some parts of the input-space 
can become unintentionally corrupted, as the learning system attempts to drive the learning error to zero in the 
neighborhood of the fixation point or trajectory, without regard to the remainder of the mapping. With respect to 
flight control, this situation could occur at any stable operating condition, since the principal states of the vehicle 
would he nearly constant. To combat the problems of non-localized learning in standard artificial neural networks, a 
number of corrective procedures have been applied, including batch learning, very slow learning rates, and non- 
contiguous input sequences. As currently used, however, none of these remedies is completely suitable for flight 
control applications. Instead, approaches based on the use of localized connectionist learning systems have been 
developed as described below. 

A.3.2 Learning-topology 

The speed of learning and the quality of the mapping that is learned is a function of a variety of factors. The first 
is the learning algorithm (e.& backpropagation as described above). Another factor that i s  nearly as important as 
the learning algorithm is the network topology, i.e., the number of layers in the network, the interconnections among 
nodes and the number of nodes in each layer. Too few layersinodes results in an underdetermined problem. Too 
many layersinodes can result in an overdetermined problem. A number of approaches to searching for good network 
topologies have been investigated and some are described in [A-21. 

A.4 Applications to GN&C Work Systems 

The purpose of the descriptions of the applications of neural networks presented here is that, for any given 
complex problem, neural networks play a role as an element of the solution to that problem and that it is rarely 
appropriate to simply attempt to have the network "blindly learn" to solve the entire solution to the problem by 
presenting the network with a sufficient number of suitable [problem statel : problem solution]. Furthermore, when 
attempting to apply learning systems to any problem, one must attend to the inherent practical limitations discussed 
above that are related to network learning rates, learning generalization and network topology selection. 

A.4.1 Application of Neural Networks to Flight Control 

Section 4.5 reviews some of the challenges encountered in the design of flight control systems, describes the 
some of the limitations of traditional approaches to flight control system design that are encountered when 
addressing these challenges and highlights the role and potential benefits of connectionist systems when applied to 
overcome those limitations. It is important to emphasize that no single, systematic approach for the application of 
connectionist learning systems to control has yet to evolve. The objective of this section i s  to introduce a few of the 
emerging approaches for learning control and to provide some references where further discussions may be found. 

' Problem Slate refers to the set of information that is required to completely characterize the problem at hand. 
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A.4.1.1 Connectionist Learning Systems for Control2 

Thc ability of connnectionist systems to approximate rmooth multivariable, nonlinear functions is the property 
that has generated a great dcal of interest among control system theorists. Copying or mimicking un existing 
corrtroiler is perhaps the simplest approach to applying conncctionist learning systems to control. Assuming there 
exists ii controller that is able to control the plant, the objective of the connectionist learning system in this case 
would be to synthesize the mapping between the inputs and the desired output supplied by the existing controller 
(indeed, the existing controller may be i n  the form of a human operator). This approach may be useful in situations 
wherein i t  is beneficial for a learning system to replace an existing controller. This may pertain when the learning 
system offers a inore efficient implementation or when the network can learn to mimic a control law that had 
heretoforc been embodied in a human implementation ancl replace the human in the loop. This approach has been 
successfully applied to a pole balancing problem by Widrow and Smith (IS64), where the existing control was 
supplied by a human. 

Direct i n v e r x  controi is another method which can henefit from the application of a connectionist learning 
system to control (Werbos ( l9XY)) .  For this approach, thc iib.jective of the learning system is to identify and model 
the system inverse. This is accomplished by providing an observed output of the plant as the input to the network. 
and the observed input t n  the plant &e., the control signals) is provided as the desired network output. If a unique 
plant input produces ii unique plant output, then whcn the desired plant outpul is provided as input to the network, 
the resulting network output is the control to be used a s  input tn the plant (Barto (1989)). The drawbacks to this 
technique are that a desired reference trajectory and associated plant inputs rnust be known in order to supply thc 
netwoi-k with the desired plant input-output pairs and thc inverse of the plant must be well-defined (e.g., a I-ti)-l 
inapping between inputs and outputs). 

In thc hackpropgution through tinie method developed by Jordan (1988), two connectionist learning systems are 
used The objective of the first network is to identiiy thc plant, froin which one can efficiently compute the 
derivative of the model output with respect to its input by means of back-propagation. Subsequently, propagating 
errors bctween the actual and a desired plant output back through this network produces an error in the control signal 
which can be used to train the second network (Barto (1989)). This approach offers an improvement over direct 
inverse control since i t  is able tii accommodate systeins with ill-defined inverses, although the desired trqjectory 
must still be known. 

Another approach for incorporating learning into a control system is to augment an adaptive technique with a 
learnins system to fiirm ii hjhrid coritroiier (Baker & Farrcll (lY9O), Baird (1991), Nistler (1992)). Augmentation of 
the adaptive technique can be iinpleinented using either ii direct or an indirect approach. Using a direct adaptive 
apprmch, the learning system generates a control actinn (or set of parameters) associated with a particular operating 
condition (thus, a representation of the operating cnnilition is the network input and the control action is the output). 
This coiitrol action is then combined with an auxiliary contr(.il action produced by the adaptive system to arrive at the 
contrnl that is applied to the plant. In contrast, for the indirect approach, the objective of the learning system is to 
iinprovc the model of the plant. Here, thc learning system generates inodel parameters that are a function of the 
operating condition. The parameters are combincd with adaptive component mtimates to arrive at a model of the 
plant. (iiven a prcsuinably irnprovcd plant model, ;in m-line control law design is used to dynamically modify the 
closed-loop system. These t ~ n  approaches are discusscd i n  further detail below 

Reiriji~rcenierir learriing has also been suggested as ii method of applying connectionist learning s y s t e m  for 
ciiiitrnl (Meiidal & McLaren (1970), Barto (I9XY). Millirigton (1991), Bartn (1992'??)). The major di erence 
between reinforceincnt learning anti the previously discusscd approaches is that under reinforcement learning, the 
objcctivc is tii optimize the n\'et-iill behavior of thc plant, so that no reference I desired trajectory is required. As a 
rcsult. rcinforcement learning essentially in~nIvcs  two problerns, the constrcction of a critic that is capablc of 
evaluatinf plant pcrforinance i n  ii manner that is consistcnt u'ith a stated cnntrol objective and the determination 01 
how t n  iilter the controller outputs t n  improve performance as measured by the critic (Barto (1989)). The latter of 
thc prohlems can be addressed by one of the previously tlisci.issetl techniques. 

2This scction is largcly dcrivcd from inalerial in [C-14,lS.16] 
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1 Learning Augmented Direct Adaptive Control 

Model reference control is a direct adaptive method (i.e., one that does not explicitly rely on on-line model 
identification) whose architecture is well-suited to the incorporation of learning (see for example [A-71). In contrast 
to conventional model reference adaptive control techniques whose objective is to update the parameters of the 
control system fast enough to provide local compensation for varying dynamical behavior, the objective of the 
model reference learning control approach is to adjust the learning system parameters so as to develop a globally 
applicable control law that directly accommodates state dependencies and nonlinear dynamics. A small number of 
the network parameters can also be updated at higher learning rates, so that the system as a whole provides 
adaptation as well as learning, thereby accoinmodating both time-varying and nonlinear (state-dependent) dynamical 
behavior. 

REFERENCE 

Figure A.4 Learning Augmented Model Reference Adaptive Control System Architecture. 
The neural net helps to learn the direct mapping from the reference value r to the appropriate control u 

For the model reference learning control architecture shown in Figure A.l-4, the performance of the closed-loop 
system is evaluated by comparing the actual response of the plant to the response o f a  reference system. In this case, 
the control system is a connectionist network that constructs the nonlinear control law required to force the closed- 
loop system to match the desired behavior of the reference system. That is, the network learns the nonlinear 
mapping .f,zer : (y. r )  + u, from the plant output y and reference input r to the control action u ,  that is needed to 
obtain the reference behavior. As usual, cure musf be taken to ensure that /he closed-loop system is phy.sically 
cupable of achieving /he level ofperformance specified by /he reference system 

2 Learning Augmented Indirect Adaptive Control 

Hybrid control is an indirect method that explicitly performs on-line model identification (see [A-5, A-61 for a 
more thorough description). In this scheme, an indirect adaptive control technique is coupled with a connectionist 
learning system to provide real-time adaptation to time-varying dynamics and disturbances, in conjunction with on- 
line learning to accommodate quasi-static state dependencies and nonlinearities. The adaptive control system reacts 
to discrepancies between the anticipated and observed behaviors of the plant i n  order to maintain the requisite 
closed-loop system performance. These discrepancies arise from uninodeled or time-varying dynamics, noise, and 
disturbances, and have a temporal or state-dependent basis. The learning system is used explicitly for the purpose of 
accommodating the state-dependent component of the discrepant behavior. Initially, all discrepancies are handled 
by the adaptive system; eventually, however, the learning system is able to learn and thereby anlicipate previously 
experienced state dependencies and convey this information to the adaptive controller. Thus, the adaptive 
component of the system is able to focus on reacting to time-varying dynamics and disturbances and is not 
continuously burdened with the task of reacting to state- dependent nonlinear effects. 

A schematic of one possible realization of an indirect hybrid adaptive learning control system is shown in Figure 
A.5. The indirect adaptive controller generates a control action u based upon the plant output y ,  the reference input 
r ,  and an estimate of the current dynamical behavior of the plant, which is derived from an internal model having a 
parameter vector p. If the behavior of the plant changes (e.g., due to nonlinear or time-varying dynamics), the 
estimator (Le., the model identification scheme) within the adaptive controller will attempt to update its model of the 
current plant dynamics by adjusting p. Note that in the absence of learning augmentation, the adaptive controller 
would take as long to compensate for predictable state dependencies as it would for unpredictable effects such as 
time-varying external disturbances. 
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Figure A.5 Learning Augmented Indirect Adaptive Control System Architecture. In 
this approach the neural network helps to improve: the plant model, providing updates of the model 
parameters p. 

A.4.1.2 Localized Learning 

The concept of localized learning is one key to rcalizing real-time on-line learning for flight control. The 
underlying idea is based on the observation that learning can be simplified in situations where a direct association 
can be made between a subset of the adjusteble elements of the learning system and a localized region of the input- 
space. Under such conditions, the effects of incremental learning on the overall mapping are limited to a localized 
region of the mapping. Thus. experience and consequent Icarning in one part af the input-space has only a marginal 
effect on the learning that lhas already occurred i n  other regions of the  input-space. Locality is an intrinsic property 
of learning systems that employ quantized (bin) mapping!:: it is not a natural property of the standard Multi-Layer 
Perceptron neural networks i n  widespread use. Radial basis function networks [A-2] and Gaussian basis function 
networks [A-91 both exhibit this property of localized leaning. The latter is described below. 

The approach developed i n  [A-IO] and employed i n  [A-91 relies on a combi:iation of basis function and influence 
function nodal units to achieve a compromise between the :state-dependent localized learning properties of quantized 
learning systems and the efficient representation and generalization capaliilities of standard artificial neural 
networks. The coinplcte network mapping is constructed from a set of not necessarily orthogonal basis functions, 
that have applicability only over localized regions of the input space. The influence functions are coupled to the 
basis fiinctions and are used to describe the domain (over ofthe input-space) of the basis functions. The key features 
of this approach are: ( i )  generalization is an inherent property of the network, and (ii) standard gradient learning 
methods can be utilized. 

To illustrate the basic concept, consider a specific realization (many me possible) employing linear units 
(hyperplanes) as basis functions, and multivariable (iaussian units (hyper-Gaossians) as influence functions. The 
linear-Gaussian network is well-suited to the problem of synthesizing a control law. For example, this learning 
system could be used as an automatic, self-optimizing, gain scheduling control system. Because of its unique 
structure, physical meaning may be attributed to each parameter and to the overall structure of the network. As a 
result, (I priori knowledge and partial solutions are easily incorporated (e.g., linear control "point" designs). In fact, 
hyperplanes are a good choice for the basis functions due to their simplicity and compatibility with conventional 
gain scheduled mappings (altei-native basis functions m:ly be more desirable if certain a priori knowledge is 
available about the regional functional structure of thc desired solution). In addition, a linear-Gaussian network 
Structure allows implementation of on-line variable structure learning, where riodal units can be added or removed 
from the network to achieve better or more efficient mappings. In contrast, there is no easy way to encode a priori 
knowledge or employ on-line variable structure learning wii.h standard artificial neural networks. 

A.4.2 Application of Neural Networks to ImagelPaltern Recognition 

Probably the most widespread use of neural networks is i n  pattern recognition and classification problem. A 
typical image recognition applications involves the design of preprocessing, feature extraction, and classifier 
functions. Image preprocessing is designed to enhaiicc the desired signals and reduce the noise. Features are chosen 
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to minimize the intra-class separation and maximize the inter-class separation of their probability distribution 
function. The classifiers considered here consist of a multi-layer Perceptron (MLP) neural network and a 
thresholding function as depicted in the last two blocks of processing in Figure A.6. ---- 

Threshold 
Classify 

Sub-windows Sub-window Statistics Objects 
Image + [bgz:; Over Image + output ~ Sub- Window I+l C%%O” l+l N % F  I Network 

Figure A.6 Steps in Image Classification. 
Rather than having the Neural Network operate directly on the image pixels, features are first 
extracted and used as inputs to the neural network. This considerably reduces the complexity 
of the neural network and the associated learning problem. 

Two problems arise in designing a statistical pattern recognition classifier. One is the design of a classifier that 
takes input features and maps those features into classes and the other is the selection of the features that are used as 
the input. The ease of design and implementation of a neural network based classifier makes the problem of feature 
set selection much simpler. That is, for each candidate feature set a neural net can be trained to optimally process 
those features. The performance of the candidate features sets can then be ranked and the best candidate feature set 
chosen for the final system design. 

A.4.2.1 Neural Network Approaches to Multi-sensor Fusion 

Innovative approaches to multi-sensor fusion can be developed that utilize neural networks. Recently, the design 
and implementation of neural network architectures which are referred to as “hierarchical” networks have been 
pursued. The networks N1 and N2 in Figure A.7 are components of a simple hierarchical architecture. Network N1 
in the figure functions as a screener; it is trained to make high confidence decisions and pass on other data to N2 for 
final resolution. Network N2 is tuned to a subset of the features extracted from images and needs fewer connections 
to learn the appropriate classification decisions given this small input set along with the output of Network N1. In 
this manner a complex set of posterior probability distributions can be learned without over parameterization. Thus, 
sequential networks can he linked in larger sets to decompose a difficult problem. 

feature output 
set-f lassifica tion 

1. MLP networks N1 and N2 trained as independent classifiers 
2. MLP network N2 trained on enabledsamples only 

r 

Figure A.7 Sequential Networks. 
Sequential neural networks can be used to sequentially divide feature space in an optimal 
fashion. They can also be implemented to recognize temporal sequences. 

The networks in Figure A.8 represent another simple hierarchical architecture. Each network in the figure is 
trained independently on different features sets that have been extracted from the same image data. Thus, each 
network can he viewed as a separate knowledge source. Knowledge is correlated or fused in the combining network 
N12. The architecture in effect functions as an information fuser. For example, distinct multiple sensor data can be 
fused in combining networks. The designer has the freedom to choose what is to he taught at each output node. 
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I 1. MLP networks N1 and N2 trained as independent classifiers 
2. MLP Network N12 trained using the outputs of N1 and N2 as features 

Figure A.8 Combining Networks. 
In the hierarchical network depicted here, each network N1 and N2 is. trained independently 
on the same data set but using different feature sets. The combining network N12 then fuses 
the outputs of NI and N2 to make a more accurate decision. 

Other simpler structures are suggested by combining networks. Sensor fusion at the decision level, for example, 
can be implemented with AND or OR logic. Other variants of this approach. using different logical operators are 
also possible. Combining-networks of the kind described here can be taught situation dependent mappings of multi- 
sensor data just as sequential networks can be trained to fu!;e information temporally. 

A.4.3 Application of Neural Networks to Mission Planning 

Some of the initial results that were obtained i n  applying recurrent (Hopfield) networks to traveling salesman 
planning problems [A-I I] appeared promising. Those applications intended to capitalize on the recurrent network's 
ability to seek the minimum of the class of functions that could be mapped onto the energy function of the network 
(stable dynamical systems tend to seek a state of minimum energy). However, those approaches proved problematic 
when attempts were made to scale them up from simple traveling salesman problems to real world mission planning 
scenarios wherein uncertainty, constraints and exogenous factors such as threats dominate. The application 
described below is more in the spirit of the previously discussed applications of neural networks in that the neural 
network is applied in solving a part of the problem, taking advantage of the nefwork's ability to approximate (learn) 
an unknown function. In this case, the function to be learned is that which selects appropriate search heuristics at 
each stage of an iterative search for the solution to the planning problem. 

A.4.3.1 The Mission Planning Problem 

The military aircraft mission and trajectory planning problem is that of ]planning the activities of an aircraft 
during its mission in a manner that best satisfies specified mission objectives while also satisfying mission and 
operational constraints. The activities that must be perforined by an aircraft during the course of a mission can be 
broken down into the following categories [A-121. 

(I) Preflight Check 
(2) Takeoff and  Climbont 
(3) Ingress 
(4) On-station Activity 
( 5 )  Egress 
(6) Descent a n d  Landing 
(7) Post-flight Debriefing 

Note that (3) and (4) may be performed several times in sequence for missions with more than a single mission 
objective. 

Of the seven activities, the most critical, both i n  terms of mission succt:ss and in terms of the of planning 
requirements are ingress, and on-station and egress. These activities require two types of planning. The first type of 
planning concerns selecting the subset of mission objectives to be pursued and generating the aircraft's flight path. 



A-9 

The second type of planning concerns planning the activity of the aircraft's sensor, weapon and ECM systems along 
the flight path during both the ingradegress and the on-station phases of the mission. Two neural-network-based 
approaches to augmenting the planning activity associated with selecting and ordering mission objectives are 
discussed. First, a brief definition of the mission and trajectory planning problem is given. 

A mission plan consists of (a) an ordered sequence of objectives satisfying a specific set of constraints along 
with (b) a set of trajectories defining the flight path to be taken between each pair of objectives. Consequently, a 
natural method of approaching the aircraft mission and trajectory planning problem is to decompose the problem 
into two parts which will be referred to here as the Trajectory Planning Problem and the Mission Planning 
Problem. 

A.4.3.2 The Search for a Mission Plan: An Overview 

The approach to iteratively generating on-board and in real time a mission plan that is described here is based on 
the approach first introduced in [A-13]. It starts with a n  initial plan consisting of only the departure state (location) 
and the recovery goal (location) and, if desired, other intermediate objectives as well. This initial plan is iteratively 
modified using a heuristic search in an attempt to generate, within a specified time available for plan generation?, a 
plan of maximum expected utility (or value) [A-14]. The procedure is an iterative improvement scheme wherein for 
each iteration heuristics are employed to guide the search in an attempt to improve upon the current solution. Each 
iteration consists of the six steps illustrated in Figure A.9 and described individually below. 

1 GENERATE A NEW PLAN USING HEURiSTlCS 

Select Heuristics 

Figure A.9 The Heuristic Search Process. 
The heuristic search is a six step process consisting of ( I )  heuristic selection, (2) trial set 
generation, (3) trial set scoring, (4) trial plan selection, (5) trial plan evaluation, and (6) 
trial plan acceptance or rejection. 

The six steps of the mission planning cycle are repeated until the time allotted for planning has been exhausted or 
a point of diminishing returns has been reached. Of course, heuristic iterative improvement does not guarantee that 
the optimal plan will be found in the available planning time. However, in situations where there is sufficient time 
to plan, experience has shown that the planner is likely to find optimal or near-optimal solutions. More importantly, 
i n  situations where there is insufficient time to find the optimal solution, this approach produces acceptable, often 
high quality, solutions. This is an important and necessary attribute for real-time applications. 

~~~~~~ ~~~ .~~~ 

The coordination functioii as defined in Section 2. I determines this spccification 
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The first step of each cycle of the process is the generation of a set of trial or 
candidate perturbations to the cwrent plan in an atttxnpt to produce at least one 
plan of greater value. Simple perturbations are created, for instance, by adding, 
removing, or reordering goals and by substituting new trajectories for those 
contained within the current mission plan. The nature and type of perturbations to 
the current plan during each cycle are selected heuristically. For instance, when 
available onboard fuel is nearly exhausted by the current plan, heuristics would 
tend not to introduce perturbations that would cause an increase i n  fuel 
consumption. Thus, rather than generating all possible perturbations (a 
potentially very large number), the heuristics tend to select perturbations that 
honor constraints while improvini: the value of the perturbed plan. 

l h e  members of the trial set are scored to provide a basis for selecting a single 
ineniber of the trial set as the trial plan. Heuristics used in scoring the trial plans 
account for factors in the scoring process such as fue! use, probability of survival ( I  - 
Pk), and effectiveness in  achieving time windows. By controlling the scoring, the 
heuristics guide the search process. Trial plan scoring heuristics are selected based on 
the current planning situation and are implemented a!; a set of importance factors that 
indicate the relative importance of various resources, (e.g., fuel, timc, Pk) given the 
current plan. For examplc, if the current plan uses most of the available fuel, the 
weight on fuel would be set to a large value. Each trial plan of the trial set is scored. 

The selection of a single trial ,plan is based on the scores assigned to each plan in 
the trial set. Since the perturbation selection and scoring heuristics do not guarantee 
that the best plan at any given cycle of the plan generation process will be created and 
receive the highest score, i t  would be unwise to overlook plans in the trial set with 
relatively high scores by sclecting the plan with the highest score. Thus, members 
with the highest scores have thc greatest probability cif being selected, but plans with 
lower scores are not absolutcly excluded from consideration. 

Once a new trial plan has been selected, i t  is more thoroughly evaluated on the 
The utility is a single qiiantitative scalar measure for basis a utility function. 

zomparing the quality of any two mission plans. 

The final step of the planning cycle is to decide if the perturbation to the original 
plan represented by the trial plan should be accepted or rejected. This can be done 
probabilistically via a simulated annealing like procedure to allow for the potential of 
xcaping local minima in the plan :search process. 

A.4.3.3 The Use of Learning in Mission Planning 

The goal of learning i n  the context of the approach to mission planning described above is to discover 
associations between planning strategies and planning situations that reduce the computational effort required in the 
search for good plans and thereby reduce the time required. Specifically, the objective is to learn for any given 
planning situation which per turh t ion  types should be selected for use in generating the candidate set of trial plans 
and which importunce fucton should be selected for use i n  scoring the trial p h s .  Thus, these selection heuristics, 
which control the search strategy. are the object of the neu;xl network learning. As described below, this results in 
learning situation- action pairs where the situation is the input to the network and the output is the action of selecting 
perturbation types and importance factors. 

A plnnning state space is used to represent thc spectrum of planning situxtions which are used as input. The 
dimensions of the state spacc correspond to features of both the planning environment (e.g., the time available for 
planning) and the plan that is to be modified (e.8.. the fuel required and the risk assumed in executing that plan) that 
are pertinent to the selection decision. Since it is practical to consider only a small number of dimensions for the 
planning state space, a crucial design decision is the choice of which features are to be represented. Examples of 
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important feature are the amount of fuel that is consumed by the plan and the probability of survival for that plan. 
The state space is discretized by partitioning each of the feature dimensions into discrete intervals. 

Figure A.10 Goal-point Planning Using Associative Reinforcement Learning. 
Associative Reinforcement Learning is used to determine the parameters associated with the 
plan perturbation and scoring heuristics. 

Figure A.10 shows feedback for learning that occurs during each iteration (local reinforcement) and delayed 
feedback (global reinforcement) occurring at the completion of the plan generation process. A feedforward neural 
network can be used to apply that feedback to learn the associations between good heuristics and the given planning 
situation. An alternative is the so-called temporal diference learning approach of Sutton [A-I5] employed in [A- 
161 for learning strategies for playing the game of backgammon. Figure A . l l  illustrates an approach which uses two 
networks: one to learn the appropriate plan perturbation selection heuristic (e.g., add a goal, remove a goal) and the 
other to learn the heuristics for selecting importance factors for scoring trial plans. Note that the selection of 
importance factors depends both on the planning situation and the type of perturbation to the plan that has been 
generated. 

m Plan 
Perturbation 

Situation 
Feature Heuristic 
Values Scoring 

lmportance 
Factors 

Figure A.11 Learning Plan Building Strategies. 
The appropriate heuristic scoring factors will depend both on the planning 
situation and the select plan perturbation type. 
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APPENDIX B 

MATERIAL PRESENTED TO WORKING GROUP (WG) 11 DURING 
WG MEETINGS OR SITE VISITS 

B.1 Working Papers prepared by Members of WG 11 

Meetings of the Working Group: 

H. Winter: The Impact of Traditional and New Software Technologies on the Life Cycle of G&C Systems 

H. Kanoui: Applicable Technologies 

M. Adams: Functional Decomposition of Onboard Intelligent Systems 

M. Adams: Application of Neural Networks for GN&C 

P. Friedland: Artificial Intelligence Technology Development Plan 

P. Friedland: Operational Efficiency Subpanel: Advanced Mission Control 

P. Friedland: AI Technology Overview (Collection of VG) 
G. Champigneux: Functional Analysis and Architecture of G&C of Aircraft 

D. Holmes: Intelligent System Functionality in Modern Aircraft 

E. Girardelli: Functional Analysis and Architecture of Pre-Mission Activities 

F. Kraiss: Human in the Loop 

K. Rosenberg: Glossary of Terms for Knowledge Based Systems 

R.  Onken: Baseline Functional Structure of Pilot Assistant Systems 

D. Holmes: Functional Analysis of G&C in Modern Military AC 

D. Godart: Real-Time On-hoard Expert System for Navigation and Guidance 

P. Friedland: Enabling Technologies and their Potential 

H. A. Funk: Effects of Applications of AI on Life Cycle Costs 

K. Rosenberg: Information Technologies Review 

G .  Champigneux: Task Allocation between a Pilot and a Crew Assistant System 

R.  Hood: Enabling Technologies and their Potential 

B. Ellis: Functional Allocation to Man and Machine 

S. Sallt!: Real-time On-hoard Expert System for Navigation and Guidance (Copies of VGs) 

S. Sall6, G. Champigneux and D. Holmes: Developing Environment for Knowledge Based Systems used in G&C. 

H. A. Funk: Live Cycle (Collection of VGs) 
P. Friedland and H. A. Funk: Enabling Technologies and their Potential . 
M. Adams: Control System Design Methodologies. 

H. Kanoui: Enabling Technologies 

M. Adarns, G. Champigneux and D. Holmes: Top-Level Functional Structure (Collection of VGs) 
J. M. Damoy: Knowledge-based Spacecraft Operations (Collection of VGs) 

U. Volckers: Functional Analysis and Architecture of G&C in ATC (Collection of VGs) 

The following Working Papers have been written by Members of WG 11 and have been discussed at the 6 
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8.2 Motivating Examples of Knowledge Based System Applications Discussed by WG 11 
Leading Experts in the field of knowledge based G&C systems have been invited to discuss their work with WG 

I I during the 6 meetings of the Working Group. The following documentation of this work was handed out to WG 
1 1 :  

R. Onken, Universitat der Bundeswehr, Mihchen: Knowledge-Based Cockpit Assistant for IFR Operation 

D. Morillon, T. Canter et M. de Cremiers, SAGEM, Osny: SEAN: An Expert System for Navigation Assistance 

N. Gcddes, Search Technology, Inc., Norcross: The Lockheed Pilot's Associate Program (Collection of VGs) 

(Collection of VGs) 

aboard Fighter Aircraft ( Working Paper presented by S. Salli) 

W.B. Rouse, N.D. Geddes and R.E. Curry: An Architecture for intelligent in:erfaces: Outline of an Approach to 
Supporting Operators of Complex Systems. Human-Computer Interaction, 1987-1988, Volume 3 pp. 8 7 ~  
122. 

W.B. Rouse, N.D. Geddes and J.M. Hammer: Computer.-aided fighter pilots. IEEE Spectrum, March 1990. 

D.R. Sewell, N.D. Geddes and W.B. Rouse: Initial Evaluation of an Intelligent Interface for Operators of Complex 
Systems. Proc. Second International Conference on  Human-Computer Interaction, Honolulu, August 1987. 

B.H. Hoshstrasser and N.D. Geddes, Search Technology, Inc., Norcross: OPAL - Operator Intent Inferencing for 
Intelligent Operator Support Systems. 

B.W. Webb, N.D. Geddes and L.O. Neste: Information lblanageinent with a Hierarchical Display Generator. 
Proc. National Computer Graphics Assoc. April I989 

N.G. Geddes, J.M. Hammer: Automatic Display Management Using Dynamic Plans and Events. 6th Symposium 
on Aviation Psychology, Columbus, April 199 I 

V.L. S h a h ,  et al.: Towards a Theory of Pilot Information Requirements During Plan Development and Execution. 
Proc. of CERT 90, France, Sept. 1990. 

J.D Hammer and N.D. Geddes: Design of an Intelligent Monitor for Human Error in a Complex System 
Computers in Aerospace 6, Wakefield, October, 1987. AIAA. 

R.C. Andes: Adaptive Aiding in Complex Systems: An Implernentation. 1987 Proc. of IEEE Systems, Man, and 
Cybernetics Society Conference. 

D.R. Sewell and N.D. Geddes: A Plan & Goal-Based Method for Computer-Human System Design. Human- 
Computer Interaction INTERACT-90 North Hollarid. Diaper, Gilmore, Cockton and Shackel (Eds.) 1990. 

D.J. Atkinson, Jet Propulsion Laboratory, Pasadena: SHARP: Spacecraft Health Automated Reasoning Prototype 
(Collection of VGs) 

A. Bcnoit, EUROCONTROL, Brussels: Knowledge Based Systems in ATC (No Paper Handed Out) 

E.L. Duke, R.W. Brumbaugh, M.D. Hewett and D.M. Tartt, NASA Dryden Flight Research Facility, Edwards, 
Cal.: From an Automated Flight-Test Management System to a Flight-Test Engineers Workstation. 

J.W. McManus, NASA Langley Research Center: Knowledge-Based G&C (Collection of VGs) 

B.  Sridhar, NASA Ames Research Center: Application of Computer Vision Techniques to G&C. (No Paper 

S. Damiani, F. Ricci and E. Valfrk, Aliena Aeronautica, Torino, Italy: ADAM Aircraft Diagnostic And 

Handed Out). 

Maintenance (Working Paper presented by E. Girardelli). 

8.3 Applications of Knowledge Based Systems Discussed During Site Visits of WG 11 
In  connection with the Meetings of WG I 1  several 5:ite Visits have been made in order to study successful 

examples of knowledge based systems in G&C. The Documentation of the work of the visited organizations handed 
out to WG 1 I is listed i n  this appendix. The Site Visits took place in Germany on the 13th and 14th May, 1991, i n  
France on 28 and 29 October 1991, and i n  USA on 19 ,21  and 22 May, 1992. 

8.3.1 Visits in Germany 
The WG visited Frankfurt AirDort to see the COMPAS system developi:d by DLR (see Section 6.1.4) which 

has been in operation at this airport since 1989. In Munich the Group visited the Siemens AG at Unterschleissheim 
where presentations were made describing activities in air traffic management, an expert system for real time 
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applications, and neural networks for data fusion. At the Universitat der Bundeswehr. the CASSY system (see 
Section 6.1.1) and the work on autonomous vehicle guidance by computer vision were presented to the Group. The 
Forschungsinstitut fer Anthropotechnik (FGAN-FAT), Werthoven, Germany had organized a presentation in 
Munich describing neural operator models in a car driving situation. At MBB the Threat Management System, the 
Airfield Management System, and facilities for madmachine interface prototyping were presented to the Group. 
The following documentation was obtained at these visits. 
DLR COMPAS Svstern at Frankfurt Airport 

Computer Assisted Arrival Planning (Collection of VGs) 

COMPAS: A Planning and Decision Aid for Air Traffic Controllers (DLR Brochure) 

Siemens. Unterschleissheim 

Application of Neural Networks (Collection of VGs) 

Recognized Air Picture Production with Expert Systems (Collection of VGs) 

Echtzeit-Expertensysteme (Folder in German) 

Realzeit-Expertensystem: Battleman (Collection of VGs and Folder in German) 

Universitat d. Bundeswehr. Munich 

E.D. Dickmanns and V. Graefe: Dynamic Monocular Machine Vision. UniBwM/lrt/WE 13/FB/XX-3 

Th. Wittig: Knowledge-Based Cockpit Assistant for IFR-Operations (Collection of VGs) 

R. Onken: Knowledge-based Cockpit Assistant for IFR-Operations. AGARD GCP 51st Symposium, Madrid, Sept. 

M. Kopf and R. Onken, Universitat der Bundeswehr, Mijnchen: A Machine Co-Driver for Assisting Drivers on 

K.-F. Kraiss and H. KAttelwesch, Research Institute for Human Engineering (FGAN-FAT), Werthoven, Germany: 

K.-F. Kraiss and H. Kiittelwesch: Teaching neural networks to guide a vehicle through an obstacle course by 

1990. 

German Autobahns. 

Identification and Application of Neural Operator Models in a Car Driving Situation. 

emulating a human teacher. Proc. of International Joint Conference on Neural Networks, IEEE S. Diego, 
June 1990. 

E.D. Dickmanns and Th. Christians: Relative 3D-State Estimation for Autonomous Visual Guidance of Road 
Vehicles. Intelligent Autonomous Systems 2 (IAS-2), Amsterdam, Dec. 19x9. 

E.D. Dickmanns: Dynamic Vision for Intelligent Motion Control. 1EEE.Int. Workshop on "Intelligent Motion 
Control", Istanbul, Aug. 1990. 

MBB. Munich 

K. Holla and B. Benninghofen: A Threat Management System. 

Information System Supporting Survivability (Folder) 

TMS - Threat Management System (Collection of VGs) 

System Engineering and System Development Technologies at MBB (Collection of VGs) 

List of AI - Projects at MBB 

8.3.2 Visits in France 
Visits were made to Dassault Aviation (Saint Cloud) and CERMA (Aerospace Medical Research Center) in 

Paris and to MATRA Space and Dassault in Toulouse. Discussions and demonstrations at Dassault were related to 
the "Electronic Co-Pilot" Program. Discussions at CERMA dealt with cognitive modeling and manhach ine  
coordination. The visit to MATRA involved a number of presentations and discussions with members Of the 
Artificial Intelligence Department. The topics covered included several applications of AIlExpert Systems to space 
missions. At Dassault in Toulouse, discussions centered around AI applications to industrial planning, scheduling, 
and computer-aided design. The following materials were received during these visits. 

http://1EEE.Int
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DASSAIJCT. Saint Cloud and Toulouse 

Development Environment for the Copilote Electronique. Fuzzy Guidance. Mission Preparation for the Copilotc 

(4 Short Papers by Dassault Aviation) 

Intent Recognition in the Copilote Electronique. (Collection of VGs) 

Guidance: Fuzzy Logic. (Collection of VGs ) 

CERMA (Aerospace Medical Research Center). Paris 

Amalberti et 81. CERMA, France and JRC, Italy: Modeling Preferences in Process Control: The Importance of 

R. Arnalberti et F. Deblon, CERMA: Cognitive Modeling of Fighter AC Prociss Control: A Step towards an 

Electronique. Copilore Electronique Architecturc Ilcsign. 

Metaknowledge. 

intelligent onboard assistance system. 

MATRA Soace. Toulouse 

J.M. Darroy: Artificial Intelligence at Matra Marconi Space. (Collection of VGs) 

S.M. Darroy, MATRA: Presentation of the AI Department of MATRA. 

J.M. Darroy: AI at MATRA Espace: Industrial Applications of Expert Systems. 3rd International Congress of 
Inforrnatics Associations, Rio de Janeiro, August 1990. 

J.M. Darroy: Integrated Human-Machine Intelligence in Aerospace. Proc. of International Conference Human- 
Machine Interaction and Artificial Intelligence i n  ANsronautics and Space, Toulouse, September 1990. 

J.M. Darroy: Knowledge-Based Systems for Spacecraft Control. First International Symposium on Ground Data 
Systems for Spacecraft Control, Darmstadt, Gerrnarly. June 1990. 

J.M. Darroy: AI for Space: A strategic approach for innre than just a new technology. 3rd European Space Agency 
Workshop, Noordwijk. May 1991 on AI and Knowledge-Based System:; for Space. 

M. Nielsen et al.: Expert Operator's Associate: An expert s:!stcin for spacecraft control. Proc. First International 
Syrnposiurn on Ground Data Systems for Spacecrafl Control, Darmstadl, Germany, June 1990. 

P. Caloud et 81.: On-board Decision Support System for Orbital Rendez-Vous Operations. IMACS International 
Workshop on Qualitative Reasoning and Decision Support Sys tem,  March 1991 in Toulouse. 

F. Lecouat, M. Nielsen and K.  Grue: Knowledge-Based assistance for Genera!.ing and Executing Space Operations 
Procedures. ESTEC Workshop on AI and Knowledge-Based Systems fix Space. ESTEC, May 1991 

M. Haziza: Towards an operational fault operation expert 
TELECOM 2. Proc. First International Symposiurri on Ground Data Systems for Spacecraft Control, 
Dannstadt, Germany, June 1990. 

J.M. Brenot et al.: On the development of an operational expert system for the TELECOM 2 satellite control 
centre. ESTEC Workshop on AI and Knowledge-Birsed Systems for Sp,ice. ESTEC, May 1991 

J.J. Fuchs et al.: planERS-I: An expert planning system for generating spacecraft mission plans. First International 
Conference on Expert Planning Systems i n  Brighton, UK, June 1990. 

J.J. Fuchs et al,: The Expert Planning System Prototype: Experimentation and IJsers Feedback. ESTEC Workshop 
on AI and Knowledge-Based Systems for Space. ESTEC, May 1991 

M.M. Arentoft et al.: OPTIMUM-AIV: A Planning and Sclieduling System for Spacecraft AIV. ESTEC Workshop 
o n  AI and Knowledge-Based Systems for Space. ESTEC, May 1991 

J.-M. Brenot et al.: ARIANEXPERT: A Knowledge Based System to analyze ARIANEs mission data. ESTEC 
Workshop on AI and Knowledge-Based Systems for Space. ESTEC, M.iy 1991 

R. Laurette et al.: Supervision and Control of the AMR Intervention Robot. Proc. of 5th International Conference 
on Advanced Robotics (ICAR), Pisa, Italy, June 1990. 

M. Devy et al.: Terrain modeling froin 3D depth images for an autonomous mo'3ile robot. Proc. of 7th 
International Scandinavian Conference on linage Analysis, Aalborg, Denmark, August 1991. 

tern for French telccoininunication satellite 
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8.3.3 Vis i ts  in USA 
Visits were made to in Houston, Texas and to NASA Ames Research center in 

Mountain View, California. The demonstrations and discussions at the Johnson Space Center were related to the 
application of knowledge based system technology to spacecraft, payload, and space mission rnanagement. At the 
Ames Research Center visits were made to the AI, G&C, and ATC Laboratories. The demonstrations and 
presentations dealt with various AI technologies under development, with the application of knowledge based 
systems to air vehicle G&C, especially helicopter applications, and with automation of air traffic management 
functions, using computer intelligence. 

NASA Johnson Suace Center-Houston 

G.J. Reuter et al.: An intelligent free-flying robot. SPIE Symposium on Advances in Intelligent Robotic Systems, 

J. Ericson et al.: Technology test results from an intelligent, free-flying robot for crew and equipment retrieval in 

Space Station Automation IV, Cambridge, MA, November 1988. 

space. Proc. of Society of Photo-Optical Instrumentation Engineers Symposium on Cooperative Intelligent 
Robotic Systems in Space 11, Boston, MY, November 1991. 

Symposium on Cooperative Intelligent Robotic Systems in Space 11, Boston, MY, November 1991 
J. Ericson et al.: Future needs for space robots for SEI. Proc. of Society of Photo-Optical Instrumentation Engineers 

J.L. Fox, NASA, LBJ Space Center, Houston: Space shuttle vehicle familiarization 

NASA, LBJ Space Center, Houston: Payload deployment and retrieval system. 

NASA, LBJ Space Center, Houston: DESSY Screen Description (Collection of VGs) 

NASA Ames Research Center,-Mountain View 

G.A. Boy, NASA Ames Research Center: Indexing Hypertext Documents in Context. 

H.R. Berenji: Treatment of uncertainty in AI. In Machine Intelligence and Autonomy for Aerospace Systems. Heer 

D. Clarc, et al.: Responses to "An AI view of the treatment ofuncertainty" by Alessandro Saffotti. The knowledge 

H.R. Berenji et al.: A hierarchical approach to designing approximate reasoning-based controllers for dynamic 

H.A. Berenji: A reinforcement learning-based architecture for fuzzy logic control. Intern. Journal of Approximate 

M. Zweben et al.: Rescheduling with Iterative Repair. NASA Ames Research Center Technical Report FIA-92-15. 

H. Berenji et al.: Learning and tuning fuzzy logic controllers through reinforcements. NASA Ames Research 

P.N. Smith et al.: Vision-Based Range Estimation Using Helicopter Flight Data. IEEE Conference on Computer 

V. Cheng and B. Sridhar: Technologies for Automating Rotorcraft Nap-of-the-Earth Flight. AHS 48th Annual 

V. Cheng and T. Lam: Automatic Guidance and Control Laws for Helicopter Obstacle Avoidance. IEEE Conf on 

H.N. Swenson et al.: Simulation Evaluation of a Low-Altitude Helicopter Flight Guidance System Adapted for a 

V. Cheng and B. Sridhar: Considerations for Automated Nap-of-the Earth Rotorcraft Flight. 1988 American 

B. Sridhar and Suorsa: Comparison of Motion and Stereo Methods in Passive Ranging Systems. IEEE Trans. on 

H.N. Swenson: Computer Aiding for Low-Altitude Helicopter Flight. NASA Technical Memorandum 103861 

and Lum. Progress in Astronautics and Aeronautics. Vol. 115. 

engineering review. Vol. 3 No. 1. March 1988. 

physical systems. Uncertainty in AI 6, 1991 Elsevier Science Publishers, 

Reasoning. Vol 6, Nr. 2, February 1992. 

April 1992. 

Center Technical Report FIA-92-02. January 1992. 

Vision and Pattern Recognition, Champaign 11, June 1992. 

Forum, Washington, DC, June 1992. 

Robotics and Automation, Nice France, May 1992. 

Helmet-Mounted Display. NASA Technical Memorandum 103883. 

Control Conference. Atlanta, June 1988. 

Aerospace and Electronic Systems. Vol 27, No. 4, July 1991. 
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B. SridRar et 81.: Kalman Filter Based Range Estimation fur Autonomous Navigation Using Imaging Sensors. 

H. Errberger CTAS: Computer Intelligence for Air Traffic Control in the Terminal Area. Proc. Special 

Automatic Control i n  Aerospace. IFAC Symposium Tsukuba, Japan, July 1989. 

Conference on "Air Traffic Control: Data Processing and Large Scale Computation". Italy's National 
Research Council (CNR), Capri, Italy, Octobcr 1991 
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