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THEME

Recent AGARD activities have indicated a strong need for more efficient avionics system engineering. There isa
growing need for reducing development time, effecting savings in costs of ownership. and in extending the life-time of
avionics systems. This must be accomplished along with meeting needs of the user faced with a growing threat. With the
growing compleaity of avionics systems (a8 well as other systems), it is important to develop and maintain expertise in system
planning, architecture. and management.

This Lecture Series addresses the important systems engineering aspects of Requirements, Systems Integration,
Prototyping. and Design. In addition, the impact of technology on system architecture will be discussed. Methodologics are
described and actual case histories will serve as practical examples of modern system enginecring.

This Lecture Series, sponsored by the Avionics Panel of AGARD. has been implemented by the Consultant and
Exchange Programme.

Le besoin de rendre plus performant Uingéniérie des systémes avioniques ressort tres nettement des activités récentes
de FAGARD. 11 devient de plus en plus nécessaire d'écourter les délais de développement, de réaliser des économies dans
les couts globaux et de prolonger la durée de vie des systémes avionigues, tout en répondant aux exigences de lutilisateur
face i la menace grandissante.

Vu la nature de plus en plus complexe des systemes avioniques (et dautres systemes) it importe de développer et de
maintenir l'expertise existante dans le domaine de 1a planification. I'architecture ¢t le management des systemes.

Ce Cycle de Conférences examine les aspects importants de l'ingénicrie de systemes en maticre de besoins.
dlintégration des systemes, de réalisation de prototypes, et de conception. En outre, Fimpact de la technologie sur
Farchitecture des systemes. est aussi examing. Des descriptions de différentes méthodologies sont présentées ct des cas réels
sont utilisés & titre d'exemples pratiques dingénierie de systeémes modernes.

Ce Cycle de Conférences est présenté dans le cadre du programme des Consultants ct des échanges, sous égide du
Pancl AGARD d'Avionigue.
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AVIONICS SYSTEM ENGINEERING--AN INTRODUCTION

Dr Fred I. Diamond
Rome Air Development Center
Griffiss AFB NY 13441-5700 USA

Summary

System engineering is the process used in the evolution of systems from
identification of a need through construction and/or production and deployment
in an operational environment. It is a process that involves the application
of appropriate scientific and technical knowledge (1) to transform an
operational need into a system configuration with defined parameters, through
an iterative process of analysis, design, test, and evaluation; (2) to
integrate all performance requirements, including reliability, maintainability,
supportability, etc. into the total engineering effort; and (3) to integrate
related components to insure interoperability and optimum System performance.
It is a process that also considers economic factors such development and life
cycle costs.

The life cycle process involves several key steps, many iterative, but in an
orderly and controlled manner. They include Requirements, Architecture
Specification, Design, Development/Construction, Test & Evaluation, and
Operational Use,

With the growing complexity of avionics systems, effective systems engineering
is critical. Therefore, we must p'* greater emphasis on architectures,
subsystem design and interfaces and -ystem integration. Only through a total
systems engineerinyg approach from the very initial phases of the system life
cycle may we achieve a well-engineered system. The payoff will be reduced cost
of ownership and greater mission effectiveness.

Introduction

A growing and more sophisticated threat plus shrinking budgets are placing
even more challenges to the R&D community. Faced with complaints about
lengthy and costly developments, rapid obsolescence, and excessive costs
of ownership, we have all heard the following concerns:

How to develop timely solutions which are responsive to new and
changing reqguirements.

How to better integrate elements into new or existing systems.
tlow to integrate hardware and software functions.
How to achieve interoperability.

How to reduce life cycle costs and make systems more usable and
supportable.

How to predict system cost and performance.

How to accomplish timely and non~disruptive technology insertijon.
fiow to plan for proper test and evaluation.

How to manage large programs,

These reflect the need for more effective system engineering, and cuch issues
have been addressed in many activities of AGARD's Avionics Panel.(1-7]1 With
the growing complexity of avionics systems, system engineering is critical.
The increased use of automation has broadened the scope of avionics system
engineering. A recent AGARD study of avionics identified system engineering
as one of the more pressing problems but also, an opportunity for major
improvements. (8] Incidently, system engineering is a major problem in all
development and acquisition activities, not only in other areas of Defense
such as Command and Control, but in many other endeavors of our society.
Apparently, as the need arose, we developed many kinds of engineering
specialists in all of the conventional engineering areas such as electrical
and electronic engineering, but we may have neglected the important role

of the system engineer, the individual who has the skills, breadth, and
experience to ensure that all interacting components fit into an efficient,
cost-effective entity.




In the broadest sense, systems may not be the same, but the general methods
used in arriving at a successful system are similar. This is the function

of system engineering, which should be considered as a professional activity
and an academic discipline, Many universities are now offering progranms

in System Cngineering, and many books address this subject.[9-11] System
Engineering may be defined as the process used in the evolution of a system
beginning with the identification of a need and ending with the construction
and/or production and deployment in an operational environment. It is a
process that involves the application of appropriate scientific and technical
knowledge (1) to transform an operational need into a system configuration
with defined parameters, through an iterative process of analysis, design,
test, and evaluation; (2) to integrate all performance requirements, including
reliability, maintainability, supportability, etc. into the total engineering
effort; and (3} to integrate related components to insure interoperability and
optimum system performance. It is a process that also considers economic factors
such development and life cycle costs.

The life cycle process involves several key steps, many iterative, but in

an orderly and controlled manner. One of several variations includes
Requirements, Architecture, Specification, Design, Development/Construction,
Test & Evaluation, and Cperational Use. The requirements phase is the
beyinning step in the transformation of operational requirements to technical
requirements. It includes examination of "customer" needs and concepts of
operations, along with consideraticns of performance, cost, scheduling, and
reliability and maintainability. It extends to analysis of these requirements
for the formulation of system functional requirements., The Architecture

phase involves system concepts and synthesis. Alternate architectures are
defined and prototypes are described. Hardware and software aspects are
examined along with subsystem interfaces. Madelling and mathematical
representation may play an important role in order that alternative concepts
and architectures may be examined and compared. The definition of the system
architecture and a detailed functional analysis leads to Specifications.

Given, for example, such avionics elements such as sensors, navigation,
displays, communications, etc., one may describe detailed technical speci-
fications and interfaces at the subsystem and component level. Relevant
standards are elso identified, along with appropriate figures of merit and
neasures of performance. The system design not only involves subsystems and
components, but also takes into account the interaction and interoperability and
integration of its component subsystems, the identification of c¢ritical elements.
It requires decisions regarding the use of off-the-shelf elements rather than
development. It must, at the onset, consider hardware and software as an
inteyral design. Tt should include such factors as life cycle costs, logistics
support and measures of effectiveness.

A good example is Reliability and Maintainability. The systen design must
consider not only individuval components with respect to specified performance
under carefully defined environmental conditions, but it also nmust take

into account overall system performance and design. Decisions regarding
redundancy, self-repair, fauvlt-tolerance, graceful degradation, and
reconfigurability must be made. For example, redundancy can be practiced

at the chip level or ar the subsystem level. We may wish to assign a function
to other resources. For example, if a computer supporting an important
function fails, one might wish to have the capability to replace it with

a similar computer performing a non-critical or low-priority function at

that particular phase of a mission. And new technologies such as active
phased arrays nerit consideration of cost-effectiveness because of the
graceful degradation they provide. Thus, testability and maintainability must
be part of the design process, as well as the extent of, the usace, and

the nature of modules, for easy maintenance, reduced logistics support,
reconfigurability, and follow~on modification or upgrading., Proper attention
Lo factors such as these early in the life cycle will avoid problems later;
ignoring them may be very costly.

hs the system progresses through its life cycle, engineering decisions are
made that may impact on earlier design decisions. The system engineer must
be sensitive to this; otherwise, adverse effects, directly or indirectly,
sometimes in subtle ways, may occur.

Development/Construction involves not only satisfying specifications and
standards. It must consider process control, quality assurance, testability
and cost. Test & Evaluation includes preparation of an appropriate test
rlan, specification of test methodology and equipment, calibration, data
reduction, and analysis.

Each of the steps involves analysis and simulation, and may require feedback
and iteration., Such analysis may involve system trade-offs and risk assess-—
ment, analysis of alternative concepts and designs, analysis of life cycle
costs vs., performance, and prediction of performance under different scenarios.
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System engineering of aircraft systems is particularly challenging. Aircraft
systems are "super" systems whose very elements (e.g. avionics) are themselves
complex systems. They utilize a diverse collection of sophisticated equipment
for sensing, communications, and information processing. They involve the
interaction of equipment and the people who operate and maintain them. A
major design challenge is the integration of information to be used by the
pilot who must perform navigation, flight control, fire control, etc.,
interacting with sensor and threat data through displays, observations,

and auvdio inputs. Furthermore, new technology is constantly emerging--
adaptive signal processing, distributed processing and data bases, artificial
intelligence/expert systems, parallel processing--and these must be considered
in the context of system performance including interoperability, survivability,
connectivity, rapid deployment, and reliability and maintainability. The
nature of this very rapid progress in electronics, electromagnetics, and
infnormation processing is creating new system questions. With the advent of
VLSI and VHSIC, the distinction between devices and circuits is vanishing;
progress in monolithic microwave integrated circuits raises similar system and
sub-system issues. Microprocessor developments raise new questions regarding
the trade-offs between hardware and software. The evolution of photonics offers
new opportunities and challenges for system design and integration. These
technical trends may imply the need for and utilization of more specialists,
but future avionics developments will also regquire systems-oriented engineers.

By definition, a system is any collection of elements that interact or
interrelate. With more sophisticated and more interdisciplinary technology,
System concepts and system engineering apply even at the microchip level.
System engineering should be of concern at all levels of engineering, and
involve both hardware and software, The need for a system-oriented

engineer pervades every aspect of development and acquisition.

For example, consider the antenna engineer. In the future, the antenna
engineer, must be such a systems-oriented technologist. The use of radiating
elements on the same substrate with monolithic microwave integrated circuits
and their coupling to processing electronics are system and sub-system

issues. With further advances in high speed digital processing and analog-
to-digital conversion, the prospect of all-digital beam forming, scanning,

and processing is upon us. A clear distinction between transmitter, receiver,
antenna, and processor may no longer exist, and interrelations among many
specialties will become qreater. Electromagnetic radiation is still important,
but digital beam forming and adaptive nulling also require a knowledge of modern
control theory and information theory. The digital manipulation of data,

the processing of signals, and the generation of control signals require skills
in the information sciences. This digital antenna is indeed a system problem
trat requires interdisciplinary skills. The transition from a relatively
simple dish to the digital antenna is happening in other areas as well.

From the above, we may conclude that a good system engineer needs some
special attributes. Among them are:

A mastery at tormul=ting and solving system-type problems.
The talent to translate operational needs into technical requirements.

The ability to direct and coordinate multiple, simultaneous technical
activities.

A capability and willingness to make firm engineering and management
decisions.

An understanding of procurement procedures and financial management.

A sensitivity to the factors affecting the acceptability of his
system concept,

The technical integrity to honestly surface and face issues.

Although system engineers may evolve out of one of the engineering disciplines
which are involved in the system life cycle, the new breed of system engineer
must have a good working knowledge of many engineering and scientific disciplines
involved, in order to recognize interdisciplinary problems and lead or participate
in their solutions. And yet, as any good system engineer, he must also be

the prime mover in the conceptual and analytic studies required; he must deal
creatively and decisively with technology, people, and environments; for let

us not forget that achievement of a successful system also requires good
management of the system engineering functions.[12,13)] To carry out any program,
an engineering organization consisting not only of engineers and scientists

is needed, but also technicians, draftsmen, programmers, model builders and




non-technical personnel for financial management, contracting, etc. The efficient
use of these skills must be planned and scheduled. Goals and objective schedules
must be established. Technical direction must be provided, and managerial
controls must be initiated.

Modern system engineers must be equipped and trained to use modern engineering
tools, especially computer~aided capabilities.[(14) Modern system engineers

should use work stations which are equipped with software packages for mathe-
matical and statistical analysis; «<ith engineering tools for design and analysis

and for modelling and simulation. They should include aids for project management--
cost, schedule, and performance tracking; cost analysis and trends; report
generation, And all of these require suitable graphics.

The prevailing opinion is that system engineers are born, not made. Most
large engineering firms and so-called system houses assign system engineering
responsibilities to their brighter, accomplished engineers who seem to

"think big."™ Many of the skills of system engineering and management are
acguired through years of experience, and talents such as creativity and the
ability to deal with complexity may be innate qualities. However, formal
training and education are necessary to develop and provide:

(1) Interdisciplinary skills - broad knowledge of many engineering
disciplines as well as operations research, and even
manufacturing processes. Subjects such as control engineering,
communications theory, signal processing, electromagnetics, and
information processing are vital.

(2) Mathematical skills - sufficient knowledge of advanced mathematics to
understand and direct the design analyses that may be needed,

(3) Computation skills - use of computers for analysis, instrumentation,
and modelling and simulation.

(4) Management and Interpersonnel skills - to better deal with people and
resources.

This new breed of system engineer may learn some valuable lessons from the emergence
of software engineering as a discipline. The software engineer is well aware

of the steps in the life-cycle of a project. An integrated software engineering
environment is emerging; he is developing tools for automated prototyping

and for the evaluation of progress in the development of software. 2Artificial
Intelligence/Expert Systems technology is being applied in the development

of software tools and methodology to support the various phases in the

software life cycle, and to provide corporate memory such as the rationale
behind design decisions made throughout the life-cycle. These techniques

for software engineering are also being applied to system engineering of both
bhardware as well as software.

Future avionics systems, employing new technologies, present even greater
system engineering challenges. One may envision nultiple sensors,
communications, and electronic warfare systems sharing a common adaptive
phased array; we may anticipate a local area network of processors sharing
the functions of control, computation, message processing, etc.; and we can
anticipate intelligent displays that will provide in.ormation in a variety
of forms--graphics, imagery, text, etc. that may be accessed by voice,

by keyboard, or by touch. This implies that we must put greater emphasis
on architectures, subsystem design and interfaces and system integration.
Only through a total systems engineering approach that considers these factors
from the very initial phases of the system life cycle, as well as
modularity, internal communications, standards, reconfigurability, and
supportability, may we achieve well engineered systems. The payoff will be
reduced cost of ownership and greater mission effectiveness.

This lecture series will introduce to the system engineer and the potential
system engineer some of the basic concepts of system engineering. Con-
sidering the broad scope of activities involved, these lectures concentrate
on the initial phase of the system life cycle--requirements, architecture,
design. Although all aspects of the life-cycle are important, the more
attention given "up front", the less likely will be the need for the
occurrence of errors and costly rework in the later stages of the life-cycle.

In the following paper, Dr Paskin addresses the avionics requirements
definition process, at the conceptual level, in light of changing threats,
technology, and business environments, He provides a perspective of total
integrated system performance, looking at broad requirements issues rather
than specific subsystem specifications. His fundamental premise is that
avionics requirements are driven by four factors: Information and Data
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Sources, Control Opportunities and Information Needs, Concepts, and
Algorithmic Techniques, and Realization Technologies. These four factors
are set in a system structure which shows their interrelationships and
provides the framework for conceptualizing avionics system solutions to
meet particular mission needs. An examination is made of the issues of
fielding and affording the solution with specific emphasis on architecture,
fusion, production, and support.

Mr. Rowle will describe a top~down methodology for establishrent of design
requirements. He will describe the structured design of the avionics
system for the UK Experimental Aircraft Program (EAP) using a design tool
called CORE (Controlled Requirements Expression).

Mr. Breza will then discuss the integration of avionics into the overall
conceptual design phase. He will cover methods and concepts for the intro-
duction of avionics systems in the initial design of aeronautical systems,
describing the balanced design process which relates avionics, propulsion

and armament systems, This involves the extension of current aircraft desigr
synthesic and analysis procedures to incorporate avionics in order to achieve
an integrated system design for optimum aeronautical system and avionics
system parameters. Quantifiable measures of merit and the optimization

of performance-~to-cost ratio for new aeronautical systems are described.

Some recent examples of the evolution of architectures for modern-day
information systems are presented by Mr. Ostgaard, DAIS in the 1970's and

Pave Pillar in the 1980's. The Digital Avionics Information System (DAIS)

was a system architecture for an avionic system utilizing digital technology

to reduce life cycle costs by defining and developing hardware and scftware
core elements and standardized interfaces which could be configured and applied
to many aircraft. The Pave Pillar program established an avionics architecture
with a design philosophy which permits resource. to be shared across subsystems,
This requires a highly coupled system-wide management and control program
(operating system) supported by a wide-band data distribution network, high
speed processors, and extensive mass memory.

The next series of lectures will be devuted to avionics system design.

Mr. Tooze will first describe an approach to avionics system design and its
application to modular avionics architectures. PRy taking various architectures
and corresponding modular sets and applying functional descriptions of the
requirement, each architectural candidat may be investigated for its
capability to meet the expected requirerents.

Dr Berardi will talk about rapid prototyping, but with emphasis on the
growing use of artificial intelligence/expert systems for rapid prototyping.
In particular, he will describe a design tool called ECATE (Expert Consultant
for Avionics System Transformation Exploitation), developed by Avionics and
Eguipment Group of Aeritalia. This is an expert system that prototypes the
information handling architecture of an avionics system. He further expands
upon the use of artificial intelligence and computer tools with a description
cf a complete, integrated environment for the rapid development of software
prototypes of avionics systems.

M, Schirle will describe the use of rapid prototyping leading to detailed
specifications and corresponding test plans. He will describe examples
carried out in the Avions Marcel Dassaul t-Breguet Aviation company through

the analysis and the synthesis of the rapid prototyping used within the frame-
work of Rafale A and Mirage 2000 NC systems developments, Although emphasis
will be upon the practical use of prototyping and the results gained, he

will also show other uses and benefits of prototyping.

And finally, to illustrate the impact of new technology and its introduction
into future avionics systems, Mr Ostgaard will describe the Pave Pace program.
This program is a systematic and disciplined approach to the technology
maturation process and will provide the system definition for future
development and demonstration of highly capable and affordable avionics
technology for new/retrofitted aircraft in the 21st century. It addresses
compatibility with existing avionics architectures which provide new
capabilities in machine intelligence to provide better aircrew situation
awareness and decision aiding in complex scenarios, ultra-reliable electronics
for surge/austere support conditions, and system level computer aided
development and support tools to reduce embedded computer software costs.
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AVIONIC SYSTEM RJQUIREMENTS
Dr. Harvey M. Paskin
Westinghouse Electric Corporatlion
Post. Offlce Box 1693, MS 1112
Baltimore, Maryland 21203 U.S.A.

SUMMARY

This paper addresses avionics system requirements at the conceptual level
in light of changing threats, acquisition strategies, technology, and
business environments. The objective is to provide a perspective of total
integrated avionies systen pucformance which illuminates broad
requirements issues rather than specific subsystem speciflcatlons.

The fundamental tenet of this paper is that although one can intuitively
relate parametcic and functlional avionic system requirements to mission
related activities, a more global view is necessucy Lo ensure that system
vequirements aptly address the gamut of factors which relentlessly bear on
the ultimate system design, development, production, and suppoct. The
premise is that avionies trequirements acre driven by four factors;
Tnformation and Data Sources, Control Opportunlties and Information Needs,
Concepts and Algorithmic Techniques, and Realization Technologies. These
four factors ire set in a generic systems structure which shows their
intercelatlionships and provides the framework for conceptualizing avionic
system solutions to meet particulacr mission needs. The stcructure focuses
on t ~ role of avionics in providing situation assessment, respoase
selection, cesponse implementation, and cormunications. With this
structuce in place, avionic system requirements are then examined within
the context of architecture, techniques, technology, producibility, and
supportability. Each of these factors play a major role in determining the
ultimate system specifications and sve significantly altering the design
parameters of systems as we know them today.

The importance of developing the right avionic system requirements in

tomorrow's complex weapon systems canhot he overstated. 1t is the
critical first step in the commitment of vast resources to multidecade
design, development, production, and support programs. The ultimate

measure of success is a system which is affocrdable in prace time and
capable in wartime. The concepts advanced in this paper are intended to
stimulate the move in this direction.

The classical approach to avionic system requirements focuses on functional entities such as
sucyeillance, tacrgeting, communications, electronic warfare, etc. This approach very quickly drives
down to specific parameters such as sensitivity, dynamic range, power, aperture size, and
field-of view, associated with various sensor subsystems. The approach is quite straight fouward and
inherently pleasing to the engineering community because it allows rapid immersion into design,
development, and testing. Unfortunately, the results often leave the operational planner and user with
a system which not only doesn’t mect wmission requlirements, bul imposes a support and tcaining burden
which reduces operational availability and effectiveness. The fundamental tenebt of this paper is that
although uwne can 1ntuitively celate parametric and functional avionic system cequirements to mission
related activities, a more plobal view is nccessavy to ensure that system requirements aptly address
the gamut of factors which relentlessly bear on the ultimate system design, development, production,
training, and support.

1f we step back from the microcosim of system functional cequirements and take a macroscoplc view
of fartors alfecting the 1ifetime of avionic systens, Wwe can readily secc that avionic syslem
requirements are driven as much by ciccumstance as by function. (Figuce 1)

“Figure 1 AVIONIC SYSTEM REQUIREMENTS ARE DRIVEN BY CIRCUMSTANGES

Threat
Supporiability
Policy

Acqulgition Strategy
Funding
Schedule

Threat is usually the primaty circumstance used to justify tle cequirement for advanced avionic
systems, and normally drives the performance specifications. Supportability is probably the second
mogt imporlant driver new avionics developments. When system failure rates and repair costs exceed
availability cequic~s ... and iisca) constraints, replacement becowes a primary consideration.
Specificativnx  in ‘ ‘nstance are more heavily influenced by supportability consideratlons than
threat driven pertu. characteristics. With the need for the gystem jugtified, the evolution of
the ullimate courlsg » - 13 heavily influenced by the remsining circumstances shown in Figure 1.
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Recent policy trends are driving industry towards cost-sharing, firm fixed price development
contracts and performance warranties that have a definite effect on the ultimate system. The potential
flnanclal impacts associated with these policies acre inherently mitigated with lower risk, lower
technolugy approaches to the solutlon. Creativity is stifled by the fiscal reality of bottom-line
constraints at the corporate level.

Acquisition strategies are also playing a major role in the determination of avionic system
requirements. The use of prototyping and demonstration/validation programs allows a more creative
approach to the problem as well as the time and cesources to advance the state-of-the-art.
Non-Devclopmental Item (NDI) policvy on the other hand, forces a trade between what is desired and what
is available rather than what is desired and what can be achieved.

Fundiug and schedule are two additional circumstances which heav’ly influence avionic system
requirements. The amount, timeliness, and continuity of funding, as well as the schedule, play
dominant roles ln determining what technology can be brought to bear on the problem, and hence the
content of eventual solution.

A recenlly imposced acquisition stralegy in the U.S. involves the use of modular avionie
specifications derived by a Joint Integrated Avionics Working Group (JIAWG). The intent is ta
standardizv form-fit-function specifications at the line replacement module (LRU) level for specific
subsystem cowponents such as power supplies, computers, and signal processors. This activity could
have a significant impact on eventual system performance parameters as well as cost and supportability.

With an awareness of and sensitivity to the circumstances cited above, we will now address
avionics requirements by examining the cole avionics plays in contributing to weapon system
effectiveness. 1a every system in which avionics are used, the role of the avionics involves one or
more of the functions illustrated in Figure 2.

By examining mission objectives for the system undec consideration, one can acrive at a very
spocific set of dala and information necessary to assess the situation. Given the situation, a number
of alternative responses are normally available, and upon selection, they can be implemented to change
the: situation in a mapner which achieves the desired system mission objectives.

Situation assesswent normally vequives knowledge of position, movement, and intent of both
friendly and enemy forces. Parameters of interest in determining avionics requirements for situation
assessment G lude (leld of regard, field of view, resolution, update rates, false alatms, false

dismissals, and time to formulate.

Response selection is the process of deciding which of the available options to use and when to
implement. Time to select and effectiveness are the Kkey parameters which drive the avionics
requircwents.

Response implementation is the process of modifying the situation. Important parameters include
availability, timelinecs, and effectiveness.

Communications is the vital link which ties the system together. It includes man-machine and
man-to-man  interfaces. Effectiveness of couwwunication 1is measured by its clarity, security,
timeliness, and interopecrability.

FIGURE 2
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Within the context of this top-down view of the functions of avionics systems, one can now
consider the factors which drive the avionics designs. The premise of this paper is that svionics
specifications and designs are driven by four fasctors: Information and data sources (what 1s
avsilable); Control opportunities and information needs (what is controllable); Concepts and
algorithalc techniques (Ingenuity and expertise); and Realization technologies
{(Mechanizatlion-Hardware/Software). This concept is illustrated in Figure 3.

FIGURE 3

At this time, one of the two key points of this paper is made: THE FIRST CASUALTY OF WAR IS
INTRICACY - A ROBUST FORCE STRUCTURR IS REQUIRED. As shown in Figure 4, 1t is absolutely essential to
be able to define a minimum level of effectiveness below which the engagement is lost. Increased
system complexity may increase effectiveness and result in quicker success with fewer losses, but the
minimum essential capability must not be sacrificed.

The four Ffactors of avionic system specification and design can now be examined in the more
familiar contexts of the development and operational communities: Architecture, Techniques,
Technology, Producibility, and Supportability.

The First Casualty of War Is Intricacy
A Robust Force Structure Is Required

Win
Etfectiveness
Lose
Minimum —-= Complexi
Essentisl Complexity
Inter-System Communication and Coordination
Enhanced When the Links Are Up
Effective When the Chips Are Down
FIGURE A

Avionics architectures are driven by Lthree fundamental requirements; performance, availability,
and cost. Performance {s enhanced by architectures with high levels of interconnectivity where
information and data at high bandwidths are ftused and processed to provide high confldence situation
estimates and response selections. Availability 1is addressed by architectures with low 1level
parallelism that ensure no single point failure modes exist for achleving the desired mlnimum essentlial
capabllity. Cost objectives are approached by designing for rvegular repetitive structures which use
common f{unctional hardware modules in ags many cases as possible.
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Revolutionary techniques will be a necessity to meet information requirements in the complex
electronic, meteorological, and environmental conditions of the wmodern battlefield. Present avionic
systems formulate a mostly one-to-one mwatch between gensor and function. Association and fusion of
multisensor data is cudimentary and limited to combinations of informstion which has already passed
declaration thresholds. Final results are built on layers of decisions and require high confidence
data near the front end. The most telling weakness of these fusion techniques is that 1f no one sensor
declares an object, the object will not be declared. Furthermore, the problem of spatial and temporal
association drives resolution, boresight, and false alarm requirements which result in design
complexity and high costg. A top down process is required, one on which the final result is built on a
single high level decision. The process should operate on variable confldence data from individual
sensor reports and declare an object even if no one sensor so declares. The value of sensor
contributions should be independent and intricate temporal and spatial association should not be
required. These criteria might be used to measure the effectiveness of *“fuslon” efforts as avionic
systems evolve.

Evolutionary technology will be the key to future avionics system implementation. Four
technologies (gallium arsenide, mercury cadmium telluride, Very High Speed Integrated Circuits, and
super condyctivity) hold the promise of achieving levels of wminiaturization, sensitivity, and
processing throughput which will enable implementation of techniques not possible today.

Production goals will continue to be quantity, quality, and low cost. Concurrent engineering and
application of proven techniques such as statistical process control and the Teguchi Method will make
it possible to achieve the desired levels of quality at substantlally reduced cost and schedule.

Supportability is one of the most critical design requirements in avionics systems. For weapons
systems to be effective, they must perform adequately when they work, be easily maintained and fixed
when they break, and not break, more often than is economically and operationally acceptable. It's
important to recognize that most avionic systems are developed and procured in peace time, when cost is
an lssue. The design requirement for supportability should be a system which is affordable in peace
time and sustainable in wartime. This means more than just high reliability and more redundancy.
Figure 5 illuslrates three approaches to avionic system architecture, each of which has substantially
different lmpacts on availability. 1In the single thread acrchitecture, every element of the system is
contributing towards system effectiveness. When a failure occurs, the system effectiveness drops to
zero unlil the falled element is repaired or replaced. The system down time is a Ffunction of the
time-to-repair or time-to-replace and overall availability is fucrther impacted by the reliability of
the individual p ts. To p te for inadequate reliability, back-up redundancy is often
introduced into the system. 1In this type of redundant architecture, redundant sub-elements await
"fallure of the first team players” and then step in to fill the function. The system continues to
meet "spec levels” untll the redundant elements degrade to single thread status and a single point
failure occurs. Although simple in concept, this type of architecture is the least cost effective
approach Lo availability. The system is ovecburdened with "spare parts” which cost dollars and weight
and only “"pay for themselves" when the primary component fails.

AVIONICS ARCHITECTURES IMPACT AVATLABILITY

TYPE ARCHITRECTURE Availability and Supportability
Mean More Than Reliability and Redundancy
I operations
Eftectivaness U7 1 Muntanance
“.ﬂu“dil‘cy - Failed Equipment
SINGLE THREAD  Teo o L parciaing ta
[ ] spars Eq
Time

BACK uP

REDUNDANCY
Effsctiveness

Spac Level

PARTLCIPATIVE
REDUNDANCY

Effectivenass

Spec Level

Critical Failure




The second key point of this peper 1s now stated. SYSTEMS SHOULD HAVE AN ARCHITECTURE WHICH
GRACEFULLY DEGRADES TO THE MINIMUM ESSENTIAL EFFECTIVENESS BEFORE MAINTENANCE 1S MANDATORY. This
concept is illustrated by the participative redundancy example in Figure 5. Redundancy is used to
provide capability rather than back wup capability. As sub-elements of the system fall, the
effoctlveness degrades, but the system continues to operate. Thus we intcoduce the notlon of graceful
degradation, rather than the strict "fault tolerance” in the previous architecture. The concept is
analagous to desligning system sub-functions in an "analog” manner so they degrade like a flashlight
battery rather than a light bulb. Light bulbs fail catastrophically, where as batteries continue to
provide capability even in a deteriorated condition. An air-to-air radar system would still provide
effective warfighting capabllity even if its cange dropped to 3/4, 2/3, and even 1/2 the spec value.
The challenge is to develop system architecturcs and components L& o ;jpurt Luls uotion. It can be
done. FRlectronically scanned antennas are an example (Figure 6). Antennas of this type are comprised
of multiple phase control modules (PCM's) which form Lhe antenna beam pattern. As PCM's fail, the
antenna contlaues to opecate although the maln beam pattern broadens and the galn drops. Even after
20% of the PCM's fall, the sidelobes stlll permlt effective detect and track operation (Figure 7) and
as predicted by the radar range equation, the range is at +54% of full capability (Figure 8). Pilots
in combat would still have sufficient capability to engage the enemy, even with a system in this
degraded mode. 1In the final analysis, that's what avionles system requivements are all about.

FLGURE 6

TYPICAL ELECTRONIC SCAN
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FIGURE 8

The importance of developlng the right avionics system requirements in tomorrow's complex weapon
systems cannot be overstated. Requirements are driven by a number of complex and interacting
clircumstances. Policy, acquisition strategy and funding often have as profound an effect as the threat
and supportability. A global view of requirements from the perspective of situation assessment,
response selection, response implementation, and communications leads one to consider the mission
related effectlveness parameters rather than specific sensor speciflcatlons such as crange, sensitivity,

The concept of a minimum esscntial level of effectivenecss sets the threshold below
which system performance is intolerable. This threshold is then the basis upon which acchitecture,
techniques, and technology can be exercised to develop a cost effective, supportable, total quality
system which will provide an affordable capability during peace time and a decisive combat advance

sidelobes, ete.

during wartime.
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A STRUCTURED APPROACH TO WEAPON SYSTEM DESIGN

J. D. ROWLEY
British Aerospace (Military Aircraft) Ltd
Warton Aerodrome, Preston, Lancashire, PR4 1AX,
United Kingdom.

1. INTRODUCTION

The prime purpose of this paper is to describe a structured approach to the design of a
weapon system which British Aerospace (BAe) were able to develop and prove during the
design of the avionics system for the Experimental Aircraft Programme (EAP) demonstrator
aircraft. This aircraft first flew in the United Kingdom in August, 1986. Brief
descriptions are given of the EAP avionics system, the main system design tools used, the
activities carried out during the systems design process and the management and control
procedures adopted. In addition a series of observations highlighting some of the findings
of the project and providing pointers to the design of future weapon systems are given.

In designing the Avionics system of EAP, BAe developed the structural approach to system
design called CORE - COntrolled Requirements Expression. This method of functional
definition and partitioning ensure that a methodical, structured approach to the step by
step process of progressive development is maintained. It also means that a clearly
partitioned, well documented, unambiguous and easily traceable functional design is pro-
duced which can readily be changed without loss of integrity or design continuity.

During the functional design process outline implementation architectures are produced
which enable optimum partitioning of functions to be achieved recognising practical
constraints such as "off the shelf” equipment in addition to allocating functions so as
to avoid duplication and reduce systems weight. Prior to EAP, equipments and sub-systems
have been produced largely on a stand alone basis which has led to some duplication,
excess weight and a lack of optimisation of system performance. Future aircraft will
demand that weight is kept to an absolute minimum since it is critical to both the overall
performance of the vehicle and its cost. It is necessary therefore that the Avionics
Systems design is tackled in an integrated and disciplined manner in order to obtain max-
imum performance for minimum weight. A fully integrated weapons system design removes
possible duplication and enables some <quipments to under take several functions. [t is
the complexity and interdependence of the various functions involved which force the
weapon system designer to look for improved design technigues which must include to fol-
lowing features:-

- a step by step approach which progressively develops the design rationale and which
can be applied across the whole of the design. This in turn must provide a capability
for planning the execution of the design and for monitoring its progress.

- a precise, consistent and unambiguous way of expressing system requirements at all
levels.

- a means of applying checks at different stages of design life cycle to detect errors
of specification or design in order to assure the design quality.

- an ability to demonstrate that the requirements have been met in order to assure the
design quality.

- an ability to demonstrate that the requirements have been met in order to provide
traceability of the requirements.

- a capability to provide configuration control of the design.

These are the principal features embedded in the structured approach which was adopted by
BAe for the design of the avionic systems for the EAP and which are discussed in more

detail in this paper.
2. EAP

While EAP has been creailed veluiively guickly, its origins go back at least ten years.
pDuring this period engineers at British Aerospace, Warton, worked on various studies for

a new fighter aircraft incorporating twin engines, delta wings, canards and both single

and twin fins. Some of these studies were undertaken in collaboration with other Companies.
In 1979 a proposal for a Europear Combat Fighter (ECF) was put to the British and German
governments jointly by BAe and Messerschmitt-Bolkow-Blohm, while in 1980 a slightly modified
design for a European Combat Aircraft (ECA) was prepared by BAe, Dassault-Breguet and MBB
and put to their respective governments. Unfortunately the governments were unable to
reach agreement on a common set of requirements.

puring 1981 BAe continued its studies and defined the P110 project which involved the UK
Avionir~s Industry in agreeing a weapon system architecture and producing equipment speci-
fications. At the same time MBB were working up their TKF90 project which was very
similar to the P110. Therefore in April 1982, the three companies (AIT, BAe and MBB) who
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had previously co-operated to design and build the Tornado aircraft, agreed to inves-
tigate the possibilities of producing a joint specification to meet their individual
national requirements. The resulting Agile Combat Aircraft (ACA) was unveiled in mock
up form at the 1982 Farnborough Air Show and the UK government announced that they would
provide support for a demonstrator aircraft which would be flown at the 1986 Farnborough
Air Show. The demonstrator aircraft was to be called the EAP.

It was anticipated that two demonstrator aircraft based on the ACA design would be built,
one in Great Britain and one in Germany. During 1983 a limited systems fit was agreed for
the aircraft and due to the tight timescales of the project, eguipment specifications were
produced, put out for tender and Suppliers selected, very much in advance of the carrying
out of a detailed system design. Unfortunately as a result of the German and Italian
Governments decisions to withdraw at the end of 1983, work on the German aircraft did not
proceed. However the chosen equipment suppliers from the three countries accepted Bhe's
invitation to continue with the design, build and supply of the numerocus equipments
required, from their own funds, for the single demonstrator aircraft.

In obtaining the agreement of the UK government to provide support for the demonstrator
alrcraft, it was necessary to agree the objectives which would be demonstrated. The areas
chosen covered the fields of aerodynamics, structures, materials and systems and involved
the development and demonstration of procedures necessary for the design, manufacture and
test in these areas which were considered relevant to a future fighter aircraft.

This paper concentrates on the work carried out in the design and development of the
avionics system involving both the MIL STD 1553B data bus and the modern electronic cock-
pit.

3. EAP SYSTEMS

The EAP has three major electronic systems: Flight Control System, Utilities Services
Management Systems and Avionics System, the latter comprising communications, navigation
and display and control subsystems. A simplified system architecture is shown in Fig l.

3.1 Flight Control System

The EAP has a full authority, full time, digital fly by wire system to provide artificial
stability and the necessary complex control functions. This system is based on the

Jaguar Active Control technology aircraft which was the first aircraft to use fly by wire
for flight control without mechanical backup. The system controls up to 13 surfaces
simultaneously. The four identical flight control computers host the flight software

which enables the pilot to fly the unstable aircraft and provides carefree manceuvrability
and increased agility. The computers also houge software for failure management, reversion
logic and built-in-test. The computers receive inputs from the four aircraft motion sen-
sors, four attitude detectors, two air data computers and pilot inceptors, and provide the
outputs to the control surfaces. In addition they provide air data information to the USMS
and avionics systems via the two MIL STD 1553B data buses and air data attitude and heading
to the reversionary instruments.

3.2 Utility Services Management System

While not originally claimed as a technological demonstration feature, th. EAP has adopted
an integrated computing system for the control and management of the aircraft utility
system. The system comprises four system management processors connected to the dual
redundant MIL STD 1553B data bus. The bus control function is embedded in two of the
processors. The main utility systems which are controlled by the processors are as
follows:~-

- fuel management and fuel gauging

- hydraulic system control and indication

- undercarriage indication and monitoring, wheel brakes

- enviromental control system including cabin temperature control

- engine control and indication

- secondary power system

- LOX contents, electrical generation and battery monitoring, probe heating

The main benefits of this type of system for a high performance aircraft are a significant
reduction in installed weight and operating costs, and a large improvement in availability.
It also provides a simple interface to the avionics system in particular for the cockpit

electronic displays and controls, this being one of the original drivers in evolving the
system.

3.3 Avionics System

It was accepted that for the EAP, the avionics system would be a sub-set of the weapon
system proposed for the ACA. This was called the "Core System” and provides the essential
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features to fly a high performance aircraft namely navigation, communications, and displays
and control functions. Transmission of data between the subsystems is via a dual redundant
MIL STD 1553B data bus which greatly reduces the amount of wire required in the aircraft
and simplifies the development and on-aircraft testing.

The navigation subsystem comprises an inertial platform with its own self-contained
navigation processor and a TACAN and radar altimeter which share the same remote terminal.

The communications subsystem comprises a standard V/UHF radio and an emergency UHF radio.
The contrel of this equipment is through an integrated control and management unit which
also provides a voice warning facility. The latter supplements the normal aircraft
warning system.

The displays and controls subsystem demonstrates several new technologies. Twu identical
waveform generators form the heart of the subsystem and are each capable of driving the
three multi function colour displays and the wide angle holographic headup display. They
also provide the bus control and executive control functions for the avionics system.
Mission data such as waypoints, TACAN beacons, communication channels etc., are inserted
by the pilot via the manual data entry facility mounted on the left hand flareshield.
This information together with raw control data from the controls mounted on the consoles,
throttles, control stick and displays is processed in two identical cockpit interface
units prior to being transmitted on the avionics data bus. A cockpit lighting controller
undertakes the task of monitoring the light sensors distributed around the cockpit and
continuously regulates the power supplied to all the displays and controls to provide
optimum illumination and display contrast at all times.

4. DESIGN TOOLS

In parallel with the work being carried out on fighter aircraft studies during the 70's,
BAe put considerable effort into examining ways of improving the techniques used for
designing systems and also into the newer system technologies. Two specific areas which
showed promise and were pursued with the support of the UK government, were:

- means of improving the production of airborne software in terms of productivity and
quality

- investigations into the implementation of a MIL STD 1553B databus together with an
all "electronic" cockpit including the multi-moding of displays and controls.

The former led to the development of an approach called Semi-Automated Functional Require-
ment Analysis (SAFRA) while the latter led to the production of the Active Cockpit. Both
of these tools were used to support the design of the avionic system for EAP and are
described in the following paragraphs.

4.1 Semi-Automated Functional Requirements Analysis (SAFRA)

In examining ways of improving the productivity and quality of airborne software it was
shown that the biggest improvements would be attained by the ability to find and eliminate
errors at as early a stage as possible in the software life cycle. This led Lo the
development of the approach called SAFRA which in particular 22d:ressed the lack of method,
lack of visibility, lack of consistency and resolution of ambiguities in producing
software requirements. Just as this method was applied to software requirements it was
shown that it could be applied to the establishing of system requirements and was there-
fore also adopted for this latter purpose.

The SAFRA approach encompasses a number of methods and tools which support the various
stages of the system/software life~cycle. At the heart of SAFRA is a method called
COntrolled Requirements Expression (CORE) which is used to produce system and software
requirements that are unambiguous, consistent and complete. The method is based on the
progressive decomposition of high level requirements in a logical and consistent manner
until a level is reached where the requirements are expressed in sufficiently precise
detail to allow hardware and software design to commence.

Each level of decomposition consists of a number of logical steps, eleven in all, which
when applied to a higher level requirement produces the lower level components of the
requirement. These steps can be collectively summarised as information gathering, estab-
lishment of relationships, and the verification of relationships. The information derived
at each level of decomposition is presented in diagrammatic form known as CORE diagrams.
These diagrams use a precise unambiguous notation which can be checked for consistency
and completeness across the whole of the systems requirement.

To assist in the production of CORE diagrams, a work station was developed which enables
diagrams to be entered at a high-resolution graphics terminal and edited as required. It
also provides a multi-user database in which diagrams are stored and a hard copy facility
using a printer-plotter. Some automatic on-line checking of the diagrams for consistency
is undertaken as they are being entered.

By producing the requirements in an unambiguous form in a computer batabase it is possible
to check the data for consistency and completeness. This was done using PSL/PSA (Problem
Statement Language/Problem Statement Analyser), which is a product of the ISDOS project
of the University of Michigan, although other similar products such as EPOS are now
available. The CORE notation is automatically described in PSL in a consistent manner
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and stored in a new database. PSA is then used to provide checking and analysis of the
database in numerous ways. When all the checks have been satisfactorily completed at
each level of decomposition, the CORE database is made read~only by the configuration
controller to allow the next stage of the designh to proceed.

4.2 Active Cockpit

As the result of its continuing development studies, BAe gained considerable experience
in the operation of active cockpit facilities and demonstrated their great importance
in providing information on the man-machine interface to the System design procCess. In
effect this facility provides a means by which rapid prototyping of ideas can be tested
and developed with full operator interaction.

The Active Cockpit is housed in a wooden shell representing the actual cockpit. The dis-
plays and controls are positioned according to the best information available, use being
made of commercial items wherever possible. Initially static displays are assessed for
the developmen. of the moding and formats. These displays are then driven dynamically in
a representative manner together with other simulated functions such as engine, hydraulics,
fuel etc., to fully exercise the cockpit displays and con*rols. To allow assessment under
realistic flight conditions an outside world simulation system is provided. In addition

a comprehensive fault injection system is used to allow assessment of the pilot/cockpit
interface when single or multiple system failures occur.

5. SYSTEM DESIGN ACTIVITIES

The life-cycle stages in the design and development of a typical system are illustrated

in figure 2. These can be grouped under three main headings namely system design, system
implementation and system test, As defined, system design covers the stages of activity
from the establishment of the initial high level system requirement through several levels
of decomposition which produce the detailed requirements including hardware/software
partitioning to the production of hardware and software specifications. System implemen-
tation covers the stages from the availability of specifications through to their real-
isation in either hardware or softwarec. System test covers the stages of testing starting
with individual equipments and software modules and building up individual elements to
subsystems and finally integrating these to form the total system.

System design consists of 4 activities which can be summarised as:

- Design Planning - This is the establishment of a design plan or route map showing the
various levels of functional decomposition, interdependence between functional areas
and thus design team tasks and documentation requirements.

Cata Gathering - This embraces the customer requirement and relevant pre-defined
constraints such as off-the-shelf equipments and research findings, together with
any principles and philoscphies which should guide the design.

- Functional Analysis - This is the actual functional designr using the CORE tool for
documenting, analysing and validating the design in a diagrammatic manner. To provide
sufficient detail the Avionic system design was completed in three stages as shown in
Fig 3.

- Partitioning ~ This is the activity of allocating the functions to equipment, or in
the case of multiprocessor units, to specific processors. This procedure is carried
out at each level of functional definition and is refined as increased definition is
achi: ved.

A good example of optimum partitioning arose during the EAP design when having determined
the major functions of the avionics system, it was necessary to decide where these
functions would be carried out. [In examining locations for the bus control, executive
control, display managemert and symbol generation functions, there were several possible
choices. The most obvious way was to combine the bus control and executive control
functions in a single equipment and the display management and symbol generators functions
in a separate equipment. However from analysis of databus traffic it was shown that the
databus traffic could be significantly reduced by combining all four functions into a
single equipment. It was also shown that by using a single equipment significant savings
in weight, volume, cabling, power and cooling would result and finally it was established
with potential suppliers that this solution was viable. Thus a specification for a wave-
form generator which undertook all four functions, was put out to tender.

In this specific case the main operational scoftware which included the bus control
transaction tables, executive control, warnings and display Management functions were
produced by BAe while other software functions for bus control algorithm, symbol gener-
ation, built~in test and basic¢c system orerating modules were procduced by the equipment
supplier. This combination of software within individual processors was satisfacterily
achieved through the use of common software standards and tools.

6. SYSTEM MANAGEMENT AND CONTROL

The structured design process with its pre-defined life cycle stages provided the basis
for the management and control strateqgy. Each life cycle stage has a specified start
point, purpose and resultant output. Thus as the life cycle unfolded the successful
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completion of these outputs provided management with the necessary measure of progress
and achievement.

The management control procedures, to which all life cycle stage products were subjected
can be summarised as follows:-

7.

Review - The aim of this is to ensure both the satisfactory completion of one stage

of the life cycle before commencing the next and the correct planning of subsequent
stages to achieve successful implementation. The review was both technical and
managerial. Technical; to check both automatically and through independent quality
control, that the design was compliant, accurate, traceable and conformed to standards,
and managerial to ensure all corrective actions were resourced and progressed
adequately.

Configuration Control - The formal review having been completed a formal baseline
was established for each life cycle product allowing work to proceed against that
formally controlled baseline. As more detailed work continued errors were exposed
the correction of which were rigorously controlled through the change control
procedure.

Change Control - Through this procedure the effect of a change on all potentially
affected areas had to be assessed prior to approval being given for the change.

This is particularly important in an integrated system since changes in one processor
can cause changes in other processors. If the change was sufficiently large or
important it would be subjected to the formal review process.

Configuration Status Accounting - In a project with a large number of configuration
controlled items and an even larger number of changes in progress it is essential
that a status account of these items is maintained and circulated to all project
participants. 1In addition to the change status it is beneficial to maintain an
analysis of the change data.

OBSERVATIONS AND CONCLUDING REMARKS

The use of the structured design approach together with its associated tools undoubtedl:
contributed to the success of the EAP in allowing the design of the avionics system to
achieve a high standard in an extremely short timescale. The following specific points
are considered to be worthy of noting summarising what was learnt from this exercise and
in providing pointers to the design of future weapon systems.

The structured approach together with the application of the rigorous management and
control procedures enabled realistic programme plans to be produced and provided a
high level of visibility in terms of progress of the design activities. The change
statistics proved to be a valuable indicator of how the project expectations and
requirements were being fulfilled.

The undertaking of a freeze of the systems requirements prior to starting the func-
tional analysis process and then the application of a strict configuration control
procedure which virtually eliminated the introduction of changes to these require-
ments once the freeze had taken place were considered to be major factors in enabling
the programme timescale to be met.

The use of the structured approach brings about a significant increase in the amount
of design documentation produced but tihils is greatly assisted by the use of computer
aided tools which reduce the labour intensive nature of this task. This increase in
des’gn documentation is a significant step forward in overcoming past deficiencies
of having insufficient information readily available. It also significantly reduces
such tasks as the production of test specifications, customer manuals etc.

The key to the production of a high quality system design was undoubtedly the insis-
tence on the adherence to the very rigid control and management of the design process.
CORE proved to be a very powerful tool not only for design but also for fault finding
due partly to the extensive documentation. This was found to be very versatile in
assisting the engineers to rapidly locate the problem area and correct it. It also
enabled changes in the requirements to be introduced easily and rapidly.

The structured approach to the total system design places more responsibility on the
weapon system contractor who carries out the partitioning process, and therefore
determines where and how the various functions will be carried out. How much of the
resulting activity is undertaken by the weapon system contractor or the avionic
equipment suppliers is a matter of debate. It is considered that avionics suppliers
will continue to implement the specialist functions such as sensors, displays and
processor hardware but the definition of the on-board softizare will become more the
responsibility of the weapon system contractor.

As well as the tools associated with SAFRA which were used to assist in the design of
EAP systems, use was also made of mainframe text processors, minicomputer worad
processors, standard proforma and data base tools. For future projects, the extension to
a comprehensive, centralised, computerised engineering database is considered to be
highly desirable.
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- In any project there is a need for effective configuration control throughout the
design phase. On EAP this was handled by manual means supported wherever possible
with computer aids. As the size of a project increases and the use of a centralised
engineering data base with multi-user access is established, so automated configur-
ation control tools must be available.

- It is considered that complex system requirements cannot be accurately described in
plain "English" text. The use of tools such as CORE generate their own design lan-
guage and introduce a need for training not only of the system design engineers but
of all the personnel who will be associated with the project such as test engineers,
support engineers and in particular managers and representatives of the customer.

It is extremely important that the latter two groups of people fully appreciate the
design approach being undertaken and its associated documentation.

- A major difference between the structured "top-down" approach compared to existing
“bottom up" approaches, is the elapsed time before some functioning of the system can
be seen. In the latter case it is usual for some areas of the system to become
visible early in the programme, but in the former case the system tends to come to-
gether all at once, albeit on time. Management must be made aware of this difference
from the start of the programme and must rely on the visibility of progress provided
by the method, to justify their faith that the System Designers will meet their
objectives.

In conclusion it must be admitted that there were doubts during the initial stages of the
project as to whether the structured design approach was sufficiently developed to enable
us to achieve our declared objectives. In retrospect the success of the project in
achieving 35 flights in the first 30 days with no requirements for system changes, shows
that the doubts were unfounded. 1In particular, the success of the structured design ap-
proach applied to the avionics system in terms of the quality of design, the timescale
achieved and its supportability were beyond our expectations and indicates the way forward
for the design of the more complex weapon systems of the future.
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INTBGRATED AVIONICS - CONCEPTUAL DESIGN

Michael J. Breza
Directorate of Design Analysis
Aeronautical Systems Division
Wright-Patterson Air Force Base, Chio 45433

ABSTRACT

Avionics of modern military aircraft is essential for maximizing perfommance realization of the total
aeronautical system. In the early conceptual phase, aeronautical systems designers give scant attention
to the interaction of avionics cowponents. The aircraft design team generally provides weight, volume

and power considerations for the desired avionics functions and assumes that an avionics suite can
eventually be assembled. Even less attention is given to the potential synergistic effect avionics can
have with the aircraft design process. In contrast, the designers expend a large effort an fiading the
best balanced cambination of airframe and propulsion camponents which satisfy the design objectives.

This paper will attempt to show why avionics must be a co-equal member of the aercnautical system along
with airframe, propulsion, and armament. In becoming a co-equal partner, avionics must be an element of
the system design analysis, commencing with the early conceptual design phase of a new aeronautical system.

Introduction

During the conceptual design phase of military aeronautical systems, considerable attention is
placed on conducting tradeoff analyses with airframe and propulsion related parameters. The purpose of
these tradeoff studies is to find the best combination of wing size, wing shape (aspect ratio, sweep
angle, thickness), engine characteristics, and many other configuration parameters to best fulfill the
flight performance objectives.

Current conceptual design practices do not allow the avionics parameters to play in the design trade-
off and optimization process. Certainly, aircraft designers are aware that avionics systems are important
to the total aeronautical system. Thus, they establish allocations that account for the presence of the
avionics camponents within the aircraft. These allocations are specified in terms of volume, weight,
electrical power, and cooling requirements. Additionally, the designers do consider same of the very
cbvious constraints imposed by certain sensors. For example, the fire control radar must be located to
provide a large, unocbstructed field of view.

At the present time, the aeronautical system designer accepts these constraints. Their acceptance
may came with reluctance, but nonetheless, these constraints are accepted like other constraints imposed
by flight crew ard payload provisions.

The Need

Avionics need a co-equal partner with the airframe, propulsion, and armament camponents, and sub-
jected to design iterations along with the other aircraft camponents. Why should the avionics system
parameters be subjected to iteration with airframe, propulsion, and armament parameters in the early con-
ceptual design tradeoff process? The answer to this question seems cbvious. First, the avionics systems
costs are a major portion of the total system costs. For a modern fighter or attack aircraft, the avion-
ics system will prabably cost more than either the airframe or pmpulsion systems. The second and
probably more important reason is that avionics are essential elements in the effectiveness of an aero-
nautical cambat system. Sinply stated, modern combat aircraft cannot accomplish its task without an

avionics complement.

Since the avionics suite in itself is critical to the mission acocomplishment, it also has profound
interactions with the airframe, propulsion, armament, and, of course, very significant interactions with
the pilot. To examine these interactions, there is a need to malie avionics conceptual design an integral
part of the concept formulation process of advanced aeronautical systems.

Due to ever increasing avionics complexity, these camponents of modern military aireraft now signif-
xcantly impact the cost and utility of the total weapon system. Avionics requ:.rments are usually defined
in operational terms (e.g., detection range, field of vww/mgard) and not in terms of design parameters
(e.g., band width, prf, NEI, ets) which the design engineers can relate to. Typically an "allocation" in
terms of weight, size, power and cooling needs is made to account for the presence of the avionics suite
ingide the aeronautical system. As to what subsystems make up the avionics suite and how they are related
to the operational task is left for later definition. Much of the aircraft configuration is frozen. The
drawback with this approach is that it gives inadequate attention to the mCeract_i.r\g effects avionics have
with the airframe/propulsion systems. Thus, the process of arriving at the " " total design for the
migsion is fundamentally incavplete.

To incorporate avicnics into the aircraft design process, the aircraft design team has to integrate
the inputs of all participants inwolved with the system development process. These marticipants include
the designer, the operational user, and the techrnologist. Each of the participants’ concemns must be
pcherlybnlamedwiuunthefrmkofmemllsystanwinsureﬂntaneffecuvearﬂaffoxdable

aeronautical can be produced with low risk. I-brltbeseparticipant_sdoﬂm.rpartmxlar

system
job and how they interact in arriving at a system solution will be discussed below,
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Avionics in the Aircraft Design Process

Currently, in -ne early stages of the aircraft design process, aircraft design teams spend consider-
able effort determining the best balanced set of airframe and propulsion parameters that achieve the
design objectives. To accamplish this, the design team farnulates an aircraft design synthesis and anal-
ysis procedure. Typically, the design synthesis and analysis procedure is formulated within the organi-
zations' computer-aided design system. Once the procedure is established, the design team will utilize
the procedure to systematically generate an array of aircraft de51911 possibilities. Within the design
array, the major configuration desxgn variables such as wmg size, wing shape, sweep angle, fuselage
length and diameter, mumber of engines and engine thrust size will be examined. For the aircraft perfor-
mance analysis, different measures of merit are used depending on the aircraft's intended mission. Gen-
erally, the aircraft design team is interested in flight range, maximm speed, maximum turn rate, etc.
Aircraft cost is also camputed based on data derived fram the design synthesis process.

The inclusion of avionics design in the conceptual design process appears feasible. Cbviously, the
new conceptual design system would have a number of new input parameters. Also, different measures of
merit are required to assess avionics performance. These new measures of merit must be clearly defined.
There are a myriad of measures of merit used to characterize avionics performance that can also be
linked to the aircraft performance. For example, aircraft velocity and altitude impact the performance
of same sensors and the aircraft's configuration may limit a sensor's field of view. Also, avionics
performance is strongly coupled to some newer aircraft performance measures such as infrared signature and
radar cross-section. A reduced signature airframe would, for example, allow a reduction in ECM output
power and, hence, weight necessary to defeat a threat.

To merge avionics requirements into the total aeronautical system design process, suitable design
methods are needed. In the conceptual design phase, where there is little or ill defined avionics hard-
ware, it will be necessary to construct mathematical models that synthesize the avionics suite within the
overall system. These models need not be extremely elsborate, but must have sufficient detail to provide
the definition needed for the avionics performance and cost analysis. Also, these models must provide
a preliminary assessment of the volume, “eight, power and cooling requirements that impact the airframe
and propulsion systems.

The avionics system performance can then be evaluated within the total aeronautical system design
process. Many of the camputational tools required to conduct the avionics performance analysis already
exist. It is just a matter of utilizing these tools earlier in the aeronautical system design process.

Once the 1.w integrated design synthesis and analysis procedure is established, numerous trade
studies can be conducted. Then it will be possible to examine the interactions that exist between the
avionics suite and the other major camponents of the aeronautical system. The question of which combina-
tion of sensors should be used in a given weapon system could then be examined in quantitative terms.
This will aid greatly in preventing the over-specification of subsystem requirements and consequent high
cost.

Interaction with the User

Ancther important participant in the process of avionics into the aeronautical system conceptual
design process is the user of the aircraft. The aircraft users are generally the military combat commands
like the Tactical Air Cammand, Strategic Air Cammand, etc. 1In the Air Force, the cammands make their
requirements known by issuing Statements of Need (SON). The level of detail of the SON can vary from
stating specific performance levels like detection range to very general statements like "it shall be
able to detect." A problem freguently arises when the user specifies a level of performance that is
difficult or very expensive to achieve with available technology. When this situation occurs, it is
necessary to work with the using command to evolve a set of design requirements that are technically
viable, reasonable in cost, and still provide the margin of military utility. In establishing this
dialogue with the user, it is necessary to examine the effect that user requirements have on the total
aeronautical system's cost .nd performance.

Interaction with the Technologist

Another important participant in the process of introducing avionics into the aircraft design
process is the technologies. The technologist as defined here are the scientists and engineers who
mature relevant technologies for transition into new systems. They are the people who provide new
system performance opportunities. In the course of maturing new technologies, they build acperw‘ﬁntal
articles to conduct both laboratory and field tests. Frequently, prototype articles are
flight tested in a "real world" enviromment. The prototype equipment and tests conducted , ery
valuable database for interpretation and application by the aircraft design team.

This database can provide part of the foundation for the mathematical models used in the integrated
aircraft/avionics design synthesis and analysis methodology. The avionics specialist on the design team
works closely with the technologist to insure that the database contains all the information needed.

The test hardware provides the necessary physical data such as size, weight, power required, etc. The
test results provide the perfsmanc: data and all conditional infarmation which affects the performance.
The designers need to know the envirormment and other conditions which degrade or restrict the device's
performance. Having a sound and complete database, the design team will then be able to evaluate mt
only the proposed device, but also synthesize variations of that device.

Armament Considerations

Armament technology is another area that the avionics conceptual designer and integrator must
be intimately aware of. The accuracy and effectiveness of weapons delivery systems-—fire control for
both guns and missiles, both short and medium range--depends on the appropriate matching of the fire
control sensor with the weapon capability. Here also, the avionics suite's performance requirements
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have to match the anticipated capability of the armament. A reactive threat that responds to our system
improvements by improvements in kind (such as those involving lower signatures, emissions, or tactics)
must also be oonsidered as part of the design process. This would require a capability to conduct sensi-
tivity analysis on threat reaction to identify those attributes that could drive our avionics performance
towards unacceptability.

An Avionics/Aircraft Design Trade Example

The issue of one versus two crew members in a fighter/attack aircraft has been long standing. The
argument centers on the subject of the pilot work load versus the capability of the electronics aids that
can be made available to reduce the pilot's work load. The topics of mission effectiveness and the
aircraft's life cycle cost :trongly impact this issue. Revoluticnary changes that are occurring in
infarmation processing and displays will undoubtedly cause the issue of one versus two crew members to
continue. If we go with one pilot, the inclusion of a FLIR vith a field of regard (FOR) eguivalent to
that of a pilot's view is of current interest. A location in the nose of the aircraft would be a
necessary constraint to satisfy this FOR. However, to cobtain reasonable sensor recognition performance,
the aperature size and the associated housing could create aerodynamic problems. Hence, aperature/sensor
performance/aerodynamic impact trades must be made.

An integrated aircraft/avionics design synthesis and analysis procedure will give the conceptual
design team an ability to quantify design issues that are currently the subject of much conjecture.

Conclusions

Much work needs to be done to insure that avionics are satisfactorily considered in the aeronautical
system design process. It is technically feasible to make avionics an equal partner with the airframe,
propulsion and armament camponents even in the early conceptual design phase of a new aeronautical system.
Current aircraft design synthesis and analysis procedures can be modified (and/or expanded) to incorporate
an avionics suite synthesis and analysis procedure that is integral to the overall aeronautical system
design methodology. The new integrated design system could then be utilized to define the best set of
aeronautical system design parameters, including the avionics suite. By irncorporating avionics considera-
tions into the aercnautical system design process with quantifiable measures of merit, the performance~to-
cost ratio of our new aeronautical weapon systems will improve dramatically.
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SUMMARY

This article encompasses the evolutionary design/development of modern-day digital
information svstems. Included are the Inftfal attempts at using digital technology in
the earlv 1970s, the system integration thrusts of the 1980s and the continued svystem
technoiogy tevolution of the 1990s.

DALS - 1970s

The DIgital Avionics Information System (DATS) was the first attempt at defining a
system architecture for an avioni{c system utilizing digital technologv to reduce life
cycle costs. The strategy was to develop hardware and software core elements and
standardized interfaces which could be configured and applied to many aircraft,

The DAIS architecture consisted of federated processors communicating with each
other and the other system elements (sensors, weapons, and controls and displays)
threugh a standardized multiplex data bus. Centralized system single-point control was
perfarmed by a processcr resident software executive that could be relocated for
redundancv. Application software was structured to provide moduvlarity, relfabflity, and
transferahbility. This system architecture was flexible to accommodate a wide varlety of
avientcs configurations, missions, and sensors, which provided redundancy to Improve
availability, and accommodate changes in technology.

The basir architecture was designed for a broad class of configurations where the
number of processors could be reduced or enlarged depeading upon the avionics and
mission requirements. Standardization, commonality and application independent
executive software allowed adaptability of this architecture to a breoad class of
different applications as well as to making mission-to-mission changes in a particular
aircrafe.

PAVE PILLAR - 1980s

The PAVE PILLAR program las established an avionics architecture for tactical and
srrategic alreraft using revolutionary new technology. The trend in avionics svstem
design is to increase system integration thereby improving system performance,
increasing system availability, and decreasing cost of ownership. The PAVE PILLAR
design philasophy, which permits resources to be shared across subsystems, requires a
highly coupled svstem-wide management and control program (operating system) suppnrted
by a wide-band data distribution network, high speed processors, and extensive mass
memcory. The ability to consider integration of this magnitude is dependent on recent
advances in microelectronics technology, most notably the advent of VHSIC and fiber
optics technology.

The PAVFE PTLLAR avionics architecture is functionally divided into three distinct
dreas: missfon management, sensor management and vehicle management, The three avreas
defi{ne the enclosing boundaries for resource sharing, sparing and substitution. Unique
characteristics of cach of these areas preclude the utilization of resources across
areas tor the purpose of function recovery or reconfiguration. This does not imply that
the areas deo not contain many common hardware elements, but rhat the organization,
connectivity ard control of these components restvrict their practical use {n functional
system-wide reassignment. Each of the three areas have associated with them a logical
procegsor type and varying interface requitrements. The {mplementation concept is for
svetem elements to be builr from a set of common modules supporting programmable
processing, 1/0 and memory storage functions. The interfaces between system elements
are standard high-speed time division multiplex buses and data links, all utilizing
fiber optics technology.

PAVF PACE - 1990s

An avionics technology base of historic proportions {s currently heifug sponsored by
"nited States government R&D agercies. Tf these technologies are properly exploited,
natured and integrated during the 1990s, 2ist century avionics will undergo a change
that rsay bhe as dramatfic as the introduction of the transistor. Tncreasing avionices
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capabilities while decreasing avionics acquisition and support costs will be a
continuing chailenge, This program is a systematic and disciplined approach to the
technology maturation process and will provide the system definition for future
development and demonstration of highly capable and affordable avionics technology for
new/retrofitted aircraft in the 21st century. Complete compatibility with the PAVE
PILLAR/ATPF Advanced Avionics Architecture will be maintained. New Capabilities to be
provided include: machine intelligence to provide better aircrew situation awareness
and decision aiding in cowmplex scenarios, ultra-reliable electronics for surge/austere
support conditions, and system level computer-aided development and support tools to
reduce embedded computer software costs,

INTRODUCTION

One of the principal trends in avionics has been and continues to be from analog to
digital electronics. The rapid growth of solid state micro-electronics and its general
commercial availability has been responsihle for this trend. Applications have
progressed from simple replacement of "conventional" analog compcnents like vacuum tubes
and discrete components by solid state equivalents, to function replacement by solid
state logic arrays, finally to total fimplementation of system functions by solid state,
integrated circuits, including full computer processing capability.

Another dominant trend has been to integrated system architectures where digital
subsystems are closely coupled under software control, exchanging digital data, to
perform a total weapon system function,

These trends have greatly increased the performance and capabilities of our weapon
svstems, although at the costs of increased system complexity. The gains we have
achieved in improved system performance, decreased weight and volume, lower power
consumption, increased reliability and lower cost per function by the use of high
density solid state micro-electronics have been offset, to some degree, by penalties we
now have to pay in longer and more complex system integration programs, soft.are design
and management and generally more sophisticated logistical support.

A relatively recent concern is the short "lifetime" that many micro-electronic
products exhibit, as technology continues to rapidly evelve and companies move on to
broader, more profitable markets. A five year product life cycle is not very compatible
with a 25-year weapon system life cycle.

Given that most people will admit that avionics systems employing modern
micro-electronics and real-time sclcware carry their own unique class of problems, the-e
is still a natural resistance Ly the system designers to any attempt by the customer to
specify system character’stics beyond required performance, That is why there has been
some rocky going as we cautiously implement a number of standardization concepts and
actual architecture velated standards. However, there has been steady progress.

Progress has been fastest and easlest when we have stayed in the domain of
interface standards. The implementation of the MIL-STD-1553 multiplex bus standard is
an obvious success story. Major weapon system designs like the F-16 and the B-! broadly
used this standard definition of multiplex signal interfaces and protocols. Even
cross-service standardization has occurred through the Navy's commitment to MIL-STD-1553
on their F-18 program.

We have and are now implementing even more interfacing types of standards, such as
the MIL-STD-1750 instruction set for avionics computers, the Ada Higher Order Language
(HOL), specified by MIL-STD-1815, for avionics Operational Flight Programs (OFP), and
the High Speed Data Bus standardization activity currently underway. Note that these
are not "pure” interface standards, but begin to impinge on the area of system
architecture, both from a hardware and software sense. Similar efforts are going on in
the area of 32-bit micro-processors, an especially urgent task, since these devices may
be pervasive in all of our systems in the near future to support such rapidly developing
disciplines as artificial intelligence., But things start to get interesting when we
move out of the area of simple interface standards into the world of system integration
- when we talk not only of system interfaces but of system topology. Included in this
level of system architectural considerations are concepts which have evolved from the
Digital Avionics Information System (DAIS) program through the PAVE PILLAR program and
are projected for the PAVE PACE program.

ERA OF THE 1970s

The decade of the seventies was marked by a rapid development in digital
technology. Integrated circuit technology evolved from the 7400/5400 dusl-inlice
packages (DIP) to the early rudime.cary designs for bit-slice and microprocessor on a
chip. Data communication evolved from point-to-point connection to multiple device
interfaces on a single/dual redundant multiplex data bus. This increased use of digital
technology also permitted am increase in programming capability and assembly language
programming began to “give way" to the use of Higher Order Languages (HOls) such as
JOVIAL and FORTRAN. Likewise, display technology and the use of programmable displays
began to take place with the development of the "all glass cockpft” concept.
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DAIS

The Digital Avionics Information System was formulared specifically to address the
System Architecture issues.

The Digital Avionics Information System (DAIS) has been characterized as a system
architecture which can be applied and configured for a broad class of avionic
applications and missions utilizing digital technology to reduce life cycle costs bv
defining and developing hardware and software core elements and standardized interfaces
which can be configured and applied to many aircrafec.

The DAIS approach reflected a total system concept rather than a functional
subsystem or hardware orlented system. For example, a "navigation sub-system" in DAIS
did not refer to a dedicated set of hardware and software which performed only the
navigation function. DAIS architecture and elements were not dedicated to any one of
several avionic functions, but used to perform many of the avionic functions with che
avionic sensors and subsystems, The DAIS concept, therefore, proposed that the
processing, information transfer, and the control and display functions be common and
service the avionic application functional areas om an integrated basis. The DAIS
system architecture consisted of hardware and software core elements and standard
interfaces which could be structured for various avionics configurations. The
architecture consisted of processors communicating with each other and other system
elements {seasors, subsystems, weapcn statious, coutrols and displays) rhreough a
standardized multiplex data bus. Application-independent executive software allowed
adaptability of the architecture as well as performing system control. Additional key
support software -lements provided the tools for development, integration, and test of
the core elewents :or a specific application. The basic attributes of the DAIS system
which supported these system characteristics include flexibility, ease of use, ease of
modification, and portability.

SYSTEM ARCHITECTURE OVERVIEW

The DAIS architecture consisted of federated processors communicating with each
other and the other system elements (sensors, weapons, and controls and displays)
through a standardized multiplex data bus. This standardized multiplex data bus
provided dual redundant information paths between the system resources (each computer
and other system elements). Centralized system single-polnt control was performed by a
processor resident software executive that could be relocated for redundancy.
Application software was structured to provide modularity, reiiability, and
trangferability. This system architecture was flexible to accommodate a wide variety of
avionics configurations, missions, and sensors, and provide redundancy to improve
availability and accommodate changes in technology.

The basic elements of the DATS architecture which can be restructured for various
aircraft avionic configurations were called DAIS core elements (or building blocks) and
were composed of the DAIS multiplex (bus controllers, remote terminals, and data buses),
DAIS pro essors {(with an associated memory), DAIS wission software, and DAIS controls
and displays as shown in Figure 1. Additional elements were the support software
elements, namely the JOVIAL Compfiler (J73), and Partitioning, Analyzing and Linkage
Editing Facility (PALEFAC). Sensors, weapons, and other subsystems were selected as
required for the particular mission and connected to the interface modules of the Remote
Terminals of the multiplex system or connected directly to the multiplex bus if the
subsystem was compatible with the bus protocol.

The mission software or Operational Flight Program (OFP) resided ia the memory of
the DAIS processors. The mission software was structured in a modular form to allow
easy mission-to-mission sensor/weapons changes, provide flexibility for major
modificactions, and provide transferability of portions of the software to other aircraft
applications. The OFP was partitioned into the executive software and the application
software. The latter was modularly separable into the mission avionic functional
capabilities such as navigatioa, guidance, weapon delivery, communication, vehicle
defense, target track and acquisition, subsystem management, stores management,
autopilot, and pilot interface. The OFP application software also supported the
on-board functional test capability. 1In addition, each processor contained a ROM
program to control the start-up (cold start) and load of the OFP from the system mass
memory.

INFORMATION TRANSFER SYSTEM

The DAIS multiplex system provided information transfer between the elements within
the system, including DAIS processors, controls and displays, and other subsystems. It
consisted of the bus controller interface unit (BCIU), remote terminal unitse (RT), and
the multiplex cable assembly (data bus)., The elements all were designed in conformance
with what was later to be MIL-STD-1553B.

The system was a time division multiplex (TDM) data bus with a command/response
protocol having one BCIU controlling the bus traffic at any given time. Each multiplex
cable assenbly consisted of a twisted, shielded wire pair. The information transfer on
the bus consisted of messages composed of command, data, and status words. The
information transfer consisted of three modes: bus controller to terminal, terminal to
controller, and terminal to ‘terminal transfer.
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The BClU was the interface hetween a processor and two data buses and operated in
either of two modes: master or remote. In master mode, the BCIU operated under control
of the Master Executive, issued all bus commands, and received all status words. In the
remote mode, the BCIU monitored both buses for command words and responded to valid
commands containing {ts own address, provided transfer of data in both directions
between the processor and either of two data buses. provided status replies on the
appropriate data bus in response to command {(and special internal operations), and
interrupted the associated processor upon receipt of certain mode commands or detection
of exception conditions.

The tremote terminal (RT) provided the interface between the subsystem and the two
data buses. The RT transferred data in both directions between the multiplex bus aad
subsystem via the interface modules, based upon commands received from either data bus,
and provided status replies on the appropriate bus in response to commands. The RT
performed special operations upon receipt of a mode command. The RT was composed of a
Mulriplex Terminal Unit (MTU), Timing and Control Unit (TCU), and Interface Modules
(IM). The Multiplex Terminal Unit (MTU) interfaced to the data bus, and transmitted and
received information between the data bus and the Timing and Control Unit (TCU), under
control of the TCU. The Timing and Centrol Unit (TCU) performed all of the timing,
control, buffering, decoding and checking required to receive information from the data
bus and transfer that information as outputs from the RT, as well as to accept inputs to
the RT. The Interface Modules (IM) converted the data to the appropriate interface
signal required by the subsystem. Any RT was capable of handling several signal
faterface tvpes in varfous mixes and numbers,

PROCESSING SYSTEM

The DAIS processors were general purpose digital computers of the type normally
referred to as mini-computers. They wevre specially eungineered for airborne use and
implemented the MIL~STD~{750 instruction set architecture (JSA). Operational features
included a vectored priority interrupt system interval timers, and floating point
arithmetic. Al) memory was directly addressable. Indexing as well as single level
indirect addressing was available., A small read only memory (ROM) was enabled during
the start-up sequence, A separate port to memotry was provided for the BCIU via a direct
memory access (DMA) channel. In a federated processor configuration each processor/RCIU
could only address its owa memory unit. Functionally, the BCIU was viewed as an
extension of the processors input/output capability, very similar to the high speed DMA
channels available on many mini-computers. The integration of the BCIU into the
processor box was later accomplished with no external functional changes. Other
elements attached to the bus saw no differeuce In the operating characteristics of this
integrated unit as compared to the separate processor and BCIU.

EXECUTIVE SOFTWARE

The executive was organized into the master executive and the local executive. Each
processor contained a local executive; the master prvocessor also contained the master
executive.

a. Master Executive - The master executive software performed the following
functions:

1. Bus Control - Allocated time segments on data bus for synchronocus
communication and for asynchronous messages.

2. Systems Error Management - Monitored and analyzed errors relative to the
operation of the processors and data bus communications, and provided conrtrol for error
recovery,

3. Configuration Management ~ Initialized multiple computer system at
start-up and after severe system errors.

4. Mass Memory Management - Provided for the retrieval of Information from
mass mewmory.

5. Monltor Management - Provided for monitoring of the master processor by
the monitor processor,

b. Local Executive - The local executive software performed the following
functions.

1. Task State Control - Used a task table to activate and deactivate periodic
or non-periodic tasks when appropriate conditions were mer., These conditions were based
on a logical setting of real-time events.

2. Event Control - Used a table of regl-time events to communicate conditions
signalled between processes whether in the same or different prncessors.

3. Data Control - Guaranteed interlocks between shared data, provided
mechanism for transmission and reception of data ovaer the mulctiplex data bus.
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4. CPU Fresh Start, Restart - Used to initialize CPU, to recover from
transient faflures, and to perform self-test.

CONTROLS AND DISPLAYS

The DAIS controls and displays were an integrated set of state-of-the-art control
and display equipment incorporating the features of flexibility to accommodate changes
in contrel and display equipment, redundancy where the CRT displays could serve as
backup to each other, and an efficient design for system management by one pitlot. The
units of the DAIS controls and displays included:

Modular Programmable Display Ceneratonrs
Display Switch/Memory Units
Integrated Multi-Function Keyboards
Data Entry Keyboards

Multi-Function Keyboards

Master Model Panel

Multi-Purpose Displays

Sensor Controller Unit

Head-Up Display

Armament Panel

Processor Cortrol Panel

REDUNDANCY

DAIS provided redundancy in the system architecture which could be employed to
provide backup and recovery to complete mission functions in spite of hardware failure.
The areas which could be used for redundancy were:

a. Dual redundant data bus fucluding reduvndant bus interface modules in the BCTD
and RT.

h. System could employ dual redundant RTs for a specific subsystem.

¢. Multi-Function Keyboard and associated Data Entrv Keyboard could be used as a
backup to the Inteprated Multi-Function Keyboard and associated Data Entry Keyboard.

d. Raster displays could serve as backup tuv each other.

e. A processor/BCIU could be designated as monitor, serve as backup to the master
processor /BCIU.

ARCHITECTURAL FEVOLUTTON

ts a result of the DATS program, standardization was actively pursued in the
multiplex arena (MIL-STD-1553B), tn the Higher Order Language field (MIL-STD-~15R%B) and
in the avionics processor instruction set (MIL-STD-1750A). HKowever, in order to meet
the gcals of true transportability (both hardware and software) it is necessary to
pursue further standardization efforts in the areas of System level Control Procedures,
Multiplex Bus Protocol, Executive Software Function and Application/Executive Software
Tnterfaces. 1In addition, the advent of highly f{ntegrated subsystems and the evolving
requirements for svstem level capabilities have indicated the need for advancements in
the basic architecture. These requirements deal with multiple nultiplex bus structures,
increased system information processing ancd distribution capacities, improved fault
detection, 1sclatfon and tolerance, and improved ability to provide system functions
under degraded architectural conditions. 1In cider to meet these objectives, the
technologies in each area have beer pursued (bus structures, processing, executive
software, ete.), and the overall asvstem architecture has heen refined to accommoadate
these new capabilities. This is the subject for the decade of the eighties.

ERA_OF THE 1980s

The decade of the eighties showed that use of advanced electrenics has given modern
combat aircraft phenomenal levels of performance, hut at a stiff price in initial cost,
maintenance workload and aircraft availability. Hence, afrcraft design is shifting to
give equal emphasis on performance, affcrdability, maintainability, and reliability in
the development of avionic systems.

With the adoption of MIL-STD-1553B, Afrcraft Internal Time Division Command/
Response Multiplex Data Bus, some of the newer U.S. Alr Force strategic and tactfcal
aircraft have begun the task of integrating beyond the subsystem level. However, even
these rewer system fntegration activities have addressed onlv the hasic avionics
functions of navigation, weapon delfvery, communication, and to some extent, controis
end digplays. Analysis of a current tactical aircraft shows that the avionics suite
consists of approximately 58 line replaceahle units with 437 different sub-assembly
spare types, The 1553 data bus and dedicated cables alone require 254 harnesses to
connect the external line replaceable units. The combined number of {nternal and
external interconnects explodes to more than 86,600 ccnnections., Forty percent of the
maintenance actions on the flight line are concerned with these cables and connectors,
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Analysis shows that by applving high speed fiber optic multiplexing and Very High
Speed Integrated Circuits (VHSIC) technologies, the number of cables and connectors can
be reduced by as much as thirty~five percent, However, this does not imply that one can
just insert these technologies and receive the improvements, One must structure orvr
partition the technolopgies into a system architecture which will permit maintenance
personnel to easily isolate faults and to replace failed avionics components. Also,
mission analysis has shown that the system architecture must be flexible enough to
support air-to-air and air-to-ground mission requirements. This leads one to conclude
that the system architecture must adapt during the 1li1fe time of the system to constant
changes and new mission requirements.

It follows then that the hardware and software which form the system architecture
must have a modular basis which will permit the maintenance personnel to remove and
replace the components, yet allow system designers to adapt the avionics suite to new
requirements. PAVE PILLAR was created to solve these problems.

PAVE PILLAR

The trend in avionies system design 1s to increase system integration thereby
improving system accuracy, increasing system immunity to fallures, and decreasing system
reliance on multiple redundant sensors. This design philosophy which permits resources
to he shared across subsystems requires « highly ccupled system-wide management and
control program (operating svysiem) supported by a wide band data distribution network,
high speed processores, -ud extensive mass memory. The ability to consider integration
of this magnitude is dependent on recent advances in micreo-electronics technology, most
rotably the advent of VHSIC technology.

The PAVE PILLAR avionics architecture is functionally divided into three distinct
areas:

Mission Management
Sensor Management
Vehicle Management

The three areas define the enclosing boundaries for resource sharing, sparing, and
substitution. Unique characteristics of each of these areas preclude the utilization of
resources across areas for the purpose of function recovery or reconfiguration. This
dces not imply that the areas do not contain many common hardware elements, but that the
organization, connectivicy, and control of these components restrict their practical use
in functional system-wide reassignment. Each of the three areas have associated with
them a logical processor type and varying interface requirements. Tigure 2 illustrates
the top-level organization of the PAVE PILLAR avionics architecture, system elements are
built from a set of common modules supporting programmable processing, I/0, and memory
storage functions. The interfaces between system elements are standard high speed time
division multiplex buses and data links, all utilizing fiber optics technology.

MISSTON MANAGEMENT AREA

The Mission Management area consists of Mission Data Processors, Mission Avionics
Multiplex Bus, Block Transfer Multiplex Bus, system Mass Memory, Stores Management
System, and a collection of interfaces to the Mission Avionics Bus, This area provides
the rescurces to perform the mission and system management functions such as fire
control, target acquisition, navigation management, defense management, stores
management, TF/TA/OA functions, and crew statiom management. The Mission Management
Area contains fdentically configured Mission Data Processors all connected to the
Mission Avionics Multiplex Bus and loadable from the System Mass Memory via the Block
Transfer Multiplex Bus. All Mission Processing control and data exchange outside of
lcading operations is performed using the Mission Avionics Multiplex Bus. The Mission
Management Area controls job 2ssignments for the Signal Processors and determines the
connection paths from Signal Processors (such as target tracks, CNI reception results,
threat descriptions) and moding and control data is provided back to both the Signal
Processors and the sensor front ends.

The Mission Management Area also interfaces with the Vehicle Management Area to
receive navigation state information and to supply route and trajectory commands. Other
tnterfaces are to cockpit multi-function switches, Stores Management System, and
miscellaneous avionics control devices not directly interfaced to the Mission Avionics
Bus (helmet-mounted sight, voice recognition system, data recorders/readers). The
Mission Management Area collects the health and status of all core elements and
sensor/subsystem components for maintenance history and to maintain mission functional
capability.

SENSOR MANAGEMENT AREA

The Sensor Management area consists of a set of coumon Signal Processors, : seunsor
data distribution network, & sengsor control network, a data exchange network, and a
video distribution system. The sensor management area provides the signal processing
functions and interfaces necessary to convert conditioned data from multiple sensors via
a sensor network into processed information suitable for distribution to other avionics
systems. The sensor management area accepts encrypted data from a TRANSEC/COMSEC
controller(s) and processes the data for transmission. This area also distributes
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processed digital video to crew displayvs and distributes sensor control commands to
sensors via a8 sensor control network, Signal Processor task assignment, gensor data
distribution network control, and Signal Processor resource reconfiguration is managed
by the Mission Data Processors.

VEHICLE MANAGEMENT AREA

The Vehicle Management Systewm (VMS) 1s an independent subsystem supporting the
fundamental flight and airframe related control functions. The VMS Management area is
physically isolated from the rest of the architecture for safety of flight reasons and
contains a higher degree of physical redundancy, usable only within the VMS area. The
VM5 management area contains VMS Data Processors, Controls/Displays interfaces, Flight
Sensor/Actuator interfsces, Electrical Power Control interfaces, Bngine Control
interfaces, and Utility Systems interfaces. The VMS Data Processor is essentially
identical to the Mission Data Processor except for memory conffguration, multiplex bus
interfaces, and reconfiguration mecthods. The VMS Data Processor has Read Only Memory
for all program storage and does not perform any program loading. The VMS Data
Processor also has six High Speed Bus interfaces. Two dual redundant interfaces to the
Mission Avionics Multiplex Bus and four simultaneously active bus interfaces to the VMS
Muletiplex Bus. Each VMS Data Processor contains the entire program load to perform all
VMS functions. Reconfiguration 1s accomplished by activating dormant tasks fn available
spare VMS Data Processor resources. The flight essential nature of VMS processing
necessitates a very high degree of functionral reliability (Fai1l-Op/Fail-Op/Fatll-Safe).
This is accomplished by physical quad redundaucy of sensors, buses, processors, and
actuators In the VMS processing area. The partitioning of processing functions among
VMS Data Processors retains the quad redundant, simultaneously active characteristic of

the VMS area.

SYSTEM CONTROL

Conttol of the core processing system i1s provided by a distributed software
architecture providing for commonality of control software across the mission
processors, flight control processors, and signal processors. Major control functions

include:
- Initialization and system start-up and restart.

- Assignment of application software task to processing resources (software
configuration and reconfiguration cemputing resources manapement).

- Sequencing and synchronization of related software tasks.

~ Management of sensor and other device rescurces with respect to mission
objectives, wode and task management, and software parameters.

- Interpretation of response to, and integration of, human control into the svstem
functionality.

- Collection, maintenance, and reporting of system hardware and software status,
and operational functionality.

- Response to hardware and software failure detection to preserve mission
effectiveness.

- Flight control change management and response.
- Reintegration of recovered hardware or software functions.

- Assurance of a distributed data base consistency and integrity, management of
access to that shared data.

- Preservation and collection of data required for continuity of system
functionality across failure recovery points,

- Management of communications access to ensure optimal use of communication
resources and correct addressing of data messages.

~ Assurance of the security of classified data,

The operating system is partitioned into three elements: (1) the kernel executive which
provides those functions common to all processors, (2) the distributed executive which
provides for decentralized system control in each processor, (3) system executive which
provides the monftoring of system state and reconfiguration based on mission
requirements and detected system failures. Figure 3 depicts the interrelationship of

the three elements.
OPERATIONAL CONCEPT
The PAVE PILLAR architectural concept was developed to support ajrcraft operations

from deployed locations with a minimum of support. This architecture supports the
resource sharing of core data and signal processing resources and is constructed of a
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set of common modules that specifically support a two-level maintenance concept. This
architecture supports high degrees of systems availability and relifability. This is
accomplished through the application of spare signal and data processing resources at
the system level so that backup services are provided when the primary sources fail. In
addition, the architecture supports graceful degradation in that when spare resources
are exhausted remaining resources can be assigned to the highest priority functinns on a
mission basis.

COMMON MODULES

The PAVE PILLAR architecture is physically comprised of a unumber of "building
blocks" called commonr modules. A common module is sized to contair the circuitry to
perform a complete digital processing function including interface control and health
diagnosis. The approach for PAVE PILLAR is te develop common mndules from a limited
VHSIC chip set and then develop systems/subsystems which utilize the common modules.

The exact ccmposition of the VHSIC chip set will depend on the evolution af that
technology program,while the members of the common module family will be subject to PAVE
PILLAR avionic svstem design considerations.

A number of common wodules can be built up from a family of VHSIC chips which, in
turn, can be grouped to form the basis for any one of the avionics subsystems depicted
in Figure 4. Certain non-common modules will undoubtedly be required for some specific
subsystem implementation; however, the reduction {n numbers of spares rvpes required as
a result of common module usage will provide a significant cost and effectiveness
improvement.

The Avionics Laboratory has undertaken the design and development of two common
module sets: the VHSIC 1750A Data Processor and the VHSIC Comwmon Signal Processor.
These modules are being designed with stringent requirements for bath extremely low
failure rates and high fault detection and fault isolation capabilities, Fault
isolation tu the single module level will be accomplished by on-board Bnilt-In-Test
(B1T) circuitry at the chip level and multi-tiered self test software. The use of a
nmodular concept will permit the maintenance personnel to perform on-hoard diagrusis and
replacement of the avionics at the wmodule level with no auxiliary greund equipmrent.

This capability then leads one to conclude that a two-level avionics maintenance
concept might be realizeable. Figure 5 shows the impact of varicus mainterance
concepts. The current three-level maintenance approach consists of flight line,
Avionics Intermediate Shop, and depot/factcry diagnosis and repair. Teo illustrite the
bepnefits of changing from s three-level to a two~level maintenance concept, an in-hcuse
study to rxamine the relative life cycle cost of several combinatfons of maintenance
concepts and technology integration was conducted. As shown here, the costs consist of
operations and support plus the Avionics Intermediate Shop and spare parts to suppoit
1000 aircraft for 20 years at a flying rate of 300 flight *ours per ajrcraft per voear.
All costs are stated in 1984 dollars. The first column r 2sents todav's technology -
F-16 A/B - utilizing the standard three-level maintenance with removal/replacement of
LRUs at the flight line. In column B, the three-level maintenance concept is retained
and LRUs are still used, but VHSIC technology has been incorporated and a fault tolerant
design through extensive built-in-test has been introduced. These steps reduce our cost
for operating and maintaining the 1000 aircraft fleet by nearly 20%Z. 1In the next step,
where the Avionics Intermediate Shop is eliminated and everything else is kept the same
as b, there is a further reduction in cest of over $200M. Finally, introductien of
standard modules provides a further reduction i{n cost to approximately one-half of the
current owretship bill. While these numbers are not hard ard fast thev do provide an
indication of the sizeable cost gains which can be realized through the application of
PAVE PILLAR techrnologles,

TECHNOLOCY TRANSPARENCY

The buflding block approach espoused in this section permits net only the initial
development of a highly flexible avionics suite, Lut also the conti{nued development and
integration of Pre-Planned Product Improvement (P I). This 1s acromplished within the
architecture by the concept of standard data buses (Parallel Tuterface (PI), Test aud
Maintenance (TM), High Speed Data Bus (HSDR)) and networks (SDDN, YDDN, DEN, Dita Flow
Network). This concept is implemented by Form, Fit, Function and I.terface (F'I)
specifications for each module type thereby permitting different designs by vendor for
each module type and specific vendor module design modification dependent upon
technological improvements.

Due to the open architectuve, as new bufllding tlocks are identified they can be
readfly integrated into the avionics system, thus permitting the performance upgrade tuo
an existing aircraft at a relatively low cost, New investigations have already begun in
the areas of pavallel processing, artificial intelligence processing, and optical
processing. The intent is to integrate thesc advanced processing elements into the PAVE
PILLAR architecture 1f/when they become viable both operationally and logisticallv.

In aummary, a PAVE PILLAR avionics architecture will result in dramatic
improvements {n avaflability, mission effectiveness, and cost of ownership. For reasons
of mobility, logistics cost control, and austerc maintenance of aircraft at forward
s{tesn, a two-level maintenance concept with line replaceable modules is erdorsed by the
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PAVE PILLAR system. PAVE PILLAR plans to achieve these benefits and goals through
advances in technology and a systems approach to avionics integration. PAVE PILLAR s
expected to provide the generic integration approach and architecture that will act as
the foundation for avionics development in next-generation Air Force aircraft.

ERA_OF THE 1990s

The decade of the nineties brings with it an avionics technology base of historic
proportions which is currently being sponsored by government R&D agencies. For example,
vork in microelectronics 1s yielding processor chips that can be driven at a 100
megahertz clock rate. Sophisticated parallel processor networks are being developed in
an attempt to achieve ever higher processor speeds. Wafer scale i{ntegrated ciicuits
have been built which could potentially reduce the size of large parallel processor
networks to hand-held units. Researchers are also developing robust Al algorithms for
the first time which will assist aircrews in decision mating. Neural network theory and
actual device construction is making rvapid progress and adaptive learning systems on
aircraft can now be realistically projected.

Advanced packaging and cooling technologies are under development which will allow
us to dramatically reduce circuit connections and improve thermal management te enhance
reliability. Also, powerful new CAD/CAM capabilities are under development that will
revolutionize how RF and digital hardware will be designed and manufactured and how
avionics software will be designed, developed and supported in an affordable manner.

If the above set of technologies are properly exploited, matured and integrated
during the 1990s, 2lst century avionics will undergo a change that will be as dramatic
as the introduction of the transistor. The PAVE PACE Initiative is being planned to

affect these changes.

With the 2lst century being only a decade away, we now should be able teo hegin
performing forecasts to answer the following questions relating to avionics systems
capabilities in that time frame: (1) What new performance capabilities will early 2lst
century avionics enable relative to improving situation awareness and crew workload
reduction?; (2) Will we be able to finally make significant improvements in avionics
system reliability? 1Is there hope that new technology developed during the 90s will
allow scheduled maintenance for avionics? W{ll we be able to build avienics rthat ie
expected to have a 3C-day operation with minimal repair and replacement?; (2) Will we bhe
able to finally curtail the escalating cost spiral for avionics, particularly d velop-
ment and support cost?; (4) What new forms of functional fotegraticm can we expect te
see as a result of the new technologies and the need to fuse information?; and, finally,
(5) What types of avionic system architectures will be needed to support strides in
reliability, performance and cost savings?

FORCES THAT WILL SHAPE THE 21ST CENTURY AVIONICS

The characteristics of early 21st century avionics will be shaped bv irresistible
forces operating on available technologies. 1Implications derived from how these forces
and constraints will generally shape future avionic requirements will be made.

DESTIRED OPERATIONAL CAPABILITIES

As scenarios become more complex, the quality of time-compressed decisions by the
aircrew can be expected to decrease, while the number of required acticrs will likely
increase unless proper steps are taken, Clearly, more information derived from sensors
and weapon status Information will be required and much larger amounts of exterial nesqe
data will come into the cockplit from orher sources. Given that the basic skeletal
framework for acquiring and distriburing the data is being put in place (i.e. PAVF
PILLAR), the next step i{s to develop the technology that translates the artificial world
of sensors into an easily understood world that can be exploited by our humar abilitie
This “avionic technology missing link" is viewed as pivotal in determining the future of
avionics., We must develop means to achieve full spherical situation awareness (S8) of
threats, targets and terrain {in a volume of space and time of interest to the aircrew.
We must enable selected automation that allows the crew’s intent to be expressed by
direct, simple actions. Further, we must implemeat "simple to use" avionics in
extremely complex scenarios that involve coordinated intra-flipht netting of resources
for both offensive and defersive tactics.

In order to affect needed information presentation and control improvements,
several new technologies will be required. These include: {1) large full color high
brightness, displays for "Big Picture" presentation of the situation; (2) extremely high
gpeed graphics processors (tens of MOPS) will be requircd to present real-time panoramic
graphical information for head-down and helmet mounted displays; (3) the use of real~time
Al algorithms (and ultimately neural network implementations) will be needed to
determine how information is to be presented, provide tactics recommendations, system
health status, assist in mission replanning, sensor management, determine pilot intent,
etc. High speed processing in the order of a few MOPs ("simple" Al applications) to a
few BOPs (complex cooperating expert system) will be needed; (4) advanced signal
processing techniques to enable continued operation across the RF spectrum in jamming
environments will require extremely high speed processing which could reach a few BOPs;
(5) "Smart" sensors are needed to detect and identify targets and threats. Again,
several BOPs will be required; (6) selectable automation of {ntegrated -ehicle and




weapon control functions will be necessary in many situations to allow pilets to
concentrate on high level mauagement decisions and communicate with support forces. Fer
example, the selected integraticn and automation of flight contyol, fire centrol, enpirne
control, thrust vector control and weapons control may be highly beneficial {n aeral
combat, missile :vasfon and low altitude maneuvering-flight prcfiles. This integrated,
automated systen (which also would likely employ AI algorithms) would again require hign
speed, fault tolerant processing of the order of several tens to hundreds of MOPs; and
(7) finally, robotic air vehicles (RAVs) will likely make their presecnce known in =
significant way during the early 2lst certury to complement manned vehicles. The
authors envision these vehicles to serve as a force multiplier {n extremely hazardous
scepnarios across the range of tactical missions. Since RAVs represent the need for
mascive automation, including the robust use of AT, most of the abuve comments relating
to the high speed processing apply here.

Tn summary, desired operational capabilities for the early Zlst century rcquire
extraordinarily high speed processing. These speeds are generally not achievable by ane
or even a tew of the fastest processors we will have available. We wi{ll need to vtilize
parallel networks to achieve these speeds. We will need to find a way to solve several
problems before the capabilities cited in the above discussion become reality., Some of
these problems include: (1) achieving an affordable approach to the development and
support of massive amounts of numeric and symbolic software; and (2?) packaging the
parallel networks Into aircraft compatible dimensicrs while achieving affordable
hardware configurations that are reliable and fault tolerant. As challenging as thesc
problems appear to he, there are technnlogies under develcpment that appear to offcer
workable solutions.

COST CONSTRAINTS

Avionics usually represent about one-third the fly-away cost of a fighter and
vsually a higher fraction of the maintenance cost. As missions hecome more complex and
as more robust suites of avionics are added, these fractionms will likely increase unless
fundamental processes are reversed. Cost containment and even cost reduction «f
avionics is expected to become a significant issue during the 1990s. It is increasingly
apparent that expensive avionics reduce the numher of aircrart that can be afforded,

Avienics cost is justified if commensurate improvements in survivahility and force
multiplication are realized. Over the past two decades, we have seen dramatic,
cost-effective improvements in weapon system flexibility, capahility and survivability
due ro the use of avionics, particularly programmahle computers. These strides were
enabled by impressive increases in hardware speed and significant decreases in processor
and memory cost. Because the use of programmable computers is so pervasive, the
escalating cost of software design, development and support has become a central problew
tn cost containment for the entire weapon system.

A software cost crisis is building. If it §s not contained, fewer capable aircraft
will be built or we will have less capable aircraft. Strides in software productivity
have not begun to keep pace with hardware strides despite significant progress in
software standards and tools.

For example, Figure 6 shows the dramatic growth of software costs for mission
critical Air Force computer resources. Some ohservations are: (1) through 1985, most
computing hardware in the force structure consisted of data processors. The steady
pevcentage decrease in the cost of data processing hardware, in spite of its more robust
use on aircraft, can be seen; and (2) rising support software costs through 1985 was
caused by several factors: (a) a bow-wave effect where an Iincreasing number of software
systems must still be supported (machine code, assembly code and HOL); (b) standavd-
ization of languages and instruction sets have helped slow down the rate of cost growth
but has not been in place long enough to dramatically effect overall costs; and (e¢)
software design and development productivity has not kept pace with the oppeortunities
(and temptations) afforded by hardware strides.

Although the past decade has witnessed significant cost growth in data processing
software, new factors are at work which could further escalate software cost growth.

These new factors include: (1) steady movement towards automating aircraft
functions to relieve crew workload and stress, thereby increasing demanas on data
processing software; (2) the growth of programmable signal processing, with an immense
software burden, is becoming necessary to meet cemplex threat environments; (3) a trend
towards functional integration on aivcraft is resulting in a dramatic increase in
programmable data and signal processors; and (4) during the 1990s, real~time machine
intelligence should be demonstrable in the laboratory in flyable configurations.

Processori executing billions of operations per second may be flying by the year
2000. Exceedingly expensive software could result. Advanced software support tools
will be needed to help develop software for parallel processors. Advanced Al, image
processing and signal processing algorithms will be massively large and complex,

There are several factors that must be consi{dered in containing processing hardware
and software cost: (1) we must adhere to standards that allow technology growth,
maximize competition and promote reusability of designs, design tools and support
hardware and software (i.e. computer instruction sets, HOLs, compilers, etc.); and (2)
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we must stress the replicated use of common hardware modules across the entire force
structure, with the uvltimate goal of having common modules across DOD avionics, (3) we
must make fundamental changes in the way software {s designed, developed and supported.

MANPOWER CONSTRAINTS

The availability of skilled maintenance personnel in the Air Force is another
factor which will drive early 2lst Century avionics. An Afr Force Studies Board report
investigating the isolation of faults in Air Force weapon systems concluded that there
would be a growing demand for competent Air Force electronics technicians due to
increasingly complex avionice, fincreased demand by the private sector and a shrinking
manpower pool among 18-24 year old people in the U.S. One conclusion of the report was
that we must move toward decreasing functional specialization at the flight line. 1In
the authors' opinion, manpower constraints will accelerate the use of a standard line
replaceable avionic modules which has been espoused by the PAVE PILLAR program. 1In
addition to modules for data and signal processing, various data bus and 1/0 interface
and power supply modules, the module concept will be extended to encuwpass additional
electronic functions include RF circuitry, displays, gyros, etc. (However, with
different packaging and cooling designs.)

AVIONICS SUPPORT ENVIRONMENT FORCES AND CONSTRAINTS

The projected support environment for Air Force Avicunics around the year 2000 will force
fundamental changes in electronics design, packaging and testing. The "Air Force 2000
R&M" report portrays an immensely challenging situaticn for the avionics support
community, The document states that vulnerability of our entire weapon system suppoit
structure to hostile action will be the most critical support issuve by 2000. The report
emphasizes the need to plan for austere support conditions, Dramaticallv improved
avionics reliability and simplified maintainability with reduced flight line personnel
are required, thereby reducing dependencies on the supply pipeline. The author believes
that the "R&M 2000" scenarin {mplies that the following characteristics are needed for
21st century avionics: (1) we must extend the use of modular electronics across a wide
spectrum of avionics applications; (2) the number of diffevent module types must he kept
to a minimum to allow a full complement of spares to be carried on a small ground-hased
vehicle; (3) highly reliable on-board testing of circuitryv will be mandatory.

Pervasive use of BIT/SIT with Al programs is expected, along with more extensive use of
faulit tolerance; the concept of deferred or scheduled maintenance for avionics will need
to be accomplished, where graceful degradation concepts are built into virtually every
module; and (4) the reliability of avionics must be improved in a revolutionary manner.

SUMMARY OF DESIRED ZIST CENTURY AVIONIC CHARACTFRISTICS

It 1s the authors' views that four fundamental (i.e. non-evolutionary) changes or
developments will be required to meet the forces and constraints that will drive 2lst
century avionics. These changes, along with proposed goals are:

(1) Pervasive use of machine intelligence across virtually all electrenic
functions ranging from "smart sensors” to cooperating expert systems,

(2) Parallel processor networks which will execute numerical and heuristic
algorithms at speeds 10-100 times faster than the fastest available uniprocessors.

(3) Software design and development tools that will allow productivity to ifmprove
by at least a factor of ten over current practices.

(4) The use of advanced materials, packaging and cooling techniques, along with
fault tolerant techniques that will erable electronics to operate for say a thirty dav
pertiod with minimal flight time support,

Two evolutionary treads in avionics reflecting a centinuation of recent cencepts
are also seen. They are:

(1) an expanded use of a standard family of line replaceable modules across a
broader spectrum of avionic applications to enable flight line maiutenance urder austere
conditions.

(2) an acceleration of functional integration arnd sensor fusion design concepts
across a broad array of electronics.

ADVANCED ENABLING TECHNOLOGIES FOR 21st CENTURY AVIONICS

PARALLEL PROCESSING

Many force multiplier improvements fin smart sengsors, vehicle control, situation
awareness and crew decision aiding will be made possible if affordable, flyable
supercomputers and associated software can be developed for next-genreration military
aircraft. New functional architectures will emerge because dramatic improvements in
processing speed can be implemented through tightly coupled networks. Unconstrained
system architectures can be developed where the system designer will have the capahiliry
to fuse together needed logical functions irrespective of previous boundaries.
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Several types of parallel processor network architectures have been constructed
under DARPA sponsorship as well ac through private ventures. Researchers are
prrgramming these wachines to develop an understanding of how best to match the
algorithmic features of the application to specific architecture features in order to
maximize computer network speed up.

The single most important {ssue in parallel processing is the equivalent specd up
gained by the use of "n" processors. In general, a speed up of "n" cannot be expected
since real werld problems are not perfectly parallel. 1If e is defined as the fraction
of the algorithm that can be parallelized, the relation between speed up achieved by ©
processors and a is shown in Figure 7. Figure 7 points out a fundamental property of
parallel computation: unless o is greater than 0.9, parallel networks will not provide a
significant speed increase. It is imperative that the algorithm be investigated for
parallelism before proceeding to parallel network implementation., Since the slope of
the curves in Filgure 7 vary as a quadratic relationship with n as a approaches 1, new
algorithms emphasizing parallelism and/or the use of compiler tools that reformat an
existing algorithm into its most robust parallel form will be mandatory. Given that an
algorithm lends 1tself to parallelism, then its significantly parallel portions mustr *e
efficiently mapped onto tite proper network architecture {f "real-time" processing of
complex algorfthms is to be achieved. The architecture selected must exhibit: (a) the
proper 'grain size" for each processing element; (b) highly efficient communications
between processing elements; (c) high speed memory accessibility (particularly far large
sized applications); (d) gocod load balancing for the processing tasks over time; and (e)
real-time, fault~tolerant opevation.

Dozens of diffcrent parallel network architecturces are conceivable, each having
different memory access approaches, cormunication schemes, network control schemes, node
size (i.e. processor/memorv pair), etc. A thorough description of the range of choices
is beyond the scope of this paper. The interested reader should consult References 3-7
for brief descriptions of some of the more popular parallel architectures. Both
multiple instruction multiple data (MIMD) snd simple instruction multiple data (SIMD)
network control schemes have been built. SIMD-controlled networks have =ingle,
broadcasted instruction streams to all nodes during a given cycle, A third pencral
class of networks 1s the systolic array which is a SIMD machine that pipelines
computations betweern sevexral nodes in a serial fashion.

Figure 8 shows a general comparison of various network architectures. Note that a
bus structured architecture, such as PAVE PILLAR is excellent for interfumctiunal

integration where bus latencies do not present problems. Although this is 2 parallel
architecture, most paralled nets will consist of switch-based circufts, These "domsin
processor networks" will be connected to the PAVE PILLAR bus. Such 2 concept of

hierarchlca!l or tiered system networks is perfectly compatible with PAVE PILLAR,

The cost effective chaice of ustng a SIMD or MIMD pretwork architecture depends on
the characteristics of the application,

In general, the SIMD-hased network is preferable when the algorithm is well
structured, and has a regular pattern of corntrol for the cooperating nodes. 1f tbhe
alpcrithm displuys these properties, the network control hardware that issues the highly
synchronized single instruction stream can he shared by all nodes, which also will
result iu simpler software programming. Fxample algoerithms that pererally pessess these
preperties include matrix calculations, certain tvpes of arrificial intelligence
applications (e.g. semantic networks), image processing and signal proacessing.

A MIMD network architecture will 1ikely he prefcerred if the algerithm control flow
is highlyv complex and data dependent. For such algorithms, much of the SIMD network
nodes would sit idle much of the time waiting for the proper instiuction.

Example MIMD-oriented algorithms include certain tvpes of artificial intelligence
applications (e.g. tactics planning, mission planning, svstem health management,
sitvation assessment) and executive/system control of complex processing sites.

-y,
It must also be observed that a mixtute ot the STMD and MIMD architeciures mav be
the preferved design for some applicaticns.

A 1RBORNE PACKAGCING OPPORTUMITIES

Use of VYILST circuftry appliced te wafer scale integration and hybhrid wvafer
Integration, will ultimately lead to three-dimengsional, stached wafer computers to
dramatically reduce weight, volume ard size. Techniques for on-surface interconnection
of processing microcircuit cells are being develrped and tecliniques for interconnection
of stacked wafers in a "3-D" array are under development.

The resulting "3-D computer" will consist of about 90% silicon (as compared with
1-15% with toeday’'s military processcrs). Reliability is rubstantially enhanced hy
deleting the use of printed wiring boards with fts thousands of chip-to-brard solder
connections. Also, total system speed of the multi-cell wafer (s enhanced due to the
absence of high capacitance wires which {nhibit chip-to-chip high speed data transfer.
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The early 21st century designer can seriously contemplate wafer-based designs.
Simply stated, a hand-held (e.g. 10 cm x 5 cm) parallel processor capable of executing
billions of operations per second is reasonable by 1995.

Ia achieving a "hand-held supercomputer,” a few basic caveats must be stated.

First, there is the question of achieving high yileld of the cells across the wafer. The
minimum feature size (and hence speed) of the separate cells and whether a monolithic or
hybrid approach should be used must be determined. Secondly, and always very important,
is the algorithm-to-architecture matching problem. There are two basic design choices:
(1) use customized, stacked wafer processors having unique wafers for every high speed
parallel network application on the aircraft, or (2) use a family of wafer modules, and
replicate their common use across various applicacions.

CAN AVIONICS RELIABILITY BE DRAMATICALLY IMPROVED?

Achieving high avionics reliability will require combined use of (at least) the
following:

(1) carefully controlled manufacturing processes with extensive testing
{2) avoidance of high voltage and mechanical componentry

(3) improved thermal management to not only prohibit high-end temperatures from
being reached, but temperatures cycling needs to be kept to a minimum.

(4) a significant reduction in electrical corrections between chip to printed
wiring board (PWB), PWB to backplane and backplane to cablirng/ data buses.

(5) robust use of fault tolerance for mission critical functions.

Many exciting technology developments are responding to item (2) above. These
include the use of laser gyros, phased-arrays and solid state RF circuitry. The
accelerated use of RF micro-electronics will result from the tri-service MIMIC program.

Ttem (3) above requires the application of advanced technologies which, although
they are yet to be proven across all of avionics, offer significant promise. These
technelogles include: improved meauns to reduce thermal resistance and stabilize
temperature excursions through the use of direct immersion of electronics in liquids,
phase-change cooling and use of heat pipes,

Items (4) and (5) can be accomplished by cthe use of new microelectronic packaging
technology and the use of photonics. Electronics constructed at the wafer level or
using hybrid surface mounr techniques appears to be required. Intercomnecting cells
reliably, using surface-mount approaches, will ke the largest challenge to wafer scale
integration. Figure 9 shows a very preliminary sketch of anm avionics module that
combines the features of liquid cooling and WSI, along with estimates associaoted with
module parameters. Although much work remains to be done in determining how the packag-
ing, cooling and interconnections are to be accomplished most reliably, the significant
observation is that the face of avionics packaging may substantially change by the early
21st century.

NEW AVIONICS DESIGN & DEVELOPMENT CAPABILITIES

In order to affordably design, develop, test and support clectronic svstems of the
future, fundamental changes must be made. The resulting new design and development era
for avionics will be dominated by the use of CAD/CAM technologies which will enable
simulation, design, development, testing, and documentation from the system to the
component level.

Figure 10 shows an example of the general flow of this highly automated process.
Once requirements are generated, top level! system netwerk simulations will be
accomplished to establish cverall functional partitioning and proper system controil
ocperation. Software tools will ther be used to ensure the proper hardware/software
match for all processing resources, .ncluding paralle]l networks. These tools include
simulators, compilers, linkers, assemblers and code generators.

Software application program development and support will be approached with the
sawe hardware-oriented philosophy of using CAD tools and reusable modules. Here,
libraries of reusable application software modules are tailored tc fit specific
application needs (these wodules will be designed to have extensive modularity and I1/0
flexibflicy). In order to further enhance programmer productivity, "fourth-generation"
programming techniques will be employed. Figure 11 shows the relative impact of various
factors that drive software development cost and points out the need for fourth
generation language programming, Note that whereas the programming tcam's experfeunce
with the language, the size of the data base and other factors are very important cost
drivers, the numbers of source instructions is the dominant cost driver. Therefore,
cost will be substantially reduced if software modules can be reused or modified in a
simple manner, and if custom software can be developed with a minfmum of source

instructions,
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PROCESSING IMPACT OF TECHNOLOGY INTEGRATION
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Figure 12 shows an example of hew the concept of fourth generation programming and
reusable software might be accomplished. Here support softwavre for specific functional
areas is used. This code translates the "pictorial” commands of a syvstem programmer or
functional specialist. The inituitive programmer/designer communicates at a level most
familiar to established design practices (e.g. pictorial formats if a display generator
is being programmed, flow graphs for signal processing, feed back loopsa/multipliers/
gains for flight controls), etc. Initially reusable application or executive modules
will be developed using these tools. Subsequently, the same tools will be used to
tailor reusable code to the specific application. A front-end, Ada-based compiler is
assumed, with loadable machine code developed using these four tools. Automated
documentation is also produced by the software.

ADVANCED ARCHITECTURE AND INTEGRATION TRENDS

If technology will allow us to build flyable supercomputers and fast switching
networks, how will system architecture be affected? Will new ways of integrating
functions develop, given that technical constraints will no loanger he a serious factor
in determining how the system is partitioned? These two questions must be answered
together since architecture enables integration and integration drives architecture.

It was only slightly more than a decade ago when electronic systems began to be
integrated by the DAIS program. Loosely coupled offensive and defensive sensors and
controls/displays were integrated across a multiplex bus, along with the bus-oriented
integration of flight controls and stores. {(See Figure 1) Here, the thrust was on
establishing digital standards, easing integration (e.g. reduce cabling) and reducing
sSupport costs.

PAVE PILLAR further enabled fntegration within and across avionic functional
elements. The PAVE PILLAR architecture allows for improved fault tolerance and
commonality of l1ine replaceable modules. Three basic integrated functional areas are
emerging from this architecture (Figure 2). These areas are: (1) sensor/pre~processors/
signal processors; (2) data processing for system control/reconfiguration and system
level computations; and (3) vehicle management (flight, propulsion, electrical power}.
Redundancy of processing elements and buses is selectable, hased on system requirements.
This architecture allows the designer to select whether processing and information
exchange should be done at a local level, as part of a funmctional affinity group or at
the mission avionics level.

The authors believe that integrated o.finity groups of functions, or "meta
tunctions™ will emerge. For example, an "RF meta-function" would utilize needed
portions of the RF spectrum to transmit, receive or share information as an integrated
system (thereby improving situation awareness, stealth, fault tolerance and reliabiliry
of processed results). Similarly, other metafunctiocns, shown in Figure 13, are expected
to emerge in the areas of RO, vehicle control,crew station electronics and system
management. It is of i{nterest to note that the overall architectural framework of PAVE
PILLAR is preserved. Intercommunications between meta functions can still be supported
by the PAVE PILLAR high speed data buses. Intercommunications within meta functionrs are
envisioned tu be a hierarchial mixture of high speed data buses connecting tightly
coupled parallel networks.

PAVE PACE

The PAVE PACE init{iative has been established to validate the concepts described
above. This advanced development initiative is envisioned as the means to select the
appropriate technologies, mature them as necessary and conduct a series of integrated
test bed (ITB) demonstrations that show how avionics availability, performance and cost
can be significantly improved, Further, the applicability of the resulting hardware,
software and tools for the modernization of the force structure and new aircraft systems
would he projected. New avionic modules wil)l be built and validated for reliability
enhancement. A modular building block family approach to hardware and software for
airborne parallel processing would be demonstrated. Advanced CAD/CAM tools would be
exploited/developed and used to demonstrate improvements in hardware and software
design, development and support. Advanced algorithms would be developed and used in a
real-time ITB configuration using an advanced crew station fn order to demonstrate
improvements in situation awareness, fault tolerance and maintenance strategies.
Advanced technologies such as neural networks would be invertigated {n an integrated

system context.

CONCLUSIONS

The Air Force has faced and will continrue to tace an industrial, political, and
military environment which will result in importanct constraints that drive avionlcs
architectures/systems,

- High development, acquisition, and support costs.
- Llong development times; 7-9 years typical.
- Post deployment reliability and maintenance.

- A history of change over the life cycle of an atrplane.
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- A liwiced budget--continuved pressure to reduce the budgec.

- A Jeveloping critical shortage in technical people--engineers, maintenance
technicians, computer programmers.

- "Compputational plenty"” frow generally more powerful and available microcomputers
which threatens to swamp the Air Force with software.

- An increasingly more capable and technically sophisticated enemy.

The technical implications arising from these constralnts shape the design
decisions and investment strategies for technology development.

- A history of avionics change over the Iife cycle of an airplane due to
technological pressures and/or operational requirements pressures demand that avionies
architectures be flexible. Flexibility may imply the heavy use of modularity concepts
and clearly defined system interfaces that allow system upgrade without massive
perturbation of the logistics system,.

-~ High costs, budget constraints and limited personnel availability dictate
concepts like reusable hardware and software-—avoiding the costs associated with
"reinventing the wheel"” syndrome. If an avionics architecture can support the use of
previously developed satisfactory components like standard subsystems or standard
software modules, item development time can be reduced by minimizing the number of
completely new components and integrating those with the standards.

_ The continued influx of digital systems into the Air Force inventory, compounded
by the microprocessor explosion and the developing critical shortage of qualified
software people, dictate the need for focus on standardized software support concepts to
minimize the capital investment required at our Air Logistics Centers as well as
minimizing the training needed to qualify supporet people on new software programs.

- None of us are satisfied with the performance, cost, or reliability of the bulk
of our current avionics. The ultimate has certainly not been reached, The required
improvements will principally come from technology; therefore, a standardization
approach tn avionics architecture must not stifle this needed technological evolution,
but should proviae a framework of standardized interfaces which can support insertion of
new technology, again without necessiteting a massive change in system supporrt.
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Avionic System Design Methodology

M. J. Tooze
Systems Consultant

GEC Avionics Limited, Airport Works, Rochester
Kent ME1l 2XX, England

This paper describes an approach to avionic system design and its application to
modular avionic architectures.

The approach is to test various candidate architectures using a common functional
requirement. The method commences with a requirement analysis carried out in a top-
down fashion to arrive at a full functional description. A parallel phase is to
determine the technological base and define a number of candidate architectures and
corresponding component sets (module sets in the case of modular architectures). Thus
technological performance and in-place equipment limitations are included at an early
stage independent of the requirement. Hence "top-down meets bottom-up", by taking
various architecture candidates and corresponding modular sets and applying the
functional description of the requirement, so each architecture may be investigated for
its capability to cope with the trial or application system. Assessment of reliability
and performance objectives is discussed. Also included is reference to the areas of
operating system and BITE which may form part of the system but are not necessarily
directly represented at the boundaries of the system.

The paper deals with philosophy of the approach and does not extend to application
of the various CASE design tools which exist (or may be specified) in order tao carry
out such a project in practice.

1. Background

Firstly I shall start with a little background. Our industries have, for a number
of years now, successfully delivered equipment to customer requirements which include
reliability and maintainability considerations, in addition to performance
requirements. Also we have operated schemes, such as reliability improvement warranty,
which have been aimed at reducing lifecycle costs. Other customers have operated under
conditions where their prime interest has been to minimise start-up and initial
purchase costs for given performance. However. things are changing, customers now, at
last, understand that R & M factors can be built into equipments from the beginning
along with performance requirements.

So by adopting the advances promised by new technology and by planning
sufficiently ahead, new systems architectures are being devised which will enable
minimisation of lifecycle cost. 1In order to contain the potentially increased start-up
costs of such systems, these architectures are aimed at serving more than one
application.

Because the lifecycle cost implications of design are often not obvious and
because this design task is additional and very much complicates the normal activities
that are required for design for performance, we need a system design methodology which
will enable us to sort through the plethora of technology and architectural choice in
an ordered way to present us with a single, or at least a reduced, set of options with
which to go forward into the detailed design or development phase for the system.

Key factors affecting the new modular approach to avionics design are:

. connector reliability

. maximum power per module

. distribution of power between processing and 1/0 on a module

. number of module types

. policies for safety, security, mission reliability, maintenance,
operation without maintenance, survivability

. reconfiguration boundaries
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. bus connectivity/bandwidth

. number of bus physical layer types
. level of BIT performance

. growth potential

2. Introduction to a System Design Method

This paper describes an approach to avionic system design and its application to
modular avionic architectures. The study methodology goes through the phases of
analysis, synthesis and assessment in a structured way.

2.1 Requirements for System Design Methodology

Because future goals have now moved to include reduction of lifecycle cost and
architectures applicable to many requirements and vehicle types, one thing is certain,
start-up development costs of such architectures will not be low. Also gearings of
design parameters into LCC are more difficult to determine which makes potential design
or architecture evaluation much more complex and certainly less obvious than design
requirements driven mainly by performance. Therefore it is essential that system
design methods used to determine such systems yield, for the limitations and goals
given, the near optimum solution rather than a solution. Such a method must be able to
show a visible, traceable derivation of the solution showing fully all arguments and
assumptions made in r=ducing the many infinities available down to the chosen solution.

The system design method must be manageable, that is it should follow a clearly
defined structure, able to be broken down into separate well-defined elements to enable
experts to be brought into the programme appropriately and to enable mapping onto a
project management aid. It is, for example, essential that areas of unexpected
difficulty or need for additional resource be shown up quickly as this field is an area
of potentially high risk, in that it combines the prediction of future technology with
new or novel architectural concepts.

The system design method must be able to combine available technology performances
to form candidiate architectures for evaluation. Even though the selected modular
architecture may he intended for a range of applications it is important that it be
tried on a real, detailed, requirement in order that it be thoroughly tested and sizod.

In pursuit then of the architecture, rather than a solution as it would? seem from
the viewpoint of a particular designer, it is essential to separate the requirement and
requirement analysis from the technology study. B8y the technology study I mean the
prediction of available and necessary technology for the period to be considered.

What this means is that top-down design is not enough in itself. A major feature
for this method is that "top-down meets bottom-up” - both are essential aspects in the
reduction of the solution.

As you are aware top-down refers to the structured analysis of the requirement(s)
broken down hierarchically into greater detail the further the process is continued.

Bottom-up traditionally refers to the use of in-place equipment or technology -
clearly an important part of the design method is the analysis of what technology will
be or could be made available in time for inclusion in the design.

It is vital therefore that a modern system design method provides for both of
these areas of inflvuence upon the overall design result.

2.2 Method Structure

Fig. 1 shows the overall structure of the study and the main activities. The
activities proceed chronologically top to bottom of the diagram.

2.2.1 1Initial Phase

The method starts with an Tnitial Phase in which the project is set-up, the
limitations and goals are set or confirmed with the customer and one or more
applications or missions are defined at a user level. Also this phase includes certain
vital support activities such as literature searches and determination of metrics to be
used during the study/design period. However the prime activity during the initial
phase is the mission(s) analysis. A timeline analysis showing the main functioning of
the intended system by phase of mission(s) is the minimum necessary to ensure support
of the follow-on design method and to maintain traceability back to the originating
requirement statement(s). The time line analysis leads directly into definition of the
top level functional representation of the system.
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2.2.2 Requirements Analysis

More detailed analysis of the requirement may now be undertaken. This is based on
functional decomposition of the top level requirement. Why Functional? The reason is
that the system design does not exist at this time and complex modern systems are high
on functionality but low on in-place objects. The output of the requirement analysis
is & set of functional primitives at the base of the hierarchy forming the functional
decomposition.

2.2.3 Technology Study

The Technology Study is aimed at determining what terhnology will be available to
fit the required development, I0C, and lifetime of the projected system. This phase of
the design method is less closely coupled to the mission requirement than the Initial
and Requirement Analyses Phases and so may be run in parallel with these two. The
objective of this phase, as applied to modular avionics, is to arrive at a number of
candidate architectures and associated module sets for evaluation in the following
phases.

It is necessary here to emphasise the clear distinction between the Technology
Study and the Requirement(s) analysis phases of the programme. Technology is about
actual achievement of component performances and integrated performance able to be
achieved in the timescale. The functional analysis is totally without reference to
need for hardware, except where it is 'given' at the boundaries of our projected
system. So the difference is that the technology phase is about determination of
maximum achievable performances whereas the requirement analysis phase is about

determination of minimum reguired performance.

2.2.4 Synthesis

The Synthesis phase is to take the candidate architectures output from the
technology phase, and in turn subject them, or load them, with the requirement as
expressed in the function primitives listed from the requirements phase. Thus each
candidate is 'loaded' with the set of functional primitives so sizing the architecture
for the particular application(s). It is only when this phase is complete with
competing designs defined and sized that the final major phase, that of parametric
studies, may be commenced.

2.2.5 Parametric Studies

Parametric studies is the area in which quantified assessment of the remaining
candidate(s), or hopefully the selected candidate, takes place. A division of the
parametric studies is shown. The area of Lifecycle Cost Facters includes other cost
related components. The assessment of Performance is a cross-check to see that the
required performance is achieved and that performance margins are identified. Finally
'ilities, this is a term which we use for availability, reliability, maintainability,
etc. These all have a gearing into the paramount ICC but objectives set at the
beginning of the project may include certain intermediate goals and assessments rather
than call for ICC reduction alone.

2.2.6 Reviews and Conclusions

The final phase provides for review of the results thus far and gives an
opportunity to go back over the decisions that have been made and revise or determine
points which may have been left undetermined. For example, only at this stage will
loadings and margins be known, and if a finally checked figure occurs near a technology
threshold, then implementation will be reviewed. In addition to defining the
architecture based on the supplied data recommendations may identify development areas
required to achieve enabling technology items. Thus the project will yield a means of
focussing future development and support of future applications.

So that is an outline of a system design method which accommodates design of
systems to objectives which may contain opposing elements. A range of solutions is
generated against which deterministic evaluation of each candidate is applied to one or
more well-defined requirements. This enables evaluation leading to selection of a
particular candidate, or more realistically, a variation of that candidate as the
recommended solution.

I will now take each phase in turn and explain the objectives and means of
achievement of each phase along with the sort of difficulties which may be encountered
in practice.
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3. Initial Phase

As the basis of the study method is to attain traceability from the required
missions and other available input data through to the final design, it is essential
that the study commence with an overall view of the objectives of the study and
analysis of the input material, this will include a literature survey.

The literature survey will be required to cover aspects of the threat scenario and
projections of both friend and foe system design and capabilities for the projected 10C
dates for the required system. It will also require to research into the available,
and able to be made availahle, technologies from which the system may be constructed.
This technical aspect of the survey will range from projected silicon technology
through to data transmission media and data bus techniques. A key element in research
for the modular avionics is the performance achievable from these technologies and the
ability to suitably combine them to provide candidate solutions for system applications
envisaged during the lifetime of the required architecture.

The practical problems of the literature survey are that having generated a large
and wide range bibliography, the difficulty remains in imparting the information
contained to the members of the project team. It is therefore of great assistance for
a literature survey summary to be prepared, giving a brief summary and findings cf each
item. This enables team members to quickly arrive at a common starting point and to
pick out those items of literature which have particular relevarce to their role in the
design activity. The literature survey needs to include reference to future and
projected relevant standards.

Time Line Analysis

The time line analysis to be used for a modular avionics desiqgn point will need to
include all aspects of the avionic system use and will, therefore, include clear
description of all ground environment activities in addition to the airborne
performance related time lines. Omission of these could result in a design of
seriously limited scope. The purpose of the time line analysis is t> relate required
mission functions to phases of flight, events, and overall oblectives, thus this
analysis will include necessary attributes of maintenance, replenishment and mission
preparation and other operational information necessary to visualise the full lifecycle
of the avionics system. Finally the output of the initial phase will provide a top
level functional description of the system and a clear statement of the objectives.

4. Requirement(s) Analysis

The last part of the initial phase was to define the top level functional
representation of the system. There are many ways that the functional representation
of, say, an aircraft or weapon system may be represented at the high level, however, we
have found the following guide lines both useful and practical from the viewpoint of
those carrying on the functional decomposition to lower levels. The first requirement
is to ensure that the functional diagram is able to be interpreted back to the time
line analysis output from the initial study phase. Also at the next level down, it
would be convenient if the functional breakdown were to be along lines of areas of
expertise available to the study team in order that experts be available for
consultation as level of detail is increased as the decomposition progresses.

This may be seen as upsetting the parity of the approach but such is the mobility
of placement of function in such architectures that in retrospect the ocutcome is not
affected.

Functional decomposition is the functional representation method which is
suggested as the means of providing a hierarchical diagrammatic representation of the
system function and operation. The diagrammatic method should be of 4 nested nature as
indicated. This means that a block at a given level in the structure will appear
expanded as a complete functional diagram at the next level down and so on. At every
stage the individual diagrams should be kept as simple as possible. Blocks in each
diagram refer to functionality., the normal rectangular block referring normally t. a
system function, the[ > blocks referring to crew action and the (C__J blocks
referring to system display function. References, annotations, lists and supporting
cext include supporting data or message dictionaries and control tables. 1In this way
system functionality may be represented by a connected set of system functions, system
display functions and resultant crew actions. Representations of system operation
therefore includes the crew's activity as part of the system.

The degree to which functional breakdown should proceed, i.e. the number of levels
of functional decomposition, is dependent on the complexity of the system, but should
extend to the condition where no elementary (lowest level) function would be expected
to straddle a hardware boundary, i.e. every function should be containable totally
within a single hardware unit. The lowest functicnal element resulting from the
decomposition process takes the form of an elementary functional description or
"functional primitive" and is represented in a standard format specification. Due to
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the proliferation of blocks even after relatively few levels of functional
decomposition, it is to be expected that the number of functional primitive
specifications will be quite large. I have already referred to the disruptive effect
of "loose ends". One advantage of functional decomposition is the early exposure of
such potential errors.

As the top levels of functional decomposition are completed design reviews,
including customer “walk through”, may be carried out in order to verify the system in
all its modes so that customer satisfaction be sought at an early stage.

Clearly the sheer volume of documentation and the need for consistency and other
checks as the requirement is decomposed make this an area ideally aided by & computer
driven system design tool or via integration of a number of such tools.

The extent of the detail of the decomposition of the requirement will be varied
according to the form of the project being undertaken. Feasibility or an investigative
study would require decomposition to three or four levels with reasonable accounts of
the functions and the data flows between them. The detail required for a full project
would need to be more rigorous and precise in its definitions but would not in fact
need to be taken far beyond that of the feasibility study in terms of the level of
detail examined, this is because the decomposition in both instances would be required
to be taken to a level of assumed Functional Primitives. Remember that a functional
primitive is a function which, given the level of technology anticipated could be
contained in a module, either as hardware, as software, or as a mixture of both, but
which does not span more than one of the intended system units or modules. More than
one functional primitive may be contained within a module. Now at this point I need to
reiterate that the requirements analysis is investigating the minimum necessary
requirements for the system to perform the missions or system reguirement. Because the
functional primitives are to be packed into the, as yet candidate, module we need to
express their attributes in terms common to those used in the technology study to
describe the capabilities of the module. For example, a functional algorithm may be
expressed by the number of lines of Ada code or the number of operations of a
particular micro-processor order code. A statement of the iteration rate of the
algorithm will also be required. This permits the required number of MIPS (Million
Instructions Per Second) to be estimated. Other maximum and minimum requirements will
also be laid down in ovder to specify the minimum performance required in order that
the functional primitive meets the system need. These include latency, data storage,
task state data (in support of reconfiguration) and estimates of the total number of
lines of code reguired. State data may significantly contribute to data flows within a
reconfiguration boundary.

Sources and sinks for input and output to the function along with estimated
data/message bit rates are vital in the following evaluations of the candidate
architectures.

For a large system it will be appreciated that the number of functional primitives
received as a result of the expert teams endeavours will be large and time will be
required in order to normalise these returns as deviations from the laid down rules
always appear to be made by experts for their own good reascons. Thus in summary, we
now have a pile of functional primitives which express the required characteristics
needed to achieve our system function. These functional primitives address both the
contained functions and estimates of the required 10 data and control flows between
functions. It should be emphasised that although there is some degree of design
involved by the way in which the approach to the functional decomposition is made, as
yet no prime design work has been carried out in terms of architecture selection or
implementation decisions. By way of illustration, one could group the functional
primitives such that all the high computational functions which contained a high level
of computation were grouped within a single unit. This would represent a centralised
computer solution. Alternatively functions could be grouped so that the computational
functions were grouped with their prime sensors, this would represent a federated ang
sensor-based solution. Thus the prime importance of functional decomposition to our
system design methodology is that we are able to break down and assess the
functionality required, largely independent of any particular design implementation.

Thus the functiconal primitives are now ready to be distributed into the candidate
architectures emerging from the technical study according to the rules and structures
defined to characterise each candidate.

5. Technical Study

There have been a number of programmes carried out which address the guestion of
advanced avionic systems for the future and which have tackled the reduction in
lifecycle cost along with achievement of high performance by exploring the application
of combinations of common modules, advanced data transmission media and protocols,
integration of high levels of BIT, fault tolerance and reconfigurability. Therefore,
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for this modular application of this study method key areas of technology were
identified which include topology, electronic technology for modules and operating
system.

The purpose of studying these key areas is to, firstly, identify the range of
technologies available, and then to combine these to provide a range of candidate
architectures intended to span the range of solutions but without encumbering the
designers at this stage with any more than an outline of the functionality of the
target system except as required to perceive the level of complexity which may be
entailed. Thus the candidate architectures are created without reference to the
detailed requirement analysis part of this methodology.

As stated before the objective of the technology study is to produce a number of
candidate architectures along with associated module sets. This entails the projection
of technology in terms and different stages of availabiiity over the years leading to
the required in service date i.e. development availability of components, availability
of standards, availability for production. The creation of logically distinct
candidates is therefore an important output from this part of the method.

I should point out that it is just as important to close-down options as good
traceable reasons arise, one problem that will be encountered is that people will
continue with a 'dead’' candidate as there are generally always some good aspects to a
line of approach even though there exist compelling reasons to kill it off.

Thus the main areas of the technology study are:

Topology

This part of the study is intended to reveal suitable topologies for the future
avionics architecture. It will therefore need to take into account the various
available electrical and opto technologies and bus standards. The factors which will
need to be taken into account in deriving these candidate topologies include
connectivity bandwidth v power and receiver technology, effects of failure for ring,
star and other bus configurations. The increase in mission availability may be
achieved in part by increasing the time between maintenance actions and providing the
systern with fault tolerant characteristics so that the system will remain operational
in the presence of fault conditions. The topology study will also tackle LCC
contributions directly by improvements in reliability both in the data transmission
system and again in its means of tolerating fault conditions when they arise. Thus
minimisation of pin counts and reduction of juction temperatures within the data
transmission media are considerations made during this stage. The output of the
topology study is to provide topologies options from which the candidate architectures
may be drawn having regard to the parallel outputs from the electronic technology and
operating system investigations.

The important point here is to get some numbers down describing basic data
transmission building blocks so that these may be built into systems. At this stage it
is all about bandwidth, connectivity and power budgets, protocols and other nice points
come later.

Electronic Technology

The prediction of relevant electronic technology for the period for a future
system is clearly an enormous subject. This further bottom up aspect of the study
approach is to provide a view of what could be available in terms of module performance
under the primary constraints of size, weight and power consumption. A key issue is
the amount of silicon that can be affixed to a given size of module and the
functionality that can increasingly be compressed into a given area of silicon. The
primary considerations in the module in determining the future performance is the
realisation of certain trade-offs, for example the power bandwidth trade-off was
identified such that for a given constant power within an avionics common module so
processing power could be traded-off against IO bandwidth, thus over much allocation of
power to a CPU will 1limit module IO capability and alternatively overly much power
assigned to communication would limit the effectiveness of the CPU contained on the
module. Another trade-off area is that of power dissipation within the module versus
module reliability. Here cooling arrangements for the avionic modules limit the power
dissipation of the module for given junction temperatures. Thus given the critical
relationship between device reliability and junction temperature, so reliability/power
consumption options are provided against the variously available cooling arrangements,
some of which suit avionic applications, others because of their complication and
maintenance disadvantages detract from lifecycle cost that the apparently improved
cooling arrangment had promised. Another area of investigation is to determine module
capabilities such that the total number of module types may be limited. For example a
threshold technology which only permits a processor to be carried on a module would
entail support modules of storage and 1/0 as nececsary members of the module set. With
higher IC technology so more self-contained functions may be conceived so limiting the
module types required.
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Operating System

Software cost is another area where opportunity for LCC reduction is potentially
very large. It has long been my contention that so-called software problems are more
often than not, not the fault of the software programmer but are in fact rooted in poor
system design and in poor system requirement specifications. Programmers have been
expected to pick-up these "loose ends" i.e. an undetermined condition for which no
outcome is defined, and knit them into the system. It is only when the operator comes
upon this, possibly obscure, event that the system specification fault is revealed. At
the other end of the programmers' task we see that they have been called upon to "hook"
their programs into the hardware interface further adding to the complications of their
immediate task. This may explain the apparent obsession these days with object
orientated design techniques rather than with functional design techniques.

Thus, in conjunction with the use of modern CASE tools for system detailed design
and configuration control, the long overdue avionics operating system is considered a
necessary adjunct for modular avionics.

The operating system is required to provide a common transparent interface between
the application software and the avionics system. Where 2 candidate architecture is
reconfigurable so this would be supported by the operating system.

The transparency I talk of enables a software task programmer to communicate with
other tasks by reference to the other task name and name of the data only, i.e. message
passing without reference to the location of the other task within the system. This
permits large systems to be composed of separately compiled code and, of course, aids
the support of reconfigurable, load balancing system candidates. To software the
importance of reconfiguration is not so much after a failure, but at start-up with a
new application task aboard, it will “e accepted with whatever priority it has been
assigned, just as if it had always belonged to the club.

Candidate Architectures

Candidate architectures are derived as the output of this bottom up technology
driven part of the study by covering topology and electronic technology considerations
to provide maximum module processing performance while minimising IO bottle-necks while
the operating system considerations help shape the topclogies by providing insight into
the way in which fault tolerance and reconfigurability will be available within the
system and hence the way that these factors influence the design of the common modules.
An example here is that if a module set were to be designated such that a processor
module always had to work in conjunction with a memory module and an 10 module then
upon the need for reconfiguration it can be seen that reconfiguration would have to be
carried out by reconfiguring in groups of three such modules rather than assigning
reconfiguration to just one. Thus a leaning towards self-contained modules that are
able to stand alone on the bus structure is preferred. Architectures based around such
modules will considerably aid@ reconfiguration and this is the key to achieving the high
availability low ICC system.

6. Synthesis

We have now reached a stage where we have candidate architectures and associated
module sets defined by the technical study and the functional reguirements of the
system defined by the functiocnal decomposition diagrams and the functional primitives.
The process of building the system now takes place whereby the design team will take
each of the candidate architectures in turn and load the functional primitives in
accordance with the approach defined for each architecture. 1In an architecture which
includes reconfiguration these module quantities will be based on an initial, assumed,
configuration and may not correspond to the actual real time distribution. Thus we can

treat architectures which use a "virtual machine approach”, i.e. where an operating
system assigns tasks to modules as part of a reconfiguration basis. So the total
number of modules required for each candidate can now be determined. It is only when

this stage is completed that the design team can stand back and appreciate the initial
relative merits of the candidate architectures when loaded in their different ways with
the requirement(s) represented by different distributions of the functional primitives.
This stage provides bus capacity for basic functionality, and reconfiguration as a
result of failures. To this will need to be added considerations for growth and
survivability.

After a period for review the method now moves into the parametric study phase in
order that qguantitative assessment of the candidates may be made.

7. Parametric Studies

With the completion of the synthesis task, we now have our remaining candidate
systems expressed in ways and in enough detail so that experts may now be made
available in order to evaluate the key parameters necessary for final selection and/or
verification of the selected architecture. This is important as such experts are not




a

6-8

able to contribute these skills for a system expressed only in high level terms; they
require the problem to be reduced to technology and functions of which they have
knowledge or expressed in terms with which they are familiar in order to extrapolate
from their experience/database. Once this is achieved they are able to envisage
hardware and/or software implications of the required modules or candidate system
components. Hence confidence is added to the design data and the discriminants between
options.

I hinted in my introduction to the method that suitable division of the parametric
studies areas may be along the lines of a lifecycle cost study, a performance study and
an 'ilities study. Whatever the breakdown of the parameters which are indeed chosen
and which will therefore contribute to selection and verification of the selected
architecture, it is most important to realise that these teams cannot start from day
one with the loaded candidate architectures alone. It is wvital that the metrics and
methods by which these parameters are to be determined are ascertained in parallel with
the other main phases of the work in order that they are ready and in-place for use
from day one of the parametric study phase.

8. Conclusions

We have used this methodology applied to a study investigating the advances
attainable in avionics systems around the turn of the century, and included in this the
effect of modular techniques. Overall objectives were a reduction in ICC while meeting
the predicted threat, with an ability to track the changing threat incrementally. It
was shown that such objectives could be met. Initiasl design costs could be defrayed by
applying the system elements across a wide range of future applications. A significant
factor arising from the results is the increase in availability and the ability to
operate for extended perinde without need for maintenance.

The number of module types was reduced even below our first objective figures and
very significantly we feel that we have at last capped the ever growing software
problem by evolving an approach in which good system design and system design tools are
used to produce clear bounded software tasks simply interfaced through an operating
system. This supports message passing, reconfigurability, including load balancing,
and maintenance to provide a transparent interface at system and vehicle component
level operation. Simplicity of operation at all levels has been achieved while
investigating application options which include, AI and advanced mission management
aids leading into future intelligent vehicle/weapon systems.

It is a relief that so early in man's development of systems, that his ability to
conceive developments will not be limited by his ability to implement them.

With a reconfigurable system margins may be reduced. 1If further facilities are
required then these may be added to the system, thus avoiding the heavy contingency
margins associated with LRU solutions.

These advances are primarily made possible by the new architectures, module
MTBF's are only moderately better, the technology contribution is to 1lift module
capability over the thresholds that make this possible.

The most gratifying conclusion was the ability of the system to achieve mission
success over protracted periods with zero maintenance support.

Thus we have used this methodology and found it workable and capable of producing
the results by ensuring that contributors make the correct consideration and
contributions in time and at the right point in the study, enabling diverse and
opposing elements to be weighed and worthwhile conclusions drawn.
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RAPID PROTOTYPING OF COMPLEX AVIONICS SYSTEMS
by
L. Berardi

Aeritalia - Gruppo Sistemi e Teleguidati
10072 Caselle (Torino) - Italy

Abstract

The use of a rapid prototyping approach in the initial stages of complex avionics system design can
complement some traditional computer design method. In fact most of the computer aids in engineering and
design is aimed to a better, coherent and, as far as possible, complete description of the project, but
not too much is done on the verification of the proposed concept implementation.

This paper discusses the advantages to have available in short time during the early design a software
prototype of the system to highlight undesirable characteristics or possible improvements when the
system has an high degree of complexity.

Then a design tool called ECATE (Expert Consultant for Avionics System Transformation Exploitation),
developed by Avionics Systems Group of Aeritalia, is described. ECATE is an expert system that
prototypes the information handling architecture of an avionics system.

The use of knowledge engineering and, in general, artificial intelligence approach for the rapid
prototyping has been proven very effective, because of the high flexibility, complex domain mastering
capability, and heuristic methods typical of these techniques.

Finally a description of a complete, integrated environment for the rapid development of prototypes of
avionics systems, by using artificial intelligence and computer tools, is given.

1. Introduction

The increasing complexity of the systems, and a greater consciousness that “components" make
“systems", has pushed toward a larger effort in enhancing the effectiveness of the system
engineering science.

System engineering has been defined the study of a system concept in order to define its
effectiveness and performance and to document results in specifications, from which
hardware/software can be designed, developed and verified |1].

More in general, the system engineering can be considered the technical methodology that allows to
develop a system in an organized way with minimum effort and maximum performance.

Pioneers in the field were the avionics engineers, who were forced to new and more effective
approaches to the design and development of the electronic suite of the military aircraft. In fact
the rapid development of electronics caused an increase in the demand of performances, and
consequently cost and complexity in a rapidly growing spiral.

This is specially true in military avionics where the environment is extremely competitive and the
challange very high.

On the other side if the causes are identified in the technology and the competition, the solutions
can be found in the technology and in the scientific environment in which the actors of the system
engineers move. In other words, if computer and digital circuits are the major factor in the
electronics development, they can also be used to aid the system engineering; the resulta of the
scientific views of the system can be used in the practice of the system engineering.

However, whilst the tools are the most up-to-date (supercomputer, CAE, CAD Work Station etc.) there
is still a lack of integration among them because only now an holistic methodology is becoming
popular for the system development.

Let us recall what are holism and reductionism by quoting Douglas Hofstadter [2]:

"Crab: HOLISM is the most natural thing in the world to grasp. It is simply the belief that the
whole is greater than the sum of its parts. No one in its right mind could reject holism.

Anteater: REDUCTIONISM is the most natural thing in the world to grasp. It is simply the belief
that a whole can be understood completely if you understand its parts, and the nature of their sum.
No one in her left brain could reject reductionism".

To break the system in subsystems and components, each with the minimum possible interaction with
the others is an example of reductionism in the design. To conduct performance simulations,
specification preparation, installation studies etc. almost independently is an example of
reductionism in development.
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To make a prototype to check how the complete system works, is an holistic approach to the
development. To design a system as an integrated network of sensors, displays and computers, with
the maximum possible flexibility can be said holiam.

In the last years the holistic approach has been more widely used in the design, thanks to the
higher performances it can ensure, specially at the highest complexity levels: the development is
still essentially reductionism, being prototypes build only in the latest stages of it.

It is clear that an approach in design and development only holistic or reductionistic cannot be
"the answer", but a correct mix works effectively.

The factor limiting a more comprehensive and integrated development has been, up to now, the lack
of suitable and widely available tools and methods to treat large and complex systems and theferore
it was convenient to break the system into smaller, simpler units.

However it is our belief that the Artificial Intelligence tools and methods now available can
extend the holistic approach to the earliest stages of the development with evident benefit in
terms of result and performance.

The rapid prototyping is the way to consider the system as a whole also during the concept
definition, feasibility or definition studies and to get better understanding, using also
heuristics, of what will be the system when made.

The following paragraphs, illustrating some theoretical considerations upon the system project life
cycle, intend to explain the need for a rapid prototyping methodology.

Theoretical Considerations

The Project Life Cycle

In order to establish the need for a rapid prototyping it is first necessary to have a brief look
at the avionics system life cycle. The project phases may be described by means of a "waterfall"
block diagram, a graphic representation which was and is widely used for software projects; it does
not take into account explicitely for feedbacks but it is clear and simple and it will be
integrated by other symbols later. For the purpose of this paper it is sufficient to consider seven
major steps, see fig. 1; on top of the figure are also indicated other current denomination of the
project phases.

It is clear that each project can have its own names for the phases, established according to
Government/Customer or internal rules; the diagram of fig. 1 is only an example that will be used
in this paper to locate the rapid prototyping methods. The project:phases of fig. 1 establish a
base for the understanding of the project evolution, but their definition does not intend to be
complete or final; hereafter the complete life cycle of the project will be named "development",
while the Design, Build, Integrate and Test phase will be called "full scale development”.

The Operational Requirement Analysis. This phase groups everything before the actual definition
study of the avionics system and includes many activities ranging from conceptual studies of the
weapon system, aerodynamics simulations, to the feasibility study, all seen from the avionic point
of view. All these activities are aimed to establish "what the avionics system shall do". The
duration of this phase is probably the most sensitive to political and technical considerations
not only depending upon the size of the project, it can span from few months to several years.

An important factor to consider is that many activities run in parallel and extend also to the next
phase in a continuous refinement of the requirements.

The System Definition. After the first general idea of the system functional architecture was given
in the previous phase, now the avionics is more deeply studied to precisely define what are their
major subsystems, components and what performance, in general terms, are to be expected by them and
by the whole system. A precise, functional, HW/SW architecture is established, the functional
performances are computed, overall installation, electrical interface are described, general
standards and procedures prepared and project design and management tocl chosen.

The aim of this phase is to show "how the system looks like and works".

Also this phase is sensitive to other factors than the size of the project and the available
regsources, although this occurs less frequently than in the previous phase, its duration can range
from few months to years.

Design. All system components defined in the previous phase need to be bought or made and therefore
they shall be specified or designed and all supporting procedures and methods shall be made
available. Today it means to specify each equipment and, often, to standardize or specify some
important sub components, like microprocessors, connectors etc. and to choose the software
development tools. Design include always the system software and in particular the mission relevant
software, which is wusually designed specifically for the project either by the airframe
manufacturer or by the avionic system responsible company or under their direct control, because it
is a major, highly complex component of the system and a key factor for its success.

The aim of this phase is therefore "to describe in all detail the system, its components and thejir

interactions”.
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It can be said that, roughly, the duration of this phase is directly proportional to the size of
the project and inversely proportional to the available resources.

Build. All components specified or designed in the design phase need to be build. The difficulty of
this phase clearly depends not only by the size of the system but mostly by other factors, like the
technological background of the suppliers in respect to the requirements and, more in general, it
depends upon how advanced is the system, in absolute and relative terms. Aim is "to provide the
components of the system". Excluding all research necessary to form the tecnology background,
usually this phase lasts from one to three years.

Integration and test. Each system component need to be verified, to check if it complies with the
specification prepared by the system designer; a deviation from the requirements always results, in
some way, in a system performance modification. Therefore it shall be known before to pass to the
other project phases and to the second part of this phase that consists of the integration of all
components to build the whole system, including the integration of the mission software in the
relevant avionics computers.

Aim of this phase is "to verify if the system and its components were build and interact as
specified”.

Duration is depending not only by complexity and resources by also by the effectiveneas of the
tools and methods used.

Validation. When it has been verified that all component correspond to their specification and they
work together as predicted, it shall be demonstrated that they make the system that was conceived,
or, in other words, the design shall be validated. Validation of the design means to prove that its
specification corresponds to its definition and the definition to the requirement. More than other
this phase requires independent interpretation of the work done in the previous phases, in order
not to fall in the same mistakes already done by the designers from definition to design. Most of
the previous phases are carried ocut by independent teams, but it is a special need of the
validation to be prepared and performed by different people than the cdesign team.

Aim is "to check if the system looks like and performs how intended”.

More than the previous phase the validation depends upon the tools and the methods, that include
also flight test; its duration is usually some years and often if overlaps in time with the
integration and test.

In Service, The avionics system is not a self s’'anding product but it is part of a weapon system
for the military ones and of a transport system for the civil ones. The in service phase regards
the use by the Customer of the avionics integrated in the larger system; for the purpose of this
paper it is considered up to the reaching of the final operational clearance, when the Customer
explored in all wmajor aspects the system behaviour. Now it can be proven "if the system operations
corresponds to its requirements".

Again this is a very complex activity that lasts in many cases some years and it tends to have a
large overlap with the previous one.

It is worth to highlight that not only there are overlaps, often large, between the project phases
described above but also there are forward and backward loops that largely influence the actual
project development and the system engineering practice. When a modification in a component
specification occurs «fter its construcii.n begun it is an example of forward loop; when a
modification in a specification is needed as result of an integration test it is a feedback.
Clearly forward and backward loops can occur between each phase, for instance there is a feedback
wh:n a review meeting held during the design induces some change in the system architecture, and
consequently it effects pr-;agate down into the following stages. However only some loops take a
major role in the project because, either they tend to be excluded from the mein path of the
project (some operational requirements may change also when the system is under validation but this
is usually treated as an "addition" to the original scope of the proje -t} or they are rare or not
very relevant from the point of view of the resources regquired to fix the problem. Another
important aspect is the correspondance between the various project phases, that is the fact that
certain characteristics are established in a phase and demonstrated in another one (for instance
the design and integration/test phases).

Bulh characterisiies oo e iul. 2yrle, leops and ~o:r~enondances, have important consequences upon
the effectiveness of the development methodology and the tools required; they will be illustrated
in the following paragraphs; to conclude fig. 2 illustrates graphically the two characteristics
above said.




Tools and Methods

The project 1ife cycle illustrated in the previous paragraph is implemented by means of the methods
of the system engineering supported by proper tools,

Each phase has ita own problem, approached by a proper methodology and the tool that implments it;
in the past almost all tools were independent, one tool and one method for one problem, only in the
last few years, come out some "integrated development environment” that trays to integrate many
tools across some of the project phases or provide a set of dedicated utilities designed according
to a common guideline of development.

Great impulse toward that direction was given by the software engineering, the software and
particularly the mission software of the avionics system, has a life cycle parallel to that of the
avionics and corresponding to it almost from the beginning. The rapid growth of the avionics
software in terms of complexity, cost and importance for the success of the development has pushed
to an higher use of automated tools and methods for its development.

From the minimum set of compiler, assembler, linker/loader, necessary to generate the executable
from the source code, the tools, again all based on the use of digital computers, grew to an
integrated development environment that covers from the design to the integration/test, including
configuration control, quality assurance, resource management etc. Tools such as the Program
Development Language (PDL) or tke Interactive Symbolic Debugger (ISD) gave new perspectives to the
development methods, previously based on experience and skill only.

The importance of the influence of software engineering upon system engineering, as far the new
methodologies are concerned, is highlighted by the fact that one of the first applications of rapid
prototyping was the software requirement preparation, which is not well supported by the
conventional development environments. The success of the new approach to the software development,
which complexity can be sometimes comparable or higher then an entire avionics, lead to its use
also in the system development.

This had the consequence to boost the use of digital computers and to extend those methodologiecs *o
the earliest phases of the development which previously were left mainly to experience and skill.
The computers set the standard for the Flight Test Instrumentation, Ground Stations for on-line and
off line data reduction and elaboration, integration and validation ground rigs, Test Equipment and
so on. Computer Aided Engineering (CAE), Design (CAD), Manufacturing (CAM) workstations are
integrated into the Computer Integrated Manufacturing (CIM) facilities, which take care of some
important aspects of the avionics design. Alsoc important are the simulation facilities and the
operational research tools, specially in the requirement analysis phase. This short list of tools
does not want to be exhaustive, but it is worth to recall everybody's experience in this field;
however for the purpose of this paper it is necessary to mention the tools that can be used in the
definition and design.

The vtools known to the author are aimed to the description of the system at the lower convenient
level by means of a formal language and/or graphic tools, they are examples of a methodology that
can be said reductionistic, in fact the system and its functions shall be broken into sub-systems,
major assemblies, part-and components, each isolated as unit and connected to the other by means of
a clearly defined interface., The operation to divide in parts the system is guided and coherency
check can be automatically performed at the end of the operation. A formal description of the
system is very important for the definition and the design to minimize the redundancies. It greatly
helps the designer in clarifying the requirements and the corresponding implementation,
particularly from the point of view of the functional characteristics. The formal description of a
system previously or originally described only by means of plain english words avoids, in most of
the cases, to forget some required characteristics, to generate a design which is not coherent
with the requirements or to forget something in the design of the architecture. The overall result
can be summarized saying that the use of a tool that formally describe the system reduce the
forward loops in the life cycle as defined in the previous paragraph and illustrated in fig. 2.
However it shall be pointed out that an important aspect of the early phases of the development is
not taken into account by a formal descriptor.

Certainly it is not the scope of these means but nothing advices the designer when the system he
defined or designed, works or how good is its behaviour. Moreover their use shows insufficient
results the earlier are the phases, clearly because the data are insufficient for a complete
description. Again those considerations and results are left to the experience and skill of the
design team.
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2.3, The system engineering

Many are the needs for an organized way to proceed with the system development: minimization of
time and cost, configuration control, quality assurance, producibility and so on: no question can
be raised on the need for the system engineering in the avionics system development

However, specially when the complexity in high, an organization is not enough, but a.l effort shall
be made to minimige the forward and backward loops in the life cycle (para. 2.1.).

In fact one of the greater, if not the greatest cause of increase in time and cost of complex
avionics project can be found in the modifications induced by mistakes or omissions made in the
first stages of the development.

There are many examples of project in which the need for architectural changes or more computing
power, was discovered only when the system was at the validation stage, with dramatic impact on the
project itself. Even if that level is not reached, it is clear that every change in the system has
a cost, in terms of money, time and resources, which increases more than linearly with the stage
of development in which it is introduced (see fig. 3).

A typical distribution of the modification in a system developed in a conventional way is shown in
fig. &4; the modifications do not include those generated by the current development phase but only
the consequences of errors made in all previous phases, excluding significant Operational
Requirements changes. It is evident that most of the modifications came out when the system was
assembled and tested in its global functioning; the corresponding cost in very high (data from some
software development projects, which can be considered a good example of complex system
development, show that the above described situation can more than double the overall cost).

The errors cannot be avoided but they can be minimized and their occurrence and the corresponding
changes shifted to the left, i.e. toward the earliest stages of development; it means to reduce, as
far as possible, the loops in the life cycle and, above all, the feedback loops, which are the most
dangerous, because they induces modifications when the system is build and assembled.

The methodology that requires a formal description of the project down to the smallest suitable
scale (see previous paragraph) is a significant step toward that objective, because it greatly
reduces the forward loops in the first development stages and avoids some of the changes arising
during integration/test. A complete, formal and coherent description of the system, its
requirements and its interfaces avoids some unpleasant findings when the various components are put
together and tested during the integration phase. The above methodology has been already employed
in a number of projects and preliminary results known to the author call for a reduction of the
cost of the order of 15%, which is anyway a significant result. However, assuming that the system,
when integrated, work as required by its specification, there are other classes of problems that
come out during the validation.

The validation of an avionic system is a complex and multistaged activity, it starts with tests on
ground, in the lab and on the aircraft, and continues with flight tests. As said in para. 2.1, its
purpose in "to check if the system looks like and works as intended"”.

In general terms, there are two types of malfunctions made evident by the validation activity,
first it may happen that the implementation, although formally correct, does not correspond to the
thinking of the designer. Example could be a synthetic display not replicating satisfactorily the
corresponding conventional instrument. Secondly the solution chosen by the designer, although
correctly implemented and theoretically satisfactorly, is not adequate when proven. Example could
be a data transmission based on a hierarchy of several data bus that propagate unacceptably the
transmission errors. Both categories of problems are typical of an insufficient study of the
critical characteristics of the system architecture considered by an overall point of view and it
is generated by the attitude of the designer to segment its design problem into "vertical" slices,
that is to consider almost only the "equipment” agpect rather then the "architecture" aspect of the
system. This methodology tends to allocate the functiocnal characteristics of a system to its
components rather than consider it a global attribute.

For example in a system based on a STANAG 3838 data bus the data transmission function does not
reside only in the bus controller but also in the remote terminals of each equipment and in the
host subsystems, a complete design of the data transmission system cannot ignore it.

Of course the formal description methodology cannot be disregarded, but on the contrary, shall be
pursued in all its implications, increasing as necessary the level of description, but it is also
worth to have an "horizontal" view of the system. It means that can be very fruitful, in reducing
most of the annoying feedbacks of the validation, to consider some aspects of the design from an
overall point of view early on the development.

Early prototypes of the criticals aspects of the system architecture and design can help very much
in avoiding unwanted side effects by clarifying the component interaction, they improve the design
and reduce induced costs, and, in general, carry on the objective of the system engineering.
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2.4, The rapid prototyping

Primary scope of the rapid prototyping methodology is to provide the designers with means to
inprove their understanding of the system architecture they are conceiving. As the nomination says,
the understanding is gained by exercising prototypes dealing with some important aspects of the
system, like data transmission, expected development risk and so on; to be effective the prototypes
shall be prepared in short time and shall not suffer too much of the incomplete and generic
information available of the early stages of the development.

Although the use of rapid prototyping may be proven useful in several stages of the system
development, its main application can be found in the steps between the operational concept
definition and the build of the system. Rapid prototyping is intended to fill the gap between the
weapon/overall system concept and requirement definition and the actual design; moreover it can
complement the formal description methods in the design.

In the concept exploration, feasibility and definition steps the design team shall relay almost
only on its experience and skill, which guarantees in most cases the success of the product.
However that approach is not an organized and well supported way to proceed and sometimes has not
given the best results; this in our opinion, was mainly due to the lack of development tools
suitable to provide clear advices on probleas cluttered in an highly complex environment. The
conventional approach does not help very much, because of need a high number of information to work
effectively and the available operations research tools are focused mainly on other aspects of the
system.

The rapid prototyping can be very effective also in the final stage of the definition and design,
when the information can feed a formal description of the system.

In fact on overall view of the most important aspects of the architecture and functioning can
highlight some interaction problems and requirement misunderstandings. An early correction of those
errors can avoid a large resource expediture to correct them later when the hardware is already
build and the software coded. In short, rapid prototyping reduces the forward and backwards loops
in the development life cycle (see para. 2.1).

Let us consider now the implementation of the method; key fzatures are the rapidity in preparing
the prototype, the flexibility in modifying it, the heustic approach in treating the available
data, a "requirement oriented" description of the system.

The rapidity is needed because of the gquick reaction time usually required during the early
development stages and the flexibility allows for a comparison of several possible solutions.
Heuristics helps when only few basic information are available, specially if they are expressed
only as requirements.

All above characteristics cannot be found in the conventional simulation computer tools, the basic
toolset for the preparation of the project-dedicated prototypes can be better derived, in our
opinion, from the Artificial Intelligence machines and software. The Artificial Intelligence, as a
scientific discipline has been developed about thirty years ago in the University . It created many
expectations and resulted in some disillusionments, sometimes due to the lack of the necessary
technology background.

However in the last few years the tools created expressely for this new discipline, its techniques
and methods (in particular expert systems) gained popularity and favour in the industry as an
applied technology suitable for interesting applications. Certainly that is due to th2 results
obtained but also to the holistic approach and the intrinsic capability to organize the complexity,
featured by the Artificial Intelligence tools and techniques.

The AI methods have all characteristics required for the rapid prototyping and more, the capability
to dominate the complexity. To dominate the complexity means to have structures, methods,
techniques apt to organize the knowledge, which is often heuristic, multivariate, sparse and non
homogenous, unstructured.

That capability is intrinsic because Al is based on the knowledge and it consists in knowledge
manipulation. This extra feature is not unnecessary but, on the contrary, could be a need because
moat of the applications of rapid prototyping are required by large and complex systems, where the
conventional simulation and the model created by the designer in his/her mind are no more
sufficient for a successful design.

Based on the above it can be inferred that the most challenging applications of rapid prototyping
methodology shall be based on the AI tools, like LISP machines, knowledge engineering environments,
which can ensure the necessary flexibility, complexity treatment capability and, being '"rule
based", can offer a "requirement oriented" description of the system.

In the following chapter it will be described a design tool for a specific aspect of a system, the
information flow architecture. The tool, called ECATE (Expert Consultant for Avionics System
Transformation Exploitation), has been developed and it is used by the Avionics System Group of
Aeritalia and it is based on a computer and a software expressely conceived for the Artificial
Intelligence. The example will highlight an important aspect of the rapid prototyping, which making
ugse if AI tools, can be easily associated with expert systems, another useful approach to
fuzzy problems. In fact ECATE not only allows to prototype architectures but also can give advices
on its optimization.
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The example has been already presented in similar form to the AGARD/AVP Symposium on "The design,

development and testing of complex avionics systems” |3|.
Following it will be illustrated a more complete prototyping environment, that can be used at a
later development stage, when more information are available and a prototype closer to the final

system can give better results.

An example of rapid prototyping

General

A state-of-the-art avionics system shall be fully integrated with the other systems of the aircraft
and shall take full advantage from the features of the microelectronics, to provide the crew with
the highest mission success probability.

It means to find a real implementation for concept like distributed processing, sensor data fusion.
adaptive reconfiguration, expert pilot assistant, synthetic world displaying, now made possible by
the advancemement of the technology, specially the data processing and transmission,

But in such a system the performance increase is not simply due to the higher performances of the
microcircuits, on the contrary it derives primarly by an increase of the overall system complexity.
In fact the "black box", a large unit with well defined interface and function allocation, is no
more the basis for the advanced system design but is being substituted by lower scale units, which
changing combinations provides the best adptation of the system to a changing environment.

It is difficult to establich a metric for the system complexity (see for example ref. ]b)L
however it could be said that it is reflected by the amount of memory used for operational software
storage, which today is increasing to a rate at least an order of magnitude higher than the number
of other microcircuits in an avionics system.

The increasing complexity, while can allow for dramatic improvements in terms of reduced pilot
workload and mission success probability, has also some important drawback.

It is evident that a complexity which is mainly software implies a design, development and testing
process and a management of it much more difficult than in a conventional system.

The problem of the system architecture

The problem considered concerns the establishing of a correct data flow architecture. There are
several interpretation of the term "architecture" in the avionic system design:i it can be applied
to the physical structure, the topology, the software organization and so on. All these are aspects
of the same characteristic, the way in which the system components are arganized and work together
in order to create a system.

The architectural aspect chosen for the application described in this chapter is the information
handling within the avionies, 1i.e. the characteristics of the data flow and processing among the
various system components, considered from the point of view of the information treatment.
Therefore the following definition of architecture will be used:

Definition

System architecture is the organization of the information generation, distribution, processing and
utilization within the boundaries of the avionics system.

A pictorial view of the above definition is given in fig. 5.

The boundaries of the avionics system are intended to define the meaning of generation and
utilization of the information.

In other words if the boundary identifies the world outside the aircraft all information coming
from it corresponds for the avionis system to a generation of information for the avionics system;
on the other side the data are utilized when they are provided to the crew on a display or to the
external world via an antenna.

Such an architecture is relatively easy to describe by means of few building blocks with a limited
number of peculiar characteristics; but a correct design of it has relevant influence on the
overall performance of the system, because it is usually established in the very early stages of
the design and it is difficut to be drastically changed during the development process.

Therefore it is clear that a serious error in the data flow architecture design impairs the
achievement of the design objectives in terms of time, cost and performance.

For that reason the architecture of the avionics system is usually designed by highly experienced
people with support of the operations research tools (see ref. |5{): nevertheless the work of these
people is difficult to quantify and to describe analitically, being often result of empirical

knowledge and heuristics.




3.3.

Rapid prototyping of a complex architecture helps ‘o easily evaluate many alternatives while an
expert system directs the search for the best design. A dedicated tool combining together the two
techniques can orgenize and manage the overall complexity of an architecture, requiring from the
operator higher level decisions only.

A tool like that sketched above, described in the following paragraphs and developed in our
laboratory, can be of effective use for the purpose and can demonstrate the advantage of the
Artificial Intelligence approach in the rapid prototyping of complex avionics systems.

System description

The building blocks that shall be used for the construction of an object oriented data flow
architecture have characteristics that describe mainly their attitude with respect to the
information handling.

Four types of objects represent the building blocks.

1. Generators, the sensors of the system, the controls available to the .rew and the interface to
other systems.

2. Processors, signal processors, mainly associated with sensors and displays and data processors
to elaborate information at an higher level.

3. Utilizers, displays for the crew, interfaces to other systems, emitters or weapon which
stimulate the external world.

4. Channels transmission means that link together all above objects when not directly interfaced
(aggregation of objects).

Table 1 lists an example of the typical characteristics associated to the objects.

It shall be pointed out that the characteristics may vary in relation with some peculiarities of
the described system.

The processors and the channels are possibly multiport devices, while equipment like a monostatic
radar may be described by a signal processor, a generator and an utilizer, that is an aggregation
of objects.

Although not directly related to a technology solution, the objects that form a system architecture
from the point of view of the information handling, shall nevertheless take into account the
state-of-the-art to avoid a design perfect but not feasible.

The building blocks shall be combined to form the information handling architecture corresponding
to the functional architecture to model.

The architecture is characterized by some features, i.e. system descriptors which are listed in
table 2.

Some descriptors need explanation on its .efinition, while the calculation methods are embedded
into the tools and will be described in para. 3.6.

Risk The development risk take into account how much each object is close to its technology limit
and how the the combination of objects influence the development.

Integration level It takes into account how good is the processing within the system. An higher
integration level is a merit.

Growth Capability Represents the dual of the resource utilization of processors and channels.

It shall be noted that the descriptors can be computed also for a limited portion of the system, a
subsystem.

Rapid prototyping and expert system design

A rapid prototyping tool shall assist the user to convert from the functional/performance
requirements to a description that uses the object and connections illustrated in para. 3.2.
But an easy means to prototype many alternate design solutions is not sufficient because the
knowledge behind the architectural design is not totally conveied by analytical descriptors.
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Therefore an expert system, & tool that allows to acquire, use, modify and make available a type of
knowledge which is complex, difficult to transfer, empiric, incomplete and heritage of a limited
number of people is the most appropriate supplement for the rapid prototyping tool.

The expert system shall direct the search for a better architecture and provide advice on solution
that may also not have different descriptor values but are known to guarantee an higher confidence
of success.

The operational flow of an architectural design carried out by means of a rapid prototyping expert
system is skectched in fig. 6.

The tool, ECATE

3.5.1. The environment

The tool, foreseen by para, 3.4 and called ECATE (Expert Consultant for Avionics system
Transformation Exploitation), has been developed by means of KEE (Knowledge Engineering
Environment, TM by Intellicorp), running on a dedicated LISP workstation (EXPLORER, TM by Texas
Instruments).

KEE is a development environment prepared for Expert System constructien, it could be considered an
hybrid tool built on a range of state-of-the-Art Artificial Intelligence techniques utilized to
combine different type of knowledge.

The knowledge is organized in frame/units associated to which are their peculiar characteristics,
that structure is particularly suitable for the description of our problem because it implements a
programming oriented to object linked by relations.

By means of KEE it has been implemented the following:

1. The user interface
2. The collection of objects and relations that represent the system
2. The algorithms and procedures for the descriptors computation

4. The expert knowledge

o

The knowledge handling structure.

The knowledge about the system is acquired via a graphic interface and processed by the inference
mechanisms embedded in the KEE environment, according to the set of rulec describing tne expert
knowledge.

3.5.2. The structure

The structure of the tool can be described by means of the block disgram shown in fig. 7.
Hereafter follows a brief description of the main components of the structure.

User Interface The useér interface assiscts the user to represent his system in accordance with
convention of the formal description and is formed by:

a) graphic utilities using icens, representing the objects, with associated menus
for describing their characteristics.

b) indicators of the system descriptors of the terminates system.
¢) menu sensitive "pushbuttons”, i.e. means to activate a "method” (see below).

Methods The methods are procedures codified in LISP to execute algorith~;, object interaction and
reasoning/control stategies (see table 3 for example of methods).

Permanent data base t contains the description of the four types of objects and their classes .
It centains, moreover the expert system rule base, unmodifiable by the user.

Working area It is formed by the units, which charac‘eristics, called "slots", describe
all information about the system under development.
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Inference structure This structure is formed by an inference engine operating on the rules.

The structure and the development environment allow for the maximum flexibilivy; to change the
object and system descriptors, inference rules or methods is extremely easy for the expert system
designer. That feature is of capital importance and is used currently because the tool shall evolve
with the available knowledge.

3.5.3. Consulting ECATE

The steps of a consulting session are summarized in fig. 8 and briefly explained hereafter.

Configuration Insertion The user, with assistance of the tool graphic facilities inserts the a
configuration of objects, aggregations and relations he wants to prototype
(see for example fig. 9).

Compatibility verification The tool verifies after each input its compatibility with the oblects
related to it.

Overall Compatibility When the configuration is complete the activation of the "terminated system”
push-button starts a verification of the overall architecture compatibility.

The results of the step above can be:

1, Request for more information {(for example some relation is lacking or some data are n0*
available)

2. Lisplay of incumpatibility warnings at system level (for example a multipoint channel of
insufficient capacity].

%, BSatisfactory compatibiliity

lated a method
‘iptors for wnich sufficient infermation i3

Descriptors computation When the stem compativility is not activated

compute all system

available

Result display The results of the previoLs step can be displayed {see fig., 10) in ei-her
the numerical or hystogram format.

Optimization ECATE,
to the user advices on possible architect

by meann of rules activated in forward chaining inference pres 3
ure problems and suggested

changes involving nbjects, eggregations, subsets or the overall system.

Assistance request The user can ask for assistance in optimizing the architecture, advices
are given in this senze.

Configuration change In c¢ase the user wants lo follow one or more of the advices he can, by
means of a pushbutten, modify the configuration and e
consulting,

Explanation The tuger can ask at any time information abcut the fa thiat nav
activated the rules and generated the advices.

The tool accepts at any step not only numerical values in response 1o its queries Du! ~ri

indiczations, like high, low etc.
The consulting se:

ion car. be terminated at any time and the results zaved in the library.

4. Validation

The validation of a tool like FCATE shall answer to two kind of questions:

the tool conform fo [is specification?

the *ool suitable for its purpose?

For the flrse or

KCATE has heen submitted for evaluation to the experts whe ~oncurred in its
dey lapmant and to foreign experts, exeraizitg it by means of test cases.

The second check is much more difficult *o perform, because it is supposed to require a
jemonstration of the dovelopment of diffsrent architectures, accepted or rejected by ECATE.
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The validation has been completed, the results available, show a good agreement with the
predictions.

Nevertheless it shall be pointed out that the high flexibility allowed by the development
environment and the tool structure stimulate a continuous refinement to adapt ECATE to new
situations or to increase its knowledge. It is in fact current practice to introduce new object
descriptors, computing methods or inference rules.

Therefore also the validation is continuing to follow the evolution of ECATE.

Example of application

In this paragraph it is shown an example of an architecture to illustrate how looks like the system

results.
Fig. 11 shows how the tool allows to represent the sketch of the system prepared by the designer.

A Future Avionics System

At the moment we believe that the knowledge available on future avionics systenm
architecture, (see ref. |6|), is not sufficient to effectively use ECATE.

Reason is mainly because, although enough data on sensors and processors can be found, the
knowledge lacks in the isplay and control area and specially on standardized multipoint channels,
switch, backplane and .igh speed data bus. Insufficient is also the knowledge of the rules that
regulates the overall s;stem functioning.

Nevertheless data are gathered and trials are performed with reference to experimenial data to
allow the specific ECATE knowledge to improve.

An environment
General

The example described in the previous paragraphs deals with a particular aspect of the svstem
definition activity, the tool used for the prototyping is a LISP machine, a computer for the
Artificial Intelligence applications.

By means of the above said computer a software prototype of the system can be prepared and
submitted to tha designer’s judgement, supported by an expert systen.

However, when a more complete view is needed, a deeper definition is required, for instance in the
decign phaie, or the results shali be examined and commented not only by the design team, but also
by other people, the Customer for example, a software prolotype only is not adequate.

Other resources are required to be able to develop and validate in short time the prototype and,
above all, to use it effectively and to present the result in a suitatle way.

Main purpose is to show how the avionics will operate in its environment, internal and external to
the aircraft, when designed and implemented according to its requirements anc¢ defined architecture.
From the above it arises the need to have a displays and controls simulation, a real time
capability and an evaluation mechanism embedded into the prototype.

The result of the integration of those resources in a rapid prototyping development envircnm
(RAPIDE) will Le described in the following paragraphs.

The Tool

The components of a rapid prototyping development environment are the following:

man/machine interface simulating the displays and controls system of the aircraft.
real time aircraft and scenario simulation

object/rule based description of the szystem

evaluation and consultation facilities.

Main requirements are:

- full integration of the components

- user friendly interface

- modularity and flexibility

- easy expandibility and interfacing to other computers.

The above listed characteristics may resemble an aircraft flight simulator, but the intent in
different, more complete in the scenaric and system simulation, less in cockpitand flightdynamics.
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A typical implementation of the tool sketched above is shown in ihe block diagram of figure 12.
Ma jor components are:

- the interconnecting network
- the computing nodes

they are described in the following paragraphs.

4.2.1. The interconnecting network

The interconnecting network is the backbone if an integrated, highly modular tool., It is a
fundamental choice because it shall have at the same time an high modularity and expandibility and
the capability to manage the data in real time. A suitable solution is a mix of a bus aystem, in a
widely available standard, plus dedicated high speed links where an higher data transfer rate is
required. This choice ensures an high compatibility and expandibility by the use of a local area
network system and an excellent real *time capability where and if required, to obviate to the data
transfer rate limits of the most populare LAN implementations. All hardware and most of the
software is available on the market, only part of the software is dedicated.

4.2.2. Computing modes

4.2.2.1. Artificial Intelligence workstation (Central Node)

The central node that coordinates the environment functioning is the AI workstation (one or more
for complex applications).

On that computer the operator manages all the resources, controls the development of the prototype
and make it work. On the workstation itself resides the kernel of the system prototype, i.e. the
rules and the objects, and the real time data base of the network. The reason for the use of the Al
tools and technigues has been already explained in the previous paragraphs; furthermore it allcws
the compatibility with less demanding applications. The workstation provides also an easy way to
develop and evaluation an consulting tool, for example an exrert system, <*hat based on experience
and heuristics can give useful advices on the system.

4.2.2.2. Graphic system

In order to provide a simulation of the displays and controls of the weapon system it is used a
graphic system, formed by a workstation and satellite units.

The display formats and control logic are developed in a graphic form on the workstation and
activated under control of the central node on the satellite units arranged to simulate the
aircraft cockpit. A visual simulation of the scenario is not strictly necessary but often can
improve very much the understandability.

4,2.2.3. Simulation facilities

The system and its environment, the weapon system and the scenario, shall be simulated by means of
dedicated computers. The "intelligent” part of system simulation resides in the zentral mode, but
for a specific implementation the simulation of an aircraft and its weapons resides on a powerful
real-time computer. The scenario simulation can be implemented on a different computer because,
usually it de~s not require stringent real time performances but it needs a large data base.

The real time computer can be used also for data acquisition and stimulation in case part if the
syctem be available in hardware and its use more convenient that the corresponding simulation.

4.2.3. An Implementation

An implementation of the envircnment described above is under development by the Avionics System
Group of Aeritalia. The main component are the following:

- an Ethernet network with TCP-IP protocol
- T.I. Explorer LISP workstation

~ IFIS graphiss system

-~ Sould 32/97 and VAX 8500 computers.

All component of the environment has been already connected and tested, the basic software in ready
and a limited clearance has been given to start with the first application.
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Conclusions

The benefits of rapid prototyping methodology do not need to be demonstrated. An early availability
of a prototype of the system avoids late modifications of the implementation, in particular when
the application is so complex to make difficult its complete and comprehensive understanding.
Current issues in achieving the goal of rapid prototyping sre mainly related to the treatment of
the complexity and its description. It is our belief that a suitable solution can be found by using
the Artificial Intelligence tools abd techniques that are now widely available for industrial
applications.

Those methodologies cannot be used for every aspect of the prototyping, conventional simulation is
still useful, but they shall be the key point of the application because they can treat knowledge
structures, heuristics and uncertainly, which characterize the complexity of large systems iun
their early design stages.

Important is moreover the fact that an A I based prototyping can easily evolve in an expert system,
that can assist the design team in his work,

The above said approach has been demonstrated effective by realizing a rapid prototyping and expert
system dealing with the data flow architecture of the avionics system, a tool that is evolving in
a full development environment for the prototyping of all major aspects of an avionics system.

We are confident that the implementation of the rapid prototyping by means of the knowledge
management techniques can be a significant step irn the system engineering.
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!unnhom
CHANNEL-TYPR (1acal)
'CONNECTED- TO-OBJECT
INFORMATION-FLOW-CAPACITY (local)
INPUT-INFORMATION-FLOW (local)
(MAZ. NUMEBRER.QF - CONNECTIONS (local)
MINIMUM-LATENCY
MTEF
OUTPUT-INFORMATION-FLOW (local)
ICVERHMEAD
{REDUNDANCY
[RISK- FACTOR
BIGNAL-CP'TICITY
SIGNAL-TYPE (local}
TYPE.OF -CONNECTION (local)
g 'm
[CONNZCTED.. TO. OBIBCT CONNECTED. TO-ORIECT
[COST ICOST
INPUT-INFORMATION-PLOW (local) INPUT-INFORMATION-FLOW (local)
IMINIMUM-LATENCY MAX-THROUGHPUT (local)
MTEY MEMORY {local)
QVERMEAD [(MINDAUM- LA
[REDUNDANCY IMTEE
REK-FACTOR (OUTPUT-INFORMATION-FLOW (local)
SIGNAL-CRITICITY OVERHEAD
[NCNAL-TYPE PROCESSOR- TYPE (local)
[UTTLIZER. TYPE (l0cAl) REDUNDANCY
{REQUIRED- THROUGHPUT (Jvcal)
RIEK- FACTOR
|SICNAL-CRITICTTY
SIGNAL-TYPE
TRANSMITTED- INFORMATION-FLOW (lacal)
Tab. 1
Tab. 2
* Total datg flow = Redundancy
= Total Throughput “ Mean time between failure
+ Total memory capacity # Integration level
+ Growth Cagpability * Total cost
+ Latency “ Development Risk factor

+ Dverall efficency + Max Risk factor

(DEFUN TOT-COST (5Y5)
“"Total cost computation function.”
{PUT.VALUE SYS 'TOTAL-COST
(SUMMA 'COST (FIND-CHILDREN 'COMPONENTS S¥5)))

{BREAK-LIST (FIND-CHILDREN 'COMPONENTS SYS) 'COST ‘TOTAL~COST SYS))

(DEFUN TOT-INLEVEL (5YS)
"System integration level determination.

(LET ((LIST-PROC (LIST-CONTROL (FIND-CHILOREN 'PROCESSORS S5YS) NIL)))

(PUT .VALUE SYS 'INTEGRATION-LEVEL
(V44
(+ (SUMMA 'OUTPUT-INFORMATION-FLOW

(LET ((BIGLIST (FIND-CHILDREN *GENERATORS SYS))

(PASSED-LIST NIL))

(LIST-CEN-CONTROL BIGLIST PASSED~LIST)))

(SUMMA ' INPUT-INFORMATION-FLOM

(LET ((BIGLIST (FINC-CHILOREN 'UTILIZERS SY$))

(PASSED-LIST NIL))

(LIST-UTI-CONTROL BIGLIST PASSED-LIST))))
(FLOAT (+ (SUMMA 'OUTPUT-INFORMATION-FLOW LIST-PROC)
(SUMMA ' INPUT-INFORMATION-FLOW LIST-PROC)
(GET.UALUE SY5 'TOTAL-DATA-FLOW)))))))

Tab. 3




_——

g

MAQUETTAGE DES SPECIFICATIONS FONCTIONNFLLES

DU_LOGICIEL EMBARQUE

Monsieur Patrick SCHIRLE
Responsable méthodes  la division systémes avionlques

AVIONS MARCEL DASSAULT

78, Quai Marcel Dassault
92 SAINT-CLOUD - FRANCE

RESUKE

Les systémes avioniques militaires représentent aujourd'huil la moitié du colit de 1'avion d'armes

moderne et atteignent de trés hauts niveaux de complexité et d'intégratien. Leur développement nécessite

la mise en place d'une méthodologie, supportée par des outils, précisant notamment les tdches et produits
assoclés aux différentes étapes de spécification er de conception.

En particulier, le développement du logiclel de ces systémes requiert une documentation de
gpécification fonctionnelle abondante et souvent cortractuelle,

Le maquettage de ces spécifications permet :

- d'améliorer la qualité formelle des spécifications

- de réaliser, trés tdt dans le cycle de vie, une validation = unelle de ces spécifications
-~ de fournir des éléments de recette pour les sous-ensembles : ‘me
Lelments e feterte
- de disposer d'une référence fenctionnelle commode lors de © . cgration et de 13 mise au point des

équipements réels.

Le maquettage est une technique de validation prévue dans la méthodologle et urilisée a 1'étape
de spécification fonctionnelle détaillée selon le scénario suivant :

- écriture des spécifications détaillées (langage semi-formel)

- analyse critique des spécifications contrdle de forme

- génération du code maquette et impliémentation dans l'outil de maquettage
~- tests fonctionnels sur maquette : contrdle de fond

. . e . .
- fourniture aux réalisateurs d'équipements de spécifications validées et de jeux de tests associés

La coumunication abordera de fagon détaillée :

1 - Le contexte méthodologique dans lequel s'inscrit le maquettage {(rappel des étapes du développement des
systémes, description des ateliers systémes et ateliers logiciels, etc...)

2 - Les expériences réalisées auy sein de la société Avions Marcel Dassault =~ Bréguet Aviation, par
1'analyse et la synthése des travaux de maquettage effectués dans le cadre des systémes avioniques
Rafale A et MIRAGE 2000 NC. 1'accent sera mis d'une part sur la mise en oeuvre pratique du maquettage
des spécifications et les résultats obtenus, d'autre part sur les utiligsations connexes de la maquette
en tant que :

- support d'analyse de pannes

- banc d'essals pour les évolutiors

- générateur d'éléments de recette

- référence fonctionnelle pour tous les intervenants

3 - Les tendances pour les maquettages futurs (partficuliérement pour le développement dy Rafale D) en ce
qui concerne notamment la représentativité de la maquette (temps réel, ergoncmie, etc...), la
généralisation du maquettage aux différentes couches de spécifications et 1'évolution des outils
utilisés.

1 - INTRODUCTION

Les systémes avioniques militaires atteignent aujourd’'hul un trés haut niveau de complexité et
représentent la moitié du cofit de 1'avion d'armes moderne.

L'évolution de ces systémes su cours des deux dernjéres décenrdies peut s'anaiyser sur les plans
upérationnels, technologiques et méthodologiques

-~ L'¢volution opérationnelle est liée d l'sccroissement de la polyvalence des systémes qui se traduit
par une plus grande richesse opérationnelle, et par une intégration de plus en plus serrée des
fonctions au sein d'un méme systéme et entre systémes aviunm ou sol. (Le systéme est alors la scmme
de plusieurs systémes embarqués ou systémes s80l), A 1'origine 1limités a4 des fonctions
opérationnelles traditionnelles telles que navigation, bombardement air/sol et/ou imterception
atr/air, les systémes se sont enrichis peu & peu d'une panoplie de fonctions spécifiques d'armements
sophistiqués, de dispositifs de guerre électronique ou d'équipements de reconnaissanc..




L'intégration de ces fonctions est réalisée dans le but d'obtenir une efficacité opérationnelle
mraximale par :

. 1'optimisacion des ressources physiques (capteurs, actionneurs, organes de traitement de
1'information) grdce i la fusion de données et aux réseaux d'échanges d'informations entre avions
et/ou Infrastructures terrestres et maritimes.

1'optimisation des ressources humaines, grlice i une ergonomie particuliérement soignée de
1'interface homme/machine, assurant un dialugue de haut niveau avec les pilotes, le systéme
gélectionnant lui-méme les informations utiles a chaque prase de la mission et les présentant sous
1s forme synthétique la plus appropriée.

Le caractére hautement évolutif des systémes s'affirme de plus en plus. 1l'enveloppe opérationnelle
doit pouvoir évoluer facllement : intégrer de nouvelles fonctiers sans nodifier la mise en oceuvre
cpérationnelle des précédentes ou améliorer les fonctions pré-existantes au travers des évolutions
technologiques.

L'évolution techrologique des systémes avioniques se traduit principalement :

par des architectures fonctionnelles et matérviclles de plus en plus complexes Intégrant des
systémes historiquement indépendants tels que moteurs, cormandes de vol, carburant ou freinage et
systémarisant 1'emploi de liaisons numériques multiplexées entre équipements.

par 1'introductior massive du logiciel, apportant une souplesse et une ouverture considérables
mais induisant des problémes spécifiques dont la maltrise s'avére encore aujourd'hui difficile.

Les systémes avioniques embarqués actuellement développés par les Avions Marcel Dassault compertent
plus d'une centaine d'équirements, dont la moitié est fortement numérisée et dont la majeure partie
est fonctionnellement dépendante dc legiclels. Le volume de logiciel systéme embarqué se chiffre en
méga-octets, le nombre d'informations échangées entre équipements et/ou modules fonctionnels dépasse
30.000 et le débit d'information sur les hus rumériques est de plusieurs méga-bits par seconde.

L'évolution méthodologique est la conséquence nécessaire des évolutiens cplrationmelles et
technologiques dans le but de conserver la maftrise du dévelcpperent de ces grands systémes. Les
grards axes de cette évolution concernent :

1'approche "systéme"” de la conception

. 1'assurance de la qualité en conception
1'organisation industrielle pour le développenent
les spécificivés du logiciel

I'outillage informatique d'aide au développement

. Approche systéme : dés les étapes les plus amont de la conception, les systémes anclens pouvaient
3tre découpés a priori en entités autonomes telles que radio-communication, radic-ravigatiom,
zommandes de vol, contrdle moteurs ou telles que radar, centrale aérodynamique, etc... chacune de
ces entités faisant 1'objet d'ume conception séparée. L'intégratien, lz décentralisation et la
cerplexité en ont modifié les régies du jeu. La conception du systéme, tiche amont des tdches de
conception d'équipements, s'affirme comme étant la plus lourde et la plus délicate. Elle s'appuie
en particulier sur des techniques d'analyse fonctionnelle aboutissant & des architectures
fonctionnelles distinctes des architectures matérielles, le rdle opérationnel de chaque "bofte
noire" ne se dégageant plus de fagon évidente.

Assurance de la qualité en conception : La qualité du produit (particuliérement ls siireté de
fonctionnement) du produit est davantage démcntrée par la qualification des wméthodes utilisées
pour son développement qu'au travers du produit lui-méme. les documents d'assurance de la qualité
des systémes ou des logiciels décrivant pour 1'essentiel des méthodologies, sont les témoins de
cette évolution.

Organisation iudustrielle : 1a taille des systémes actuels 1implique 1a mise en commun des
ressources et des compétences réparties dans de remhreuses sociétés industrielles. (le nomhre
d'intervenants dans le développement d'un systéme aviunique de MIRAGE 2000 dépasse 25.0G00...). Une
mithodologie rigoureuse sert de rupport aux nouvelles organisations iudustrielles et permet de
détinir les tdches et responsabilité de tous les intervenants en renforgant la visibilité.

Les spécificités du logiciel : Les travaux de couception du logiciel sont de m@me nature que les
travaux de coucepticn du systéme, 1'ensemble devant donc é&tre le fruit d'une démarche
méthodologique contirve. En conséquence, les méthodologies de développement des loglciels doivent
8tre cohérentes de la méthudologie de déveleppement du systéme.

L'outillage informatique d'aide au développement : Les méthodologies de développement sont
cupportées par des outils Informatfcves d'aide a la conceptionr ou & la validation, regroupés en
ateliers, l'érergence de 1'approche systéme crée le besoin d'un ateller systéme, chapesutant les
ateliers logiclels et assurant 1'aide & la conceptior sront des systémes.
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2 - METHODOLOGIE DE DEVELOPPEMENT, ATEL1ER SYSTEME ET ATELLERS LOCICIEL

Daus ce contexte particuliérement évelutif, la société des Avions Marcel Dassault - Bréguet
Aviation a di, i partir de son expérience des systémes et en consentant de lourds investissements,
s'adapter rapidement pour conserver sa maftrise des systémes avioniques complexes :

- En créant une méthodologie de développement de gystémes qui définit les tdches, produits et moyens
assoclés & chaque étape et sert de base i 1'assurance qualité,

- En définissant et en réalisant l'atelier systéme correspondant constitué d'un ensemble cohérent
d'outils interconnectés multi-utilisateurs et multiversions.

- En participant 3 la définition et 3 l'évaluation des ateliers logiciel.

La branche de définition étapes de gauche de V se révéle comme étant la plus critique. En effet,
s'inscrivant dans la partie amont du cycle de vie, toute erreur ou imperfection 3 ce niveau est
amplifiée au cours du cycle et se traduit par des conséquences aval colteuses et difficilement
maltrisables, De plus, les prodults iscus de cette phase étant encore essentiellement des documents
papiers, la perception du prcduit final i travers ces simples documents est délicate et problématique.

ETAPES DE LA METHODOLOGIE

AJRCRAFT
e |-~ SYSTEM STEPS -----
DEFINITION VERIFICATION

o
GLOBAL | u o o o & o m e e e e e = - N A
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DETAILED [ — = — — = — — — o e ayn e wme{ TOOTToUTNT - amm
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SPECIFICATION / EOViEMERT
/ TESTS
- wER Ry WS S - - - . J
SOFTWARE STEPS
SOFTWARE [|]1- - — — — — — — - | _SsoFTwWare
FUNCTIONAL . FUNCTIONAL
CEFINITION TESTS
SOFTWARE
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SOFWARE |}~ T T T T T 7 SOF TWARE
GLOBAL INTEGRATION
DESIGN TESTS
SOFTWARE - — -| SOFTWARE
DETAILED UNITARY
DESIGN TESTS

SOFTWARE CODING /
HARDWARE
PRODUCTION
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1 - Définition préliminaire

~
:

2.3

Le rdle de cette étape est de définir le cadre et les hypothéses du développement grice i
une analyge des missions et une premiére étude de 1’organisation du systéme.

L'analyse des missions s'appuie sur diverses études qui permettront de s'assurer de la
faisabilicé globale du systime. Elle se concrétise par une liste des fonctions opérationnelles
nécesgaires & la réalisation de l'enveloppe des missions, et fait ressortir un ensemble de besoins
concernant particuliérement les principaux capteurs.

L'étude <d'organisation du systéme conduit A une premlére définition de 1'architecture
matérielle du :ystéme (liste d'équipements et d'emports, organisation matérielle du poste de
pilotage, etc...).

Définition globale du systéme

L'étape de définftion globale consiste & définir précisément les services que le -ystéme
doit rendre (st non pas comment le systéme sera comstruit),

Le résultat de l'étape est une description, en terme de scénario opérationnel (donc vu de
1'utilisateur), de la mise en oeuvre et du fonctionnement nominal du systéme pour toutes les
fonctions qu'il assure., Cette description se traduit par deux types de documents :

Documents de régles génerales :

Ces documents décrivent de fagon unique, les régles et philosophies d'utilisation applicables i
toutes les fonctions opérationneles dent est et sera doté le systéme. lls garantissent ainsi
une mise en oeuvre cohérente du svstéme dans tous les modes. (Ex. régles générales de dialogue
homme-machine, de signalisation des pannes, de superposicion des fonctiors, etc...).

Documents de spécification giobale

Chaque document de spécification globale décrit le scépnario d'utilisation du systéme
relativement 4 une fonction opérationnelle donnée. Chaque fonction opératiomnelle fait donc
1'objet d'vne spécification qui est écrite dans le respect des régles générales. Ces
spécifications étant indépendantes, elles peuvent &tre dlaborées de fagcon autonome et
asynchrone. La cohérence et 1'indépendance des spécificarions globales sont assurées par les
régles générales.

Les régles générales et les spécifications globales sont validées griace 3 un outil d'aide a la
spécification mettant en jeu 1'aspect dynamique. Cet outil, construit autour d'une magquette
représentative du poste de pilotage, permet de simuler les séquences, comrandes et
visualisations permettant ainsi une validation plus efficace des scénarios par les pilotes
utilisateurs.

~ Analyse fonctionnelle et architecture

Le rdle de cette étape est de procéder & 1'analyse fonctippnelle du systéme et d'en déduire
son architecture fonctionneile. Le dossier d'architecture fonctionnelle (produit de 1'étape)

décrit la solution apportée aux besoins exprimés & 1'étape de définition globale.
L'étape se décompose en deux phases.
~ La construction du graphe d'architecture fonctionrelle

La méthode utilisée consiste en une décomposition hiérarchique progressive du systéme en
éléments fonctionnels, selon des critéres précis. Chaque niveau successif de décomposition
entralne :

une justiffication du découpage réalise

une collection systématique des interfaces induites entre éléments

un affinage progressif de la définftfon de ces Interfaces par rapport au niveau de
décomposition immédiatement supérieur.

Le graphe fonctiornel décrit le systéme selon une arhorescence cohérente supportée par ocutil.
L'ensemble des éléments terminaux de la décomposition, appelés modules fonctionnels, et de leurs
interfaces, représentent 1’architecture fonctionnelle du systéme.

les contraintes prises en compte pour 1‘'établissement du graphe sont

. des contraintes de qualité (particuliérement 1'évolutivité) qui iImposent des régles
d'indépendance entre modules fonctionnels, cu des contraintes opérationnelles exprimées dans
les documents de régles générales. l'analyse de ces derniéres permet de dégager la structure
du "coeur fonctionnel”, ensemble de wodules de gestion des ressources du systéme.
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- Projection de 1'architecture fonctionnelle sur 1'architecture matérielle
Cette phase consiste & 1intégrer 1'architecture fonctionnelle préalablement définie et
1'architecture matérielle proposée au cours de la définition préliminaire. les modules
fonctionnels sont alors distribués dans les équipements et identifiés (matériel! cu legiciel).

Cette projection définit le compromis de¢ réalisation tenant compte de plusieurs facteurs :

des facteurs technologiques : selor la nature des traitements & effeciuer, choix de

1'équipement le plus adapté.

1'optimisation de la connectique : on recherche une distribution des modules minimisant le

flux d'échange entre équipements et privilégiant "le plus court chemin" pour les ilntormaticns

critiques d'un peint de vue temps réel.

. des facteurs de qualité particuliers : par exemple, les modules supportant des scnctions
critiques d'un point de vue sécurité seront regroupés dans un mite équipement et/ou redondés
dans plusieurs équipements.

. des facteurs déterministes de savoir faire cu d'organisation industrielle

- Spécification fonctionnelle détaillée

L'étape de spécification fonctionnelle détaillée consiste & établir la spécification des
fonctions de transfert de chaque module fonctionnel identifié dans 1'architecture.

Ces documents représentent la derniére étape de la phase de définition, directemert du rélie
et de la responsabilité de l'avionneur. Ils représentent ja référence contractuelle vis a vis des
coopérants pour la réalisation du logiclel des équipements. Il faut noter que la modularité de
cette documentation (un document autonome par module fonctionnel) induit une concrainte de
réalisation aiglie, 1l'architecture logiclelle de chaque équipement devant respecter le découpage
imposé par 1'analyse fonctionnelle du systéme.

ldéalement, ces documents doivent contenir "tout ce qui est nécessaire et seulement ce qui
est nécessaire" i la réalisation des logiciels et des matériels.

C'est 3 ce niveau de spécification que nous ressentons un besoin constant d'amélioration de
la qualité des documents, sur les plans de la forme et duv contenu.

Les méthodes et outils classiques wutilisés pour 1'écriture et la validation aes
spécifications fonctionnelles détaillées sont :

~ L'utilisation de canevas stricts et de langages semi-formels

~ La standardisation de la terminologie par le biais de dictionnaires

~ L'organisation de relectures croisées systématiques

~ L'utilisation d'outils documentaires (traitement de texte (texte + graphique) multiversion).

Depuls 1985, 1l'éventail des méthodes s'est enrichi de la technique de maquettage des
spécifications fonctionnelles détaillées qui présente 1'avantage d'assurer a la fols la qualité
formelle de la spécification (par nécessité) et sa qualité "fonctionmelle" par effet de mirofr.

Le maquettage fonctionnel a été utilisé pour la premiére fois dans le cadre du programme
RAFALE A 3 1'étape de définition fonctionnelle détaillée.

Ii a été reconduic pour le développement du systéme MIRAGE 2000 New Cockpit et sera appliqué en
vraie grandeur grice A un ensemble d'outils 1idoines, pour 1le développement du systéme
ACE/RAFALE D.

- Développements des logiciels et matériels

Les développements spécifiques des équipements et des logiciels sont des tdches avales et
conséquentes des étapes de développement du systéme résumées plus haut, Ils sont confiés i de
multiples sous-traitants et concernent les étapes de développement suivantes :

Définition fonctionnelle du logiciel
Conception globale du logiciel
Conception détaillée du logiciel
Codage / réalisation des équipements
Tests unitaires du logiciel

Tests d'intégration du logiciel
Tests fonctionnels du logiciel

- Tests fonctionnels de 1'équipement

Remarque : les méthodologies de développement de logiciel & partir des spécifications systéme
ainsi que les ateliers lopiciels correspondants peuvent &tre sensiblement différents selen les
réalisateurs.

Néanmoins, 1'architecte dindustriel du systéme dolt s'assurer de 1leur adéquation & la
méthodologie de développement du systéme par des audits ou 3 travers les normes appliquées par
chague réalisateur.
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~ Prévalidation fonctionnelle des équipements

Le but de cette “tape ent de procéder a une évaluation fopctionnelle séparée de chaque
équipement développé afin d'aboutir i un niveau sutfisant de qualité avant intégration du suatime.

Le principe consiste & dérouler des scénarios foncticrrels 3 l'échelon de 1'iquipenent pour
virifier les fonctions implantées dans I'dquipement et mesurer diverrec natges de ronctionnement
(temps de tracé pour un équipement de visualisation, charge de calcul et occupation mémoire pour
un calculateur, e¢tc...).

Les scénarios d'essals utilisés peuvent &tre sty de sources varides comme

- Résultats du maquettage des spécifications

- Scenartios générés au moyen du banc d'intégration du svystdme
- Scénarios enregistrés en vol

- Simulations d'ervironnement

les movens utilisdés pour la prévalidation foncticrrelle sont mulriples @ movens dc
développements systimc, movens de traitement de 1'information et outils specifiques ou nwr  an

géneration d'ervironnement.

~ Intégrarion et vérification sur bane d'int’grasinn cvetéme

Le but de cette érape est de «'assurer, avant intégration sur avien, de

svstéme a sa detiritien globale, de la cohérence des configurations surces
compartement du systéme dans tout uson domaine d'utilisation (domafne avien, cac de  punmes,
tolérance aux pannes, erc...).

conformitd dy

et ¢'dvaluer le

Les bancs d'intégration permettent Ta mise en oeuvre afsée des équipencrts veanstituant e
systéme et de la paneplie d'outils d'intégration. Tls posuident @

- l'ensemble des iquipements réels du svstéme Intigre

- des movens de surveillance analogiques et numériques

- des simulateurs d'interfaces numériques ot analegicues

- une irplantation roéaliste des équipements de diatngne homme/machire

steme avionique embarque est restlitud cur le hanc grice a un ¢
functions de stimulatiecr et de sinujation. Ces deux foncticns o1

1'environnement du s
informatique permettant
but de gindrer ur ervironnement réaliste Sroluant avec la méme dvoamijeu de parirdcrres fue sur

avion,

- 'a s imulation vensiste a rejouer sur le bane ur seérpario enregletréi sur
le svstéme dans un état iderticue & celui rencontré en vol
- la siunulaticn consiste & gundérer ub sonarfe de facon {nteract!ve,

le systéme et d'étudier ses riponses dans tout son domaine d'utilisation.

«

tECH

Les bane~ < 'irtégratien permettent aujourd'hul de procider & ia plupart de [
vériff{cation et de qualificaticn des systimes, riservant les tests i el Laonx guelques essiis

critiques pour lesquels le banc n'est pas suffisamzent représentatif.

leurs avantages sont leurs cofit et souplesse d'uttifsation fcompares 4 ceux d'un avi
leur disponibilité, teur facilieé d'évolution, leur actuelle representativité ot enfic Teur
s¢ sans cesse croissante,

pulssance d'ana

- Intégration et vérification sur avioen

le hut de cette etape est de verifier et de yarartir le fonctionrement opdirat’:
systeme cubarqné. 1. . tdches se composert ¢'cssats au sol et d'essais en vol.

Au sol sont conduits des essais d'intdégration niécessitant §'avion compler, des o
maintenance, ou des eseais de conportement ¢lectromagnetiyue réalisds Jdans une chambre arcoheTde,

En v} sont cendults des essais d'ouverture de Jdemaines, des essafs de eiparation ¢'emports,
Tes ersals (onctionnels complementairer des owsals réalisés sur banc d'irfigration et entin des
parfson’iéres o la demande de 1Tavienreur lui-méme ou de ses ¢lin

Svaluations opérationnel]

seft nun exhaustivement @ les avions
protorvpes, les installatiors d'essals, les dispositi de telemesure, les salles d'cecvte, les
les moyens de préparaticn ot restitution de miesfen et lee

Les movels utilisds s=ont  nomhreny et varté

conplexes {nformatfaues tempe red
diftirents materiels Je mise vn ovuvre en oplere,
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3 - APPLICATIUN AU RAFALE A

3.1 ~

CLontexte

Le systéme avionique de l'avion démonstrateur RAFALE précente un certain nombre de

ouveautés et de spéeificités par rapport aur avions de la génération précédente, telles que :

{

L‘inzégraiion trés poussée incluant les systémes avion

L'extension du nombre de fonctions nécessaires dés le premier vol

La décentralisation des fouctfons syscéme (réparties dans plusleurs ¢quipements)

La généralisation de 1'emplol des techniques numériques dans des domaines ol 1'expérience en

était faible
les délais trés courts et trés tendus de l'opération.

Pour feire face a cette situation, 11l a8 alors été décidé de réaliser un travail de

maquettage des spécifications avec les objectifs suivants :

a)
b) Permettre une validation fonctionnelle de ces spéclfications

Améliorer la qualité des spécifications fonctionnelles détaillées

¢) Fournir aux cccrérants des jeux d'essals cohérents pour valider aussi tdt que possihble leurs

développements

d) Disposer d'un banc d'essal pour tester a priori les évolutioms.

Ce travail a débuté en Mars 85 avec les étapes suivantes @

a) Analyse critique des spécifications
b) Réalisation de la maquette
c¢) Explofitation de la maquette

3.2 - Analyse critique des spécifications

1 - But

Les spécifications fonctionnelles dftaillées reprégentent la charniére ertre la conception
(travail AMD-BA) et la réalisarion des logiciels (travall des coopérants). [l est donc important

qu'elles soient & la fois :

- Fntiérement représentatives des besains opérationnels du concepteur (aspect fonctionnel)
- Compréhensibles et réalisables par les coopérants (aspect f{ormel)

Le but de 1'analyse critique des spécifications est d'améliorer leur qualité pour couvrir
1'aspect formel, c':st-i-dire s'assurer que les spécifications sont :

- lisibles

- cenplétes

- cchérentes entre elles

- sans ambigufté

- réalisables informatiquemert

2 - Principe et organisation
Un spiciffcateur étant naturellement satisfait de son document grice a sa ccrrajssance du
contexte opérationnel, pour gue 1l'expérience soit rentable 11 a tallu iscler les lecteurs
critiques de ce méme contexte cn linitant les explications fournies sur jes spécifications. le mot
dfordre a été : pe_pas juger de ce que doit fafre la spécification {fonctfonpel) rafs fuger
urfcuerent 1z maniére dont elle est ccrite et sa faisabilité.

L'équine de relecture n'a pas eu conpaissance du besoin opératiomnel exprimé & travers les
spécifications détafllées (spécifications globales non fournies).

La totalité des documents de spécification détaillée (3000 pages) a €té soumise i 1'équipe
de relecture critique, Toute fiche d'évolution, quelle que scit son origire, s'est vue appiiquer
la méme procidure de relecture.

3 - Résultats de 1'étape
Le nombre de critiques (justifiées) a été extrémcment important : 250 pages de 1rnarques,
représentant de !'ordre de 1000 points précis.
Le nombre de critiques par page de spécification (donc in fine la qualité formelle de la
spécification) varie considérablement en fenction
du rédacteur (rigoireux/mon rigoureux, précis/géniral, structuré/collectionneur de détail

- du module spécifié (logique/algorithmique)
Les erveurs relevées par la critique wutrert toutes dans les trols -atégories
- erreurs de rigueur

- erreurs deo péréralieé
- {nadaptation de la spécification 4 une réalisation informaricuve,




'S

a) Erreurs de rigueur

- Interface manquante : 1'information utilisée par les traitements n'est pas déclarée a
entrée de la spécificatien

- Interfaces incohérentes : les interfaces déclarées en entrée du module spécifié n'existent

pas dans le systéme (non calculées par d'autres modules)

incomplétude des traitements

. Le traitement relatif a une sortie déclarée du module n'est pas spécifié

. Dans une combinalson logique, tous les cas ne sont pas renseignés ; 11 est i noter que
le cas est trés fréquent lorsque la loglque est exprimée au moyen de phrases (sai, alors,
sauf, quand) et pratiquement irexistant si la logique est décrite sous forme de tableaux
de vérité.

. Les conditions d'inf{tfalfsation, d'activation, d'enchafnement des traitements ne sont
pas spécifiées.

Terminologie floue ou ambigiie

Exemple :

"on déterminera ...

"dans la plupart des cas..."

"dans certaines conditions..."

"i'ipformation existe dans les cas suivants..."

b) Erreurs de généralité

- Caractéristiques d'interfaces non spécifiées

Ne sont pas précisés i'unité, le type (logique, booléen), les valeurs possibles d'une
information.

~ Traitement decrit trop globalement :

Ce penre d'erreur est fréquent lorsque le spécificateur surestime le savoir faire (ou
1'intuit{on) des réalisateurs de logiciel.

c¢) Inadaptation de la spécification a une réali{satfon informatique
~ Choix de la solution informatique : le spécificateur, dans un louable soucl de rigueur
impose la fagon dont doit &tre réalisé le traitement : connaissant peu les critéres de
"programmation”, le choix est parfois non astucieux et peut déboucher sur un logiciel

démesuré ou non évolutif.

- Remarques et commeutaires sur }'étape d'analyse critique

L'étape d’analyse cricique des spécifications a été extrémement fructueuse et révélatrice.
Nombre de problémes de toute importance ont pu &tre ainsi résolus a priori, évitant de les
reporter i 'a phase d'intégratfon. Par contre, 1'énergie mise en oeuvre a été également
importante : équipe de relecturc, temps "volé" aux spécificateurs, lourdeur de mise 3 jour de la
documertation.

La plupart des erreurs recersées sont des erreurs évitables qui ne remettent pus en cause
le profil actuel des spécificateurs. En effet, cette phase de relecture a conduit 3 améliorer
une spécification existante, non pas & créer une couche de spécification plus détrailleée.

Enfin, 1'expérience a été vécue par les spécificateurs comme un contrdle gqualité
supplémentaire, donc ressentie de facon trés mitigée...

Réalisation de la maquette

~ Eiaboration des programmes-maquette

La nécessitd de coder les spéciffcations a mis en évidence trois impératifs d'écriture de
celles-ci. Les deux premiers sont d'ordre général et concernent toute spécification devant &tre
codée, le troisiéme est 11é a la structure doublée du systéme RAFALE.

Iremler impératit : complétude dec interfaces

Deuxiéme {mpératif : définition du type de chaque variable

Troisléme {mpératit : définition pour chaque variable du type de llatson entre module Ffmetteur
et module(s) récepteur(s)

D'autre part, 1'opération de codage a confirmé la nécessité de description d'un logiclel
enveloppe pour chaque module implanté dans un équipement doublé.

Complétude des interfaces
Cette {rape est indispensable avant toute opération de codage. Le renseignement complet

des 1interfaces a donc été nécessalre, avant codage du loglciel initial, comme avant chaque
passage d'une version i l'autre.
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Définition du type de chaque variable

Cet impératif a conduit 4 enrichir la base de donnée d'interfaces avec la définition, pour
chagque variable, d'un type analogue aux déclerations de variables FORTRAN, i savoir :

- Booléen, tableau de booléens, logique, réel, entier.

Nota : La phase d'analyse critique des spécifications avait déja fait apparaftre la nécessité de
définition du type de variable.

Codage des modules fonctionnels

Les programmes waquette ont été écrits en FORTRAN, directement & partir de la
epézifi~ation (aprés phese d'analyse critigue) et en utilisant la base de donaée d'interfaces
comme référenciel des variables.

Le résultat de la phase d'élaboration des programmes-maquette se décompose en :

- Un produit intermédiaire sous la forme d'un fichlier de variables de 8 caractéres extrait de la
base de données d'interfaces. Ce produit constitue en fafit un complément de spécification,
indispensable pour la génération du code.

-~ Un produit final composé des programmes-maquette (ou modules) d’une chafne de calcul.
L'obtention de 1'ensemble des modules représentatifs des deux chafnes devant &tre faite grice

a la duplication de ces programmes-maquette.

- Adaptation de la console de visualisation des échanges (CVE)

La CVE était, a l'origine, un outil de visualisation des échanges entre équipements
numériques. Pour les besoins du maquettage, 11 a faliu faire tendre cet outil de visualisaticn
vers un outil de validation de spécificarions. Les travaux d'adaptation ont porté sur :

Au niveau conversaticnnel

- Le pilotage de la simulation (choix du mode simulation, des modules & activer, etc...)

- Le développement de procécures d'entrée de valeurs i la CVE

-~ L'amélioration de la gestion des chalnes mémorisées (concaténation de chalnes, appel nominatif
de celles~ci).

- Le développement des procédures de tests automatiques

Au niveau systéme
- La génération des lexiques CVE

Ces lexiques sont nécessaires au bon fenctionnement de ia simulation et a 1'exploitatior des
résultats de celles-ci.

Iis comprennent :

. la liste des modules et leurs adresses

. la correspondance des fichiers 8 caractéres par rapport aux fichiers de la base de dunnde
d'irterface initiale (40 caractéres)
la liste des pavés récepteurs d'une information duinic

Mise en oeuvre de la simulation

Les caractéristiques essentielles de la simuiation mise en place sont les suivartes

Simulation mono-fréquence
Cycle de simulation correspondant # 1'activation séquentielle des modules maquettés
Prise en compte de l'architecture double~ctsfne du KAFALE :
Cette prise en compte se¢ résume & 1'établissement de deur procidures
. Eclatement des variables
Duplication des programmen

i
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Afin de genérer 1'ensemble des varlables émises et recues dans les équipements des chalnes
1 et 2, 11 a été nécessaire, a partir du fichier standard B caractéres, d'éclater les variables
pouvant &tre émises par deux équipements symétriques (volr schémas ci-dessous).

CHEMINEMENT NON SECURISE
AVANT ECLATEMENT

A x j B

APRES ECLATEMENT

Al pxo)!

A2 |

NOTA LA VARIABLE %O #E SERT OU'A SIMULER LA GESTION DES
ECHANGES DANE SON ADLE D'AIGUILLAGE DES VARIABLES
EMISES ALTERNATIVEMENT PAR A1 ET A2

CHEMINEMENT SECURISE
AVANT ECLATEMENT

X2

APRES ECLATEMENT

Al X Bl

A2 B2

3.4 - lére exploitation maguette - tests unitaires et manuels

Tests unitaires : tests portant sur les varfables d'Entrées/Sorties d'un module unique
Tests manuels : tests pour lesquels les valeurs des variables d'Entrées deivent étre modifiées

1)
2)
3)

manuellement par le spécificateur.
Le déroulement de ce type de test est le suivant :
Constitution d'une chalne

Entrée des valeurs 3 la CVE
Déclenchement d'un pas de simulation et lecture des résultats
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1 - Constitution d'une chalne

3.5

'

Cette opération consiste 4 sélectionner un certain nombre de variables parmi lec total des
variables d'E/S d'un module donné et 4 les regrouper dans un ensemble appelé chatne. Suivant la
taille de ce module ce choix a été fait :

Pour les mcdules de taille importante

En sélectionnant toutes les variables d'Entrées/Sorties se rapportant i une entité donnde.

Pour les modules de taille réduite

La taille des sous-modules de ces spécifications permet d’utiligser tuutes les variables de
ces sous~modules pour constituer les chafnes. Chaque chalne est 1'image d'un gous-module.

Cette méthode permet :

- Je retrouver chaque variable de sortie du module dars une chafne
- de disposer dans chaque chalne de toutes les infcrmations utilisées pour élaborer les
variablea émises par le sous-podule.
On peut ainsi se rapprocher de la démarche visant i valider les pléces de spécificarion de
niveau le plus bas avant de passer au niveau supérieur.

Entrée des valeurs & la CVE

Cette opération est réalisée en désignant la varfable & wmodifier darr le lisre des
variables de la chafne, en sélectionnant le mode "modification de valeur”, puis en entrant la
nouvelle valeur.

Bien que la mcdification manuelle de valesr de =n'importe quel type de variable solit
possible, la plupart des tests ont porté sur des modificatione de variables booléens VRAT/FAUY,
et de varlables logiques.

Quelques tests ont perté sur des modifications de variables numériques soit pour vérifier
des logiques (déclenchement de seuils, temporisations...), soit plus rarement, pour valider des
fonctions de transfert numériques.

2éme_exploitation maquette ~ tests automatiques

Intérét des tests automatiques

L'utiligation des rests manuels a vévélé plusieurs limitations de ces derniers :

1) Difficultés de manipulation des chafnes comportant un nembre important de variables.

2) 1lnadaptetion de ces tests pour la recherche de dépendances entre variables.

3) Difficuyltés de validation des mécanismes wmettant en jeu des transitions ocu des
mémorisations.

Ces limitations ont amené & envisager le dévelcpperent de tests automatiques qui
permettralent 3 la fois :

~ de générer sutomatiquement des combinaisons de valeurs d'entrée pour les chalnes 3 tester
~ de faciliter 1'exploitation des résultats par des éditions appropriées sur listings.

Cénération automatique de valeurs d'entrée

Les objectifs visés correspondent aux limitations wentionnées plus haut pour

1'exploitation des tests manuels :

~ Pouvoir balayer toutes les combinaisons des veriables d'entrée choisies et ubserver leur
impact sur toutes les variables ¢mises par le module pour détecter d'éventuelles dépendances
snormales entre variables.

~ Mettre au point des scénarios nominaux permettant de simuler différentes counfigurations
d'tnitialisation, des enchafnements de phases de vol mettant en jeu des transitions ou des
mémorisations.

Les premiers tests ainsi mis en place appelés tests mono-variables ont permis de tester toutes
les combinaigons déduites d'une cumbinaison initiale en faisant varier une variable booléenne de
la chatne.

La validation des transitions et mémorisations a donné lieu 2 Ja création du type de test
"SCENARIO DE PANNE". Ce type de test permet d'intrcduire i des intervalles de temps traduits en
nombre de pas de simulation des jeux de valeurs d'entrde préparés a I'avance.

La vérification exhaustive de tous les cas possibles de valeurs d'entrée d'une chalne de
vari Sles booléennes donnée a ¢té rendue possible gréce aux tests combinatoires.
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En tout 7 typcs de tests automatiques cat été développés :

a) Combinatolire statique

b) Combinatoire séquentiel
¢) Mono-variable statique
d) Mono~variable séquentiel
e) Aléatoire statique

f) &Aléetoire séquentiel

g) Scénario de panne

Nota : Un test statique se distingue d'un test séquenticl par ia remise de toutes les variables
3 la valeur d'initialisation aprés chaque pas de simulation.

Facilités d'exploitation des résultats

Parallélement au développement de ces Lypes de tests, les possibilités de sortie des
résultats out éré étendues :

- Possgibliités d'impressicr ou non de la “référznce" (c'est-a-dire de la chafne avec ses valeurs
d'initialisation).

~ Possibilité d'éditions sélectives des variables ayant varié par rapport au cycle précédent.

~ Pessibilité d'éditions sélectives des variables ayant varié par rappert & la combinaison de
référence.

Ces possibilités ont permis en particulier de manipuler des chalnes constituées d'un grand
nombre de variables, sans pour autant avoir 2 rechercher les résultats significatifs dans la
liste de tcutes les variables comstitnant la chaine.

Exploitation des tests automatiques

La phase d'explcitation des tests automatiques 2 dénarré en automne 85 et a compurté deux
parties :

- Tests unitaires automatiques
- Tests globaux auvtomatiques

Tests unitaires automatiques

Suivant la nature de la spécification, deux tiLypes de tests ont été principalemert
utilisés :

- Tests combinatoires
- Scénarios de panne

Pour les spécifications décrivant des mécanismes de logique sans mémorisation ni problémes
d'in{tialisation, la majorité des tests a été du type combinatoire statique (spécifications de
visualisations notamment).

Pour les spécifications décrivant un ncmbre important d'états, de transitions et de
temporisations, des scérarios de panne ont été généralement employés (spécification de
signalisation des informations moteur ou cermandes de vol notamment).

Tests globaux

Défanition

- Test global : test consistart & sctiver l'ensemble des modules madquettés.

Nota : Ce type de test, disperihlc (galcment en mode manuel n'a ete utilisé pratiquement qu'en
mode automatique.

Intérac

L'intérét des tests globaux est dc¢ valider le comportement de 1'ensemble des mcdules
maquettés.

En effet chuque spécification peut &tre wiriffée en théorie, i la seule lecture du
decument de spécification lul-méme.

Par contre, 1l n'existe pac de document décrivant la répartition précise des traitements
entre les dirfférentes spécifications et sesurant alnsi que la mise bout 3 bout des différents
modules conduise au respect de la spécification globale.

3.6 - Bilan .

1

Ressources spécifiques mises en oeuvre

L'analyse des apécifications et leur codage dans la maquette ont requis 50 Herme-Mcis,
dont prés de 50 % pour la phase d'arerlyse critique des spécifications. Le développement de la
chaine d'outils ainsi que la mise e¢n ceuvre de la maquette ont nécessité 2. hHommes-Mois.
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Sur le plan matériel, la maquette a été réalisée sur un systéme informatique GOULD (SEL
32/27) dont 11 a été né ire d'augmenter la pui au cours du développement en raison de
la dégradation du temps de réponse. Il faut gouligner que la réalisation de la maquette a pu se
faire dans les temps impartis grace 4 1'utilisation de 1'expérience acquise lors de
développements antérieurs dans le domaine de la simulation.

2 - Répercusaions sur la méthode de travail

L'introduction du maquettage a modifié la wéthode suivie pour développer le logiciel
avionique RAFALE par rapport aux habitudes des programmes précédents. Cette modification
concerne essentiellement :

- la déclaration au niveau fonctionnel des interfaces entre modules (y compris modules d'un wlame
équipement)

- 1l'écriture d'une spécification avec une contrainte de maquettabilité

- la possibilité de voir "vivre" une spécification

Déclaratioun des interfaces entre modules

La cohérence imposée au niveau des interfaces par la sailsie de celles—ci sur 1l'outil de
base dé données (premlére étape du maquettage) a induit une plus grande rigueur dans le dialogue
entre spécificateurs. En effet 1'obligation de rentrer chaque interface dans une référence
unique et regroupant 1'ensemble des interfaces a évité la plupart des redondances
d¢'informations (ou les origines d'informarions inconnues) que la dispersion des interfaces
auralt risqué d'entrafner.

Ecriture des spécifications avec une contrainte de maquettabilité :

La nécessité de décrire des traitements pouvant @tre transcrits sans ambigulté en code
exécutable (en 1'occurrence FORTRAN) a permis d'éviter des retards dus aux difficultée
rencontrées par les coopérants dans la lecture de spécifications détaillées trop "générales”.

Possibilité de voir vivre une spécification

Lors d'application de fiches de wodifications, la possibilité de valider presque
immédiatement celles-ci a permis de "resserrer”" le lien entre le spécificateur et son produit.
En effét, blen qu'il soilt pratiquement toujours possible de tester une modification (ou un
mécanisme de facon générale) mentalement ou sur le papler, 1l'utilisation d'un ocutil
accomplissant lui-méme 1l'effort nécessaire 3 1l'exécution de la fonction de transfert a déchargé
d'autant le spécificateur, lui permettant ainsi de se consacrer i 1'interprétation des

résultats.

Par contre le bilan de 1'opération maquettage fait apparaltre des contraintes ayant limité
1'{ntér&t de celle-ci{, (v ce qu{ concerne le programme RAFALE. Ces contraintes sont de deux

types :

-~ Ergonomie de la maquette
- Délais et disponibilité des urilisateurs

Ergonomie de 1la maquette

Malgré les efforts importants d'auménagement du conversationnel de la maquette, 1ls
présentation trés désincarnée des iInformations a rapidement modéré 1'empressement des
utilisateurs pour ce nouvel outil. Il est en effet difficile de valider le comportement d'un
ensemble de réticules (i plus forte raison d'une page compléte de réticules), & 1'aide de
VRAL/FAUX ou de variables logiques codées. Cette présentation quelque peu rébarbative n'a pas
permis d’exploiter complétement les possibilités pourtant {mportantes de la maquette.

Délais et disponibilités des utilisateurs

Les périodes de disponibilité des utilisateurs de la maquette n'ont pas toujours cofncidé
avec les périodes ol 11 aurait été le plus profitable d'exploiter celle-ci. En particulier les
tests globaux, intérft majeur de la maquette, n'ont pas eu l'importance qu'ils auraient df avolr,
en raison de l'exploitation tardive de ceux-ci.

3 - Répercussion sur la qualité du logiciel avionique

L'analyse de 1'impact du maquettage sur la qualité du logiciel fourni aux bancs d'intégration
est rendue difficile pour les deux raisons suivantes :

- Le maquettage est l'une des composantes de la méthode de travail, au niveau des spécifications
fonctionnelles détaillées ; le résultat obtenu est donc inhérent 4 1l'ensemble de 1la wméthode,
1'{mpact purement maquette étant quasiment impossible & extraire. .

- La nouveauté des fonctions assurées par le logiciel, 1a nouveauté de 1'architecture et le
caractére d'avion démoustrateur font du Systéme Avionique RAFALE un cas particulier, rendant
toute comparaison délicate par rapport aux syetémes précédents.
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Néanmoins, 1’analyse des erreurs rencontrées i 1'étape d'intégration (vérification du systime
permet de mettre en évidence un impact majeur du maquettage :

A nombre donné d'erreurs, la part due aux erreurs de spécification est tombée de 2/3 (pour les
systémes précédents), a 1/3 dans le cas du RAFALE.

4 ~ APPLICATION AU 2000 NC

4.1 - Contexte 2000 NC

Ce contexte est sensiblement différent de celui du RAFALE A tant sur le plan des
caractéristiques du systéme avionique que sur le plan méthodologie.

- Le systéme avionique 2000 NC représente une éveolution des systémes avioniques M200Q par un
changement de 1'interface homme-machine aux riveaux matériel et fonctiomnel (systématisation des
écrans de visualisation multiplexés).

Par contre les quelques 40 fonctions opérationnelles supportées par le systéme (particuliérement
les conduites de tri) sont les mémes que celle du M2000 classique.

- Les "plus" méthodologiques 2000 NC

. au niveau de 1'analyse fonctionuelle
Elle a été véalisée grlce i un ouril d’aide a4 la conception (0CS) qui permet de supporter la
décomposition hiérarchique et d'assurer la collection cohérente des interfaces fonctionnelles
entre modules,

au niveau de la spécification fonctionnelle détaillée

a) lee documents ont été écrits puls gérés en configuration gr@ce 3 un outil permettant :

1a composition (textuelle et graphique) standard des dccurents

une gestion centralisée de l'ensemble de la documentation

une édition de fiche de modificatien et une remise & jour 1instantanée automatique de
tous les documents.

b) Chaque document a été rédigé en équipe intégrée, c'est-d-dire que les ccoopérants ont
participé (sous responsabilité de 1'avionneur) & 1'écriture des spécifications les
concernant directement, avec les conséquences suivantes :

. La présence des coopérants dans 1'équipe de spécification permet d'éviter de spécifier des
fonctions non réalisables.

De plus, les coopérants, dans un souci de cauvegarde de leur savoir-faire poussent i une
spécification en termes de besoin et non en termes de solution informatique, ce qui
conduit i la recherche d'un compromis, qui a atteint sur le programme 2000 NC par les
décisions suivantes :

* les spécifications seront autant que possible écrites en "bon francais" afin de rester
lisibles et de permettre leur compréhension globale par le réalisateur, qui sera ainsi
en mesure d'apporter une certaine "expertise" Jors de la réalisation. De plus, une
fonction donnée pcuvant souvent &tre décrite comme un traitement générique s'appliguant
sur toute une collection de données diverses, on s'efforcera dans les SDF de séparer
physiquement les traitements (Mécanismes) des données qu'elles manipulent. Cette maniére
de procéder permet d'améliorer encore la 1isibilité, Lout en agsurant la complétude :
1'analyse nécessaire pour bien séparer traltement et données améne en effet un
recensement complet de celles-ci.

* les interfaces des "pavés” devront &tre complétement répertoriés, afin de permettre la
"vigibilité" du logiciel. Par contre, la nature "informatique” de celles—ci est prisc en
compte en dehors des SDF.

4.2 - Décisions et objectifs du maquertage

Compte tenu du contexte MIRAGE 2000 NC, un maquettape global n'a pas été envisagé pour des
raisons évidentes de redondance, une grande partie des modules fonctionnels étant "récupérés" du
développement précédent.

Le maquetcage a donc porté sur les modules fonctionnels reiatifrs aux fonctions de dialogue
homme-machine, facilement Identifiables au niveau de l'architecture fonctionnelle et représentart
des traitements entiérement nouveaux, sclent :

. le module "affectation des commandes" :

Cette fonction atguflle les diverses commandes vers les founctions ut{lisatrices, et terart
compte des choix du pilote et de 1'état du systéme.

le module "affectation des visualisations"

Cette fonction choisit les visualisatiore présentées sur les divers écrans de la cabine, en
tenant compte des choix du pilote et de divers critéres cpérationnels.
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. le module "activation des fonctions"
Cette fonction choisit les fonctions a activer, en tenant compte des demandes du pilote et de
critéres d'exclusfon mutuelle des foactions.

cas opérationnels envisageables, les fonclions
activées, qu'ellee recevralent correctement les
serslent aifectées conformément aux besoins.

L'objectif étant de vériffer que dans tous les
correspondant aux besoins de la mission seraient
commandes pilotes et que les visualisatious leur

Le processus de maquettage a été déclenché en Janvier 87 pour &tre ierminé fin Avril, soit
suffisamment t8t pour que les éventuelles erreurs de spécirications puissent &tre corrigées

avant la fourniture du premier logiciel réel.

4.3 - Analyse critique des spécifications

A été soumis A 1'apalyse critique un ensemble comnstitué par les SDF des trois fonctions i
maquetter, solt eaviror 500 pages de spécification. Y a été adjuint un document décrivant les
spécificités de 1a maquette, en effet, les SDF fournies décrivaient la premiére iivraison du
logictiel, livraison qui ne disposait pas de toutes les fonctions possibles ; en conséquence, le
document de spécificités décrivait le traitement a véaliser pour les fonctions non intégrées
dans la premiére livralison. On notera toutefols que ce document se limitait 3 la description de
tables de données, les mécanismes des traitements ayaut été décrits dans les SDF et ne devant

pas 8tre affectés par 1'introduction de nouvelles fonctions.

L'étape d'analyse critique a été aussi fructueuse que dans le cas du RAFALE A mais beaucoup plus
rapide. En effet, l'utilisation systématique du traitement de texte pour 1'écriture des SDF,
1'équipe intégrée et 1'attention toute particuliére apportée 3 la cohérence des interfaces ont
permis de limiter 1'importance du travail de relecture.

De plus, 1'expérience a été mieux ressentie par les spécifications pour les raiscns suivantes :
% le principe méme de 1'équipe intégrée suppose que les spécifications soient écrites en

collaboration, avec lecture crolsée et critique pendant 1'écriture.
* Les spécificateurs concernés avalent bénéficié de 1'expérience RAFALE et étaient intimement

convaincue de la nécessité de spécifications complétes, cohérentes.

4.4 - Réalisation de la maquette

Idem RAFALE A.

4.5 - Exploitation maquette

La procédure utilisée pour le RAFALE A a été aménagée de la fagon sulvante pour limiter le
temps "volé" aux spécificateurs.

1) Prise de contact avec la maquette ct test manuel de quelques cas dans les 3 pavés magquettés

2) Ecriture de scénarios de pannes pour tester les mécanismes du pavé d'affectation des
visualisations de maniére aussi compléte que possible. Ce pavé est en effet, du falt des
impératifs opérationnels qu'il doit satisfaire, une collection de cas particuliers, dont

1'interaction pouvait poser probléme.

3) Test global des mécanismes de 1'engemble des pavés maquettés. Simultanément, un ensemble de
tests automatiques était lancé pour valider complétement les tables de valeurs utilisces.

Cette procédure a été justifiée par les idées suivantes :
1) Le test manuel étant trés lourd en charge de travail, 11 ne doit normalement pas &tre utilisé.

2) $1 un traitement est décrit sous la forme d'un mécanisme agissant sur une table de données, ce
qui était souvent le cas, et si ce traitement n'est pas satisfaisant, deux cas se présentent :

- une des données est mal cholsie : 11 suffit de la changer pour revenir i un fonctionnement

correct, ce qui peut €tre rapide.
- le mécanisme lul-méme est en cause : 11 faut le réanalyser et en tirer les conséquences sur

les données traitées, ce qui est forcément assez lomg.
11 est donc judicieux de valider au plus tdt les mécanismes.

3) L'affectation des commandes et 1'activation des fonctions se résument 3 des mécanismes trés
simples agissant sur de nombreuses données. 11 est donc judicieux de commencer le test par

1'affectation des visualisations.

4) lLes commandes et 1'état de sélection der fonctions se traduisent par des visualisations
caractéristiques. En validant 1'affectation des commandes et 1'activation des fonctions en test
global avec l'affectation des visualisations, on profite de la mige en forme effectuée par
celle-ci pour un plus grand confort d'utilisation.
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4.6 - Blan

1 - Ressources spécifiques wmises en oeuvre

L'analyse des spécifications et leur codage dans la maquette ont requis 9 Hommes-mois
(équipe de relecture et réalisation), dont 25 X pour la phase d'analyse critique des S5DFO, 25 %
pour le codage et 50 % pour la mise au point, la validation et le suivi de la maquette.

Le suivi de la chafne d'outils ainsi que la mise en oeuvre de la maquette ont nécessité 1
homme-mois.

Les tdches de coordination et de suivi de la maquette ont nécessité | homme-mois.
La validation des spécifications par les spécificateurs a nécessité 2 hommes-mois.
Sur le plan matériel la maquette a été réalisée sur un systéme informatique GOULD (SEL

32/27). 11 faut souligner que la réalisation de la maquette a pu se faire dans les temps fmpartis
grdce & 1'utilisation de 1'expérience acquise lors des développements de la maquette RAFALE A.

~

- Méthode de travail

L'introduction du maguettage a permis de confirmer la validité de la méthode suivie pour
développer le systéme avionique MIRAGE 2000 NC. En particulier :

~ la conjonction de 1'écriture des spécitications sous la forme mécanismes + tables et de la
description des traitements en bon francais a prouve sa valeur. Elle a en effet permis
d'scteindre un consensus avec les coopérarts sur le niveau de spécification et d'obtenir des
spécifications lisibles mals susceptibles d'&tre réalisées directement par un informaticien sans
expérience aéronautique.

- LYattention apportée a la définition des finterfaces entre pavés a porté ses fruits : on ne
‘t retrouve pas les erreurs du RAFALE (oublis d'interfaces, interfaces inutiles...).
- Enfin, 1'utiliserion systématique du traitecuent de texte pour l'écriture des spécifications, et

ia correction de ces spécificaticns per les spécificateurs eux-mémes a permis de livrer des
documents de meilleure qualité dans vr meilleur délai.

Yar ailleurs, 1'équipe intégrée, en apportant une vision critique dans 1'écriture des
spécifications, a permis d'éviter un certain nombre d'erreurs, ce qui a pu &tre constaté au
naquettage (pas de spécitication irréalisable sur le plan infcrmatiquej.

- Répercussion sur la qualité du logiciel

w

Un des objectifs majeurs du maquettage étant de s'assurer z priori de 1'adéquation des
spécifications relatives a 1'interface homme/machire & tcutes les fonctions opérationnelles dont
serait & terme doté le systéme, il convient d'attendre la qualification du dernier standard
systéme pour ¢tablir un bilan définitif.

Néanmoins, nous avors pu noter 3 ce jour :

- une confirmation de la réductfion des erreurs de spécification découvertes en phase d'incegration

4 (moins d'un tiers des erreurs découvertes).

- la stabilité de la spécification obtenue (et donc 1'évolutivité du systéme réalisé)
1'adjonction continue des fonctions nouvelles, standard par standard n'a conduit & ce jour .
aucune medification des mécanismes maquettés.

b 5 - CONCLUSIONS ET ENSEIGNEMENTS DU MAQUETTAGF PF_STLCiFiCATIONS FONCTIONNELLES DETAILLEES

5.1 - Ce que le maquettage permet

a) Amélioration des spécificaticns

Contrdle de forme

La relecture critique permet de corriger et de compléter la spécificatiorn rcur 1'amener 2
uvr riveau de qualité autorisant son codage direct par des informaticiens (équivalent manuel des
futures spécifications formelles ou 1'outil se charge de la relecture et permet une
compilation).

Le maquettage agit 3 ce nivedu comme un puissant révélateur d'erreurs et un contrdle

qualité efficace.

L'outil maquette permet une réelle validation fonctionnelle de la spécification au niveau
module, équipement ou systéme : validation horizontale (tests exhaustifs d'un module) ou
verticaie (test d'une chalne fonctionnelle donnée). .

Les tests statiques et dynamiques réalisés pendart 1la phase de maquettage scut
rcutilisables dés les étapes de vérification (branche remontante du V).




e

- A

———— - —

c)

)

8-17

A titre expérimental dans le cadre du RAFALE A et de facon plus systématique dans le cadre
du 2000 NC, ces tests crt été utilisés comme ailde & la wise au point des équipements (fourniture
aux coopérante). De plus, ils ont gervi de base & 1la prévalidation fonctionnelle des
équipements, en amont de 1'étape d'intégration,

En effet, la maquette était représentative de l'architecture du evstéme réel, elle permet
de générer des jeux d'essais fonctionnels (combinaisons d'entrées/sorties) au univeau désiré
(module, équipement ou systéme).

Une fols validée, la maquette est entretenue de toutes les modifications apportées au
gystéme et reste donc une référence i laquelle on peut se reporter. [l est alors possible de
1'utiliser (scve réserve d'une ergonomie sufiisante} comme une "documentation vivante” et
représentative du systéme, portable et ne nécessitant pas de matériel spécifique ; ce a des finc
pédagogiques, didactiques ou trivialement pour amalyse et contrdle de cas de fonctionnement non
nominaux du systéme.

La qualité des spécificacions autorise l'analyse et le choix des évolutions, directement
en terme de solution, permettant ainsi une connaissance a prioti de icur fmpact sur le logiciel.
lLa wmaquette elle-méme peut servir de banc d'esssi pour tester fonctionnellement les-dites
évolutions et s'sssurer de leur adéquation aux bescins avant leur mise en chantier. Enfin, 1I-
correspondar.e document uc spivification/module de Jog‘cle? permet de privoir et de planifier ia
récupération de logiciel. Elle permet en outre, aprés analyse, de disposer de gabarits en
matiére de volume de logiciel, de charge calcul,.., ou mém._ coit.

La conséquence directe du maquettage est de disposer de spécifications autonomes et
auto-surffisantes pour réaliser et tester le logiciel, module par module ou équipement ‘par
équipement.

Pour des systémes trés décentralisés de type RAFALE, ceci permet de fournir a chacun des
intervenants les éléments précis, nécessaires et suffisapts & la tlche qu'il doit conduire, Ce
point, qui concourt i la simplicité et a la clarté des documents, permet également ure bonne
protection des informations confidentielles.

Outre le gain de qualité obtenu pour 1'étape de spécification fonctionnelle détaillée,
1'exploitation de 1a maquette, particuliérement 1'utilisation des tests automatiques, permet et
a permig d'améliorer la conflance daps le produit final. En effet des centaines de tests ont été
réaligés relativement i des configurations avion non nominales, permettant ainsi de dé.ouvrir
(et de remédier) & des situations non prévues a priori dans la spécification. De méme la
recherche d'un profil de pannes donné, par balayage combinatoire systématique de toutes les
entrées a permis de conforter les analyses de panne et les solutions choisies.

5.2 - Ce que le maquettage implique

lLa collection des Interfaces entre modules et entre équipements représente le coeur de la
"machine" ; c'est & partir de ces données que vont @tre créées automatiquement les variables logi-
cielles de la maquette, lesquelles pourront &tre stimulées et scrutées en phase de validation.

Il faut donc disposer, avant de commercer le maquettage, d'une description compléte et cohé-
rente de ces interfaces, ce qui demande, ' une extréme rigueur, un gros travail de synthése et

de rapprochement.

Cette base de donnée a été fournie directement par 1'outil support de 1'analyse fonctionnelle.

b) Une description précise et_compléte des fonctions de transfert

Pour les modules que 1'on désire valider, la réalisation du logiclel maquette correspondant
consiste a décrire par du code exécutable (manuellement dans le cadre du RAFALE) les fonctions de
transfert extraites du document de spécification. Il est donc indispensable que cette description
soit suffisamment fine pour pouvoir exprimer chaque sortie du module selon une combinaison mathé-
matique des entrées ; dans le cas ol la description est trop générale, il y a valeur ajoutée entre
la spécification et la magquette, ce qul est contraire au principe de validation des spécifications.

A noter que dans le cas du 2000 NC, la forme des spécific@tions (mécanismes + tables de
constat) a grandement facilité leur analysa.

c) Une gestion de la documentation et_de la configuration

L'abuidance et 1la variété de 1a documentation, la nécessité de sa remise & Jour
systématique (toute évolution ne peut &tre décrite que par modification cohérente et immédiate
de la documentation concernée), exigent un support de documentation souple et efficace.
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Le parallélisme indispensable entre les états de définition :
- documentation (4 tous niveaux)
~ logiciel maquette
- logiciel réel

est obtenu gr8ce A une wéthode de travail intégrant 1'usage d'outils de gestion de 1la
documentation et de la configuration.

5.3 - Ce_que le maquettage enseigre

1 ~ Sur le maquettage lui-méme

a - Le maquettage n'est qu'un composant d'une méthode de travail
I1 est clair qu'un maquettage isolé de son contexte n'a aucun sens. En effet, si une méthode
de travail appropriée n'est pas utilisée pour l'écriture-des SDF, celles-ci ne seront pas
écrites sous une forme autorisant leur traductior directe sous forme informatique. 11 devra
alors y avoir une "valeur ajoutée" lors de la réalisation de la maquette, ce qui ne garantit
plus la qualité des spécifications.

Un maquettage réalisé aprés que les SDF aient été fournies aux coopérants ne permet pas de
retirer tous les bénéfices attendus. En effet, toute erreur détectée ne pourra &tre corrigee
que par une procédure de fiches d'évolution, qui n'est pas gratuite dans le cas géréral.

De plus un maquettage réalisé a priori permer dans les cas difficiles de tester plusieurs
hypothéses afin de choisir la meilleure (cf "ur test a priori des évolutions").

Le maquettage ne nécessite une charge de travail raisonnable que s'il est intégré dans ure
lignée d'outils informatiques. IL n'est en effet envisageable et profitable que si les
interfaces sont définies a priori 3 1'aide de 1'outil approprié, et si un outil de
documentation ad hoc garantit un strict parallélisme entre les documents et le logiciel.

afin que le hénéfice retiré de la maquette solt maximal, 1i faut que les utilisateurs n'ajent
& se préoccuper que de la validation, et ne se perdent pas dans le dlalogue avec la machine.

Pour les futurs développements 1l semble nécesszire, tout en conservant les principes de la
CVE. qui sont sains, de développer une interface utilisatenr plus "intuitif", permettant de
désig.er directement les variables & l'écran, de changer leur valeur plus simplement, voire de
simuier 3 1'écran les faces avant des postes de commande ou de visualisation de 1'avionm,
permettant ainsi i des personnes nen strictement spéclalistes d'une fonction, mais ayant une
vision »jérationnelle, de tirer également bénéfice de la maquette.

Les maquettes RATALE A et 2000 NC ont été réalisées per des Informaticiens sans expérience
aéronautique particuliére, issus de sociétés de services.

Par contre, le profil des "maquetteurg"” doit compurter une expérience des méthodes qe
développement de logiciel afin de garantir 1a qualité des proprammes maquette.

2 - Sur la méthode d’écriture des spécifications

La maquette a permis de constater que la forme mécanismes + [avles utilisée pour les
spécifications apporte une amélioration de la qualité formelle des SDF, d'une part en forcant
1'auteur a systématiser ses traltements plutdt que d'en faire une collection de cas décrits
successivement, d'autre part en fournigsant une visior glchale des traitements, permettant
ainsil de détecter plus facilement les "trous".

L'expérience du maquettage du MIRAGE 2000 NC prouve que des spécifications "en bou frarcais”.
complétées par dee tables de constantes peuvent étre traduites facilement bien aque
manuellement, en langage exécutable.

Néarmoins, de facen 3 rvéduire le temps de réal uation des programmes maquette, il scrhe
souhaitable 3 terme de mettre er ceuvre un langage formalisé de spécification, qui seu)
garantira le maquectage automatique. Dars ce cas, ce langage devra &tre uu composant intégré
d'un systéme d'outils gérant également les iInterfaces & tous les niveaux (fonctionnel,
bus,...).
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6 ~ CONCLUSION ET AVENIR DU MAQUETTAGE

Les systémes avioniques complexes sont aujourd'hu! scumis 3 des exigences contraiguantes en
matiére de qualité et de performances.

La prise en compte et la réalisation des objectirs assignés aur systémes passent par une
maftrise du processus de développement.

Cette maftrise est obtenue par le respect d'une méthodologie rigoureuse, reccuvrant de fagon
continue la totalité du cycle de développement et qui est a la base de toutes les actions Qualité.

Cette méthodologlie est supportée par une panoplie d'outils constituant l'atelier systéme et les
ateliers logiciel.

La technique de maquettage des spécifications fonctionnelles détaillees a vu son efficacité
démontrée au tra ers des expériences RAFALE A et 2000 MC. Elle est donc 3 ce jour partie intégrante de

la méthodologle de développement et sera utilisée peur les futurs programmes, en parcticulier RAFALE D
et HERMES.

Les travaux entrepris a4 ce jour pour en tirer le maximum de bénéfices sont articulée celen
quatre axes :

1) Intégrer le maquettage dans une stratégie globale de simulation.

Les techniques de simulation scnt couramment utilisées pendant de nombreuses étapes du
développement,

~ en phase avant-projet des modéles permettent de dégager les concepts opérationnels et de fiver
des hypothéses réalistes pour le développement.

- a4 1'étape de spécification globale, une simulation de comportement du systéme sert d'aide & la
conception et de moyens de validation des spécifications de besoin opérationnel.

- & 1'étape de spécification fonctionnelle, les simulations réalisées i 1'occasion du maquettage

permettent de valider 1'architecture fonctionnelle et les spéciffcations détaillées des
constituants du systéme.

Le but est d'établir une continuité de tous ces travaux et l'utilisation de ressources
communes et/ou couplables.

2) Utiliser les produits issus de maquettage pour les étapes de vérification dans un centre de
simulation hybride.

Le travail consiste & compléter le maquerttage fonctionnel pour le vendre capable de
g'interfacer avec les équipements réels, donc de simuler le comportement physique et dyvnamique des
dits équipements . Ceci permettra une vérification pragmatiocue du systéme, chaque d&quipement
recetté venant "remplacer” sa maquette correspondante cu sein de la simulation hybride.

3) Améliorer 1'interface utilisateur de la maquette en la couplant a des simulateurs d'interface
homme/machine représentatifs du svstéme et en développant des outils de test plus souples d'emploi
et plus performants.

4) Utiliser des langages formels pour la specification fonctionnelle détaillée, permetrtant ainsj une
genération automatique du code maquette par compilation de la spécificatien.
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Recent AGARD activities have indicated a strong need for more effective avionics system
engineering. There is a growing need for reducing development time, effecting savings in costs of
ownership, and in extending the life-time of avionics systems. This must be accomplished along
with meeting needs of the user faced with a growing threat. With the growing complexity of
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