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PREFACE

The rapidly developing technologies in navigation, sensors, target identification sensors, command
and control and computation capability are structuring a command network that demands increased functional
integration of crew station and control configuration to permit effective use of that technology. This
technology, when combined with advancing technologies in guidance and control, the driving forces of

4 acquisition and life cycle costs, needs for operational tactical flexibility, survivability, vulnerability,
1 and critical volume and weight constraints, dictates the need for integrated guidance and control at a
é higher functional level than heretofore considered. This higher functional level involves an effective

blend of the sensor, vehicle and kill-mechanism that can provide a multi-role capability for advanced and
present operational vehicles.*>

>The papers presented herein definitely indicate that when one considers the large array of sensors
available and the fundamental commonality of functions and control algorithms for different missions, it
appears logical that these capabilities should be utilized to augment each other to achieve flexibility
and growth capability.
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speeds of up to & x lﬂs bits per second with a memory capability of about 107 bit storage appears readily
achievable. If this Is combined with some of the advanced control theories like state space control
theory and »p'irnl control information and decision theories, the potential power of these tnvur'vs now
will become practical in implementation for design and real time operation. For example, state space cor
trol principles which have been mathematically possible for over a decade can now become g rcalx J
permits application of multi-variable control principle theory into the multiple dimensional domsin where-
in complex trajectorfes and multiple vehicle mission states can be iyxari-u}xy optimized to achieve the
desired mission capability. It also permits evalustion of maneuver tactics uuLfA'urnv.*h mpact on new
technology for design purposes and, also, through on-board

wtation, dis mplex optimum
trajectories to coun increase maneuvering performance and WPA‘-H. dv.!lfry aceuracy. Similarly,
with this increase in ¢ rapability the related modern control thvvri«r an be exploited ir
real-time to provide capability for handling increased information and making logical decisions, opti
ing design methods of active 1 functions, and permit design of higher order state filters which can
reduce dependence upon accurate mi ement of specific states. One example being reduction in complexity
of inertial systems through better modeling and state estimation. Inereased use of decision lhewrles will
permit reduction of the amount of Information required by the pilot or crew to execute functions or monitor
system performance, thereby significantly reduce crew workload or possibly erew complement.

miz-

i1

Considerable performance capability and ﬁi"v‘i"iva"wn »f stem design can be achieved by blending
outputs or augmenting vutputs rather than having dedicated sensors for each function. This, of course, b
q se a significant impact on cost and de .1,'1‘ methods to achieve system integrity and sufety by

permitting continued ¢ Jyﬂtili(v without employing dedicated reversion systems or back-up capability. For
example, with the increase in computation capability and theories, there are many surface motions and
response capabilities implicit in the vehicle which, if tracked and integrated, could result in using the
vehicle itself as a source of state informaticn. Another example is, the capability to integrate command
and control concepts into a vehicle in a manner that updates the on-board systems to permit autonomous
peration with minimum change in c¢rew operation or mission accomplishment. Similarly, active control
technology presently is addressing examinati of specific mode capabilities and control capabilities of
these modes for specific application, has capabilities that have not been addressed to date such as
roviding increased re"‘:,an\e to vehicle disturbances, increased accuracy of weapons line contrcl, and
itroducing dominant che s in design methodology to reduce vehicle size and weight. Operationally, a
significant potential exists for the capability to ,rﬁvide a multi-role function for vehicies at very
nimal Lar,erAueﬁ such as, using air-to-air vehicles for axr—&u-tr:und operations. Some aspects of t

e e

will be addressed in more detail. Similarly, task or mission oriented control capabilities are receiving
increased attention and provide distinct potential for defining control characteristics and dynamics for
the tal mission guidance and control as opposed to the classical vehicle handling qualities. These
princivles will alsoc provide the methodology for definition of degrees of automation Considering a total
pilot capability such as information requirements, display techniques, and control characteristics for
specific mission functions.

Recent research in the bio-medical field has indicated that through appropriate sensors, human
thought processes and decisions can be used for control inputs without relying upon limb operated manipu-
lation devices. Considerable amounts of pilot workload comsist of ‘nnuert1n, information available from
visual, audio, and motion cues into limb motion and associated integration required to manipulate control
devices. One example could be the entry of new coordinates on mapping 1sp1nv by tracking eye motions
and entering data without any hand motion.

The advent of holography and related techniques in terms of multi-function displays can now provide
the capability to generate situation and command information 1n three-dimensions thereby reducing a
number of display components required by the pilot This will significantly reduce the amuunt of informa-
tion integration the pilot has to perform, and it can be implemented in either heads-down or heads-up
c,“fi;u ation. The new data of graphics and the capability to generate digital graphic projection images
is promising the capability to generate trajectory, ground or terrain profiles in true time perspective
thereby functionally providing a means of generating synthetic viGVbiJity for low altitude and adverse
weather operation. The area of mapping, though not directly related to control technology, now provides
ground positioning information that will permit a common grid system with sufficient accuracy for terrain
mapping which, when combined with graphics, has the potential of providing the terrain-following and
avoidance with reduced dependency upon terrain-following radars. The increased capabilities for accurate
securing position and velocity information on-board the vehicle through inertial sensor technology and
updating with satellite positioning information is providing a capability to achieve an on-board
time-space posi

ze the "“*Y‘"1lltv of continuous communication capabilit

rioning capability which, when in:e;rq(ud with other sensor info on within the vehicle,
can minim ze total
system dependence on this capability.

and substantially minim

This next chart illustrates that appropriate combination of these technologies offer potential
capabilities that are not recognized when examining individual technologies. For example, the combination
of high computation capability with multi-dimensional state space control theory provides a gaming
strategy for tactical operations plus increased maneuvering capability. Further combinations with optimal
control information and decision theory can yield a ¢apability for maneuvering dynamics with reduced
workload and substantial reduction in cost.

Ancther thrust could be the combination of sensor augmentation blending with active control technology
and task oriented controls. This could achieve multi-state control with increased positioning accuracy
and increased performance using full capability of the six-degree-of-freedom control.

Combining some of the work in bio-mediccl research such as, thought control implementation with multi-
function displays using holography and the graphies capability, yields a potential for generating terrain
projections and the medium for a synthetic visibility capability.

Figure & tllustrates a Jdouble-span, single-thickness (referred to as a JA size)

nodule of BO pins, and which represents an 8-Bit Cent ral Processing Unit constructed

rom two 2901 microprocessor devices.
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NEW WEAPON CONCEPTS DEVELOPED FROM ADVANCED NAVIGATION

GUIDANCE AND TARGETING TECHNOLOGY

H. E. Brown, GS-14 52 ‘/

Chief, Technology Planning Guidance Division
System Concepts Directorate
Deputy for Development Plans
Armament Development and Test Center
Eglin AFB, Florida 32578

ABSTRACT

Technology advancements over the past few years now make it possible to develop improved air-launched
guided weapon systems where the man, aircraft, and weapon can be integrated to provide highly responsive
and effective capabilities against a large portion of the tactical target spectrum from standoff positions
and under adverse weather ccnditions. These capabilities can greatly improve our aircraft and weapon survi-
vability while increasing sortie effectiveness. This paper is mostly concerned with advanced navigation,
guidance and targeting technologies with emphasis on those systems that can be integrated at a higher
functional level to improve tactical strike capability and hopefully reduce life cycle costs.

The main threat that the concepts in this paper address is the massed attack of mobile targets. The
concept of using single launched unitary weapons against single selected targets in a direct attack scenario
is believed to be highly ineffective. Ideally, a weapon system should be capable of multiple target kills
per weapon launched from a standoff range.

A highly integrated "Smart-Package” concept is presented in this paper showing how advanced imaging
systems and data processing techniques could be used to develop an automatic system for searching, detecting,
identifying and selecting targets, and for controlling the simultaneous attack of a group of weapons. Each
individual weapon of the group launched would be directed to a specific target. This approach could lead to
multiple kills per weapon system launched and greatly reduce the pilot work load.

Several weaponization concepts are presented to illustrate optional applications of the smart-package.
In each case the smart-package is selecting targets in real time as the weapon system flies over the target
area.

There are some technology voids in these concepts; namely, the data processing algorithms for false
target discrimination are not fully developed. Hopefully, these problems can be solved in the near future
and the concepts presented here can be further pursued.

I. INTRODUCTION:

The current threat indicates that an air-launched guided weapon system capable of defeating a massed
attack of mobile targets is highly desirable. The concept of using single launched unitary weapons against
single selected targets in a direct attack scenario is believed to be highly ineffective since only a small
percentage of the targets could be killed and aircraft attrition might be very high. Ideally, the weapon
system should be capable of multiple target kills per weapon launched from standoff range. A good effective-
ness objective would be to attack and kill on the order of ten targets per weapon launched; and since some
aircraft might carry several weapons, the sortie effectiveness could be very high.

This paper describes a technical approach that could be taken for development of a system for automati-
cally searching, detecting, identifying ?nd selecting targets: and for controlling the simultaneous attack
of a group of guided weapons (missiles).! The heart of the system would consist of multispectral imaging
sensors and real-time imagery processors. Each individual weapon of the group launched would be directed to
a specific target which was selected from the real-time imagery processor.

IT. DISCUSSION OF THE PROBLEM:

Multiple and simultaneous air-to-surface attack of massed mobile targets using guided weapons is
believed to need one of the two following design approaches to maximize the number of kills: (1) Design
each weapon of a group to be very smart for target search, detection, identification and acquisition; each
being capable of rejecting false targets and communicating with all other weapons during the attack to
prevent everal weapons from selecting the same target; or, (2) Design a "Smart Package" for the delivery
vehicle which can view the target area and collect high resolution data for automatic detection, identifica-
tion and acquisition of many targets and can reject false targets. The smart package would then compute the
lines-of-sight to selected targets and direct a group of relatively simple weapons to individual targets.

The first of the above design approaches is believed to be a high technical risk and high cost program
because of the weapor complexity. Furthermore, it is probably not achievable to a satisfactory level, due
to the many problems associated with the individual weapons finding and locking-on different targets after
they are launched. Assuming that the individual weapons would have either TV, IR or RF sensors capable of
search, detection and acquisition, the main design problems are due to the following:

a. Unpredictable formation of targets - This causes search design problems.

1This paper describes some ideas of the author. It does not represent a development committment of
the USAF.
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b. Spacing variation of targets - This causes instantaneous field-of-view problems particularly
for the RF sensors.,

¢. Relative location of targets at time of launch - As a worst case this can increase the aerodynamic
and propulsion demands.

d. Wide variation of target signature - This will tend to increase the seeker complexity,

e. Passive countermeasures - Seekers must be capable of recognizing and rejecting and this increases
their complexity.

f. Active countermeasures Same comment as e. above.
q. Natural false targets -~ Same problem as f.

h. Probability of several weapons selecting the same target and insufficient time to select another
target 1f given the opportunity - This is highly probable if there is no weapon-to-weapon communication.
This approach is believed to be very expensive due to the many functions that each missile must perform
and it is doubtful that it can be done at all within the volume and weight constraints imposed on air
launched weapon systems.

[T1. ADVANCED CONCEPTS:

The preferred approach, and the subject of this pdaper, is the single smert-package which could support
a group of small and relatively simple guided weapons. To accomplish this the carviage vehicle (aircraft,
missile or drone) would be highly instrumented with the smart-package to preselect targets, command line
of-sight information to the small guided weapons and control their launch. Figure 1 illusStrates the sub
systems of the smart-package. There should be two imaging systems covering three spectral bands of interest
One of the imaging systems, having high resolution would cover two infrarved spectral bands (3-5 &4 and
8-14 40 ) and the other, having much less spatial resolution, would be a scanner working at about 35GHz
Imagery from the sensors is converted to a digital format in real time. A digital processor would analyze
the imagery in real time to select targets that the weapons will be directed to attack. A rather complex
digital imagery processing program would be developed containing the following as a minimum.

a. Pattern Recognition Algorithms

Detection can be enhanced at long range by programming typical target patterns and correlating
the imagery with these patterns. Areas to search for more information as range closes can be selected.

THE SMART PACKAGE

IMAGERY
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b. Spatial Frequency Algorithms:

o
s

Recognition of targets can be enhanced by programming target and non-target dimension algorithms
c. Temporal Frequency Algorithms:

Identification of targets can be enhanced through a knowledge of the temporal frequency content
which 1s related to vehicle shape and edges. Target motion can be detected and evaluited with these
algorithms .

d.  Spectral Frequency Algorithms:

Additional recognition and identification confidence can be obtained through a knowledge of the
spectral frequency signatures of vehicles, Correlations for further confidence in target selection can be
obtained from the multi-spectral signatures.

e.  Counter-countermeasure Logic:

Information from a, b, ¢, d, above will allow algorithms to be developed to detect and identify
any countermeasures and natural false targets to prevent missiles from attacking them.

f. Target Motion Algorithm:

Motion can be detected in each imaging system and this can further assist to identify the true
targets.

False target discrimination using the above algorithms is the technical challenge for the smart-
package. This will be a difficult task to accomplish in a very short time since the ratio of false targets
to true targets may be very high. A false target “tree” showing some typical targets that an RF or IR
sensor might acquire is shown in Figure 2. Also shown are the discrimination techniques that can be used
with the appropriate algorithms to reject these targets, Spatial frequency discrimination appears to be
the most important technique that can be used, followed by spectral and temporal frequency techniques.
Pattern recognition may be the most powerful technique but also the most difficult to accomplish.
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As targets are selected by the imagery processor, the lines-of-sight (azimuth and elevation angles)
to the nearest targets which are within the aerodynamic range of the missiles are sent to missiles in the
group to command the seekers to "look" at the selected targets. Seeker operational parameters such as
sensitivity, field-of-view and slew rates are proarammed in the smart-package to be certain that the
seekers can acquire the selected targets when they are commanded. The actual lock-on could be accomp-
lished before launch if a system was designed similar to that shown in Figure 3. In this case, the
missiles would be locked-on and launched in small groups following lock-on confirmation as the carriage
vehicle passes over the target area. Figure 4 illustrates a typical smart-package system concept for a
group of missiles.

In this concept the missiles would not have to be very smart. The seekers would be simple trackers
with good tracking logic but no target selection or discrimination logic since the smart-package in the
carriage vehicle does the target selecting. Field-of-view can be kept small and high resolution imaging
trackers would not be necessary. This concept will greatly reduce the cost of the missiles and it should
greatly improve sortie effectiveness.

The main problem with this concept is not hardware technology. We have the tmagery capability and
the computer technology. The problem is that we do not have sufficient multispectral target and back-
ground (false target) signature data. We need this information so that we can develop and program the
algorithms in the imagery data processor for target detection, identification and selection.

This paper has been prepared to indicate an approach for simultaneous attack of multiple ground mobile
targets. The same concept of using a smart-package to manage group of guided missiles could be used with
other munitions and other delivery concepts. Figure % illustrates a concept using semi-active laser quided
or beam rider weapons where the beams are controlled by the smart-package. This concept could lead to a
very low cost missile but it has the disadvantage of having to illuminate the targets.

Figures 6 and 7 illustrate a concept using self-forging slugs (SFS) that are aimed at selected targets
by gimbals which are commanded from the smart-package. This could be a returnable drone where the SFSs
are reloaded for another mission. Figure 8 11lustrates a modular concept where the smart-package can be
employed in different ways to control several confiqurations of weapons.

TYPICAL SMART PACKAGE

OATA (INK TARGET
ORPILOT FEATUKE WEAPONS
MEMORY
LOGIC CONTROL
(IMBAL ASSEMBLY L
- TARGET SEARCH .
COMMAND P
PRIORITIZATION Lo
on (
T e 1Lt wa | S
l DIGITIZER | SELECTION
IMAGE R V”“"v EXTRACT y‘ LAUNCH H
- POSITION
TARGET CONFIRM >—s-
SELECTIONL ) ACCOUNTING e
LoGH
; ] FIREConTROL - 0~
MMW RADAR RADAR RADAR I3
RADAR TRANS L ] SIGNAL FEATURE ’____}}
ANTENNA AND REC PROC EXTRACT
WEAPON
SEEXER
f CHARACTERISTICS J
BACKGROUND
' FEATURE
1 MEMORY WEAPON
AERODYNAMIC
CHARACTERISTICS
FALSE \
TARGE
MEMORY

GIMBAL COMMAND T
GIMBAL POSITION "

FIGURE 3




TYPICAL SMART PACKAGE SYSTEM CONCEPT
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SYSTEM OPTIONS
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IV. CONCLUSIONS:

A very smart weapon system, capable of functioning without a man-in-the-loop for each target, is
believed to be required for successful attack of the threat envisioned in this paper.
approach should be capable of autonomous operation and there appears to be a wide variety of employment

options.
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SUMMARY

The Standard Electronic Modules Program is a highly
successful design standardization program that is command-
ing considerable attention within the U.S. Department of
Defense as a result of its achieving significant cost and
reliability results. This program establishes a rational
discipline for the development process for military elec-
tronic systems by providing families of functional elec-
tronic modules which are already developed, documented,
and qualified, and for which a wide industrial base exists.
Although this program has been heavily oriented at re-
solving system maintenance and logistical support problem
areas, it nevertheless constitutes a readily available and
highly effective "building block" approach for accomplish-
ing research and development functions.

INTRODUCTION

The word "standardization" to the Research and Development scientist or engineer,
brings fear of the heavy hand of bureaucracy restricting design flexibility which is so
necessary in furthering advances in technology. Additionally, it can bring concern of
too rapid obsolescence or too great constraint upon size, weight, and performance.
These factors must be carefully considered when structuring and applying a technology
program for standard hardware development. The advantages of some standards, however,
even in the R&D phase, can be considerable when compared to whatever limitations they
may impose.

Most efforts at hardware standards are initiated by the hardware users who find that
their logistics problems are overwhelming and, consequently, demand commonality of sup-
porting components even with restrictions to system capability. Although the purpose of
the Standard Electronic Modules (SEM) Program is to provide a much needed aid to the
hardware user, it nevertheless offers the R&D designer a substantial and readily avail-
able technilogy base with only very minor restrictions.

Even when a major new weapon system is developed, most of the supporting electronics
require no new concepts--control logic, amplifiers, and other similar components can be
drawn from existing technology. The SEM Program provides a broadly used, high reliabil-
ity series of functional electronic components of great flexibility for application to
new systems design. This permits the designer to develop only the components needed to
demonstrate the new principles and saves the cost in time and money needlessly spent on
designing electronics not essential to the proof of the R&D objective.

BACKGROUND

In following the evolution of semiconductor electronics, one finds that they typi-
cally share a common life cycle (see Figure 1). A developer of a new system, recognizing
that a period of ten years may be required before significant use of the system in the
field occurs and that for a following period of twenty years logistic support is to be
needed, must make a decisfion on semicoaductor :ircuits of a technology that is a complex
balance between too early obsolescence and too high a development risk. This decision,
while of concern to the R&D developer, is of paramount concern to the final system hard-
ware user. This situation ultimately provided the impetus for the establishment of the
SEM Program and offers a compatible methodology for finally bridging the gap between the
R&D and system user communities.
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PROGRAM DESCRIPTION

The SEM Program is an electronic module standardization program that is being actively
promoted throughout the U.S. Department of Defense. The purpose of this electronics
standardization program is to c¢stablish a family of reliable electronic modules that will
reduce the cost and facilitate the design, production, and logistics support of military
electronic systems.

The of the SEM Program is based upon the principle of limiting redundant
fesign thr. he use of andard functions, thus achieving cost benefits through con-
sequent large production volumes and wide competition. As the program continues to gain
further acceptance, the cost and performance benefits will become even more significant.

The basic¢ objectives of the SEM Program are:

[ irtitioning electronic functions so that they can be ¢ tac a majority of
equipment applicatioas

nting modules with functional specifications (to preclude dependence
{fic vendor, esign, or technology), enabling long-term availability and cost
savi hrough vendor innovation and competition

® achieving high reliability through stringent quality assurance requirements
for module design and production

® discarding modules upon failure (made possible due to high reliabilfty and
low cost)

e providing flexible modular mechanical packaging requirements which accept
various circuit and packaping technolopies and adapt to various equipment mechanical
configurations

e casing the logistics support burden on the congested supply svstem by exten-
sive inter-system commonality of a limited number of modules

® prohibiting the us of components or processes in module specifications that
would inhibit competitive procurement over an extended period

e ¢stablishing two separate classes of environmental requirements that mecet the
needs of most shipboard, shove-based, and avionics applications

e providing configuration control policies to ensure the intevchangeability of all
modules of the same function and key code.

Unlike manvy other standavdization efforts, the SEM Program is a dvnamic program,
which s open-ended and can accept new module functions and all technological advg es.
By eliminating redundant design efforts and the need for ropair facilities and large
inventorfes of unfque parts, the SEM Program significantly reduces the cost of the key
elements in equipment [ife cvele cost.

SEM CONFIGURATION
The basic standard module configuration is the single~span, single-thickness (1A

e) increment. The principle d ensfons were derived based on the amount of c¢ircuitry
required to perform various functions, the maximum number of pneces rv {nterface connex
tions, the si; of the keving and retaining mechani §¢ and the likely tolerable cest for
1 "throw-awav" module, These considerations led to the development of a basic module
fnerement with overall dimengions of 2.62 fn. (66,.55mm) in width, 1.95 {in. (49,530 in
hefght, and 0,290 in. ( J7mm) in thickness (see Figure 2). There are provisions fox
module growth increments for use {n the expansion of modules of maltiple span and thick
ness. Maodules can be increased in span by increments of 3,00 in. (76.20mm) and in
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combinations are made. If one exs tation ¢ {1 \;p“
seeing several orde of magnitude increases within the next ‘t\\-s decades )

thick nerements of 0.300 in, (7.62mm) (see Figure 3). Figure
he features of a typical SEM Program module:
> Provides the king surface, extraction interface, and the
for heat dissipation.
EraetLor a2 - Provide the common interface by which modules
reans of an extraction tool.
< - Provides a surface for guiding the module into the mating
mount ing structure as well as a thermal interface for heat dissipation
wtastre - Bladed contact pins based on a 0.100 in. (2.54mm) grid
i1le connector. Each module increment may have a maximum of 40 cont
v Lipra - Provide a convenient protective and marking surface
- v - Provide the means of uniquelvy polarizing modules of di
to ¢ that thev are not wrongly inserted into the mounting structu
A three-letter kev code marked on the fin defines the configurati
ons of two uniquely configured keving pins inserted into each mo
opram modules having the same kev code must be both mechanically
interchangeable with each other.
-
L !
SPAN -S|
262 o A
(6655 mm) 1 HEIGHT
FIN o ‘** 195
(4953 mm)
EXTRACTION
HOLE -
THICKNESS
290 oY '
(737 mm) S b
~
KEY Pin
g gl ~
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‘
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Figure 2. Basic Module Configuration
i
A te)
N m
"\.—\‘ln’
c,".\
b '
S
e .
o) y
P -
W e
e
e e
U )
""'lh'l :
i3
A P -”'|| f 5
J"Nh":u"wi“ 38 ”
. W l &%
ool A
LM
i,
THICKNESS
Figure 3. Multiple Growth Method

dentities

rmal interface

are removed by
connector and
svstem form the
acts.

for module contacts.

fferent functions

re.

on and rotational
dule header surface.
and electrically







Suttw

e

BRG. SN
[t W

t t W
U &

pecif
aibili
g e 1
Standa

Figure

ishe
yiel
requ
tach

re
te

r SEM
mpat it

table¢
rpora
i 1

Module

Construg

t

1

non
ONe

nt

L & e

s tetnimea



A e dBRBN A

‘" [f1}

hiaobhibbannasl bod

‘nn;@m‘l\&;:\.m.

RS

500002001
MPLETE ASSEMBLY
- s ~50000100!
\ COMPLETE ASSEMBLY

502002001~
RETAINER

M

504001001
COLD WALL

503001001
UPPER GUIDE BAR

503002(')(”\l
LOWER GUIDE BAR

.

8020020012 /
»”  {80300100! RETAINER 501001001
T MODULE PLATE
END PLATE WODULE PLATE

IERC « °

Figure 9. Mounting Structure Components




lo further facilitate system design application of SEM, a broad range of computer-
aided design software programs are available. These programs range from Boolean logic
¢quation translation, module placement and wiring layout, to thermal design programs for

air and conduction cooling.

Through the employment of SEM and such proven and widely available hardware and
software aids, the R&D development process can indeed be simplified, not only in short-

ening lead times but also in substantially reducing cost. This is especially true in
preproduction phases, where system prototypes become in essence production hardware, re-
quiring minimal transitional redesign for production. In fact, SEM and its associated

"building blocks" have become an invaluable tool for R&D by permitting the concentration
of resources upon research objectives rather than diverting them to the more ordinary
aspects of hardware development.

PROGRAM ORGANIZATION

The SEM Program is organized with the Naval Electronic Systems Command (NAVELEX)
designated as the Technical Management Activity; the Naval Avionics Center (NAC),
Indianapolis, Indiana, of the Naval Air Systems Command, serving as the Design Review
Activity; and the Naval Weapons Support Center (NWSC), Crane, Indiana, ot the Naval Sea
Systems Command, serving as the Quality Assurance Activity. he Naval Electronic Systems
Command Acts as the agent for the Chief of Naval Material in managing the program within
the Department of Defense.

The Technical Management Activity is responsible for the operation of the overall
SEM Program and:

- establishes SEM Program objectives consistent with Department of Defense
and Navy standardization requirements

- organizes, implements, and controls program requirements necessary to meet
Navy objectives

- organizes and directs the SEM Program work at field activities
- promotes the SEM Program within the Navy and sponsors related activities.

The Design Review Activity has as its primary responsibility the review and classi-
tication of each SEM proposed for development. As a result, they classify special or
standard SEM Program module key codes and assign specification numbers for their devel-
opment.

The Quality Assurance Activity is primarily responsible for the qualification of
module designs and vendors. They establish and maintain SEM Program quality assurance
requirements; perform initial and periodic module production qualification testing; per-
form correlation of SEM Program vendor test equipment; perform failure analyses; and
compile SEM module reliability data.

SEM PROGRAM SPECIFICATIONS

The mechanical and environmental requirements for SEM Program modules are specified
in documents which also describe the electrical, functional, and reliability requirements
for each module type. These specifications are prepared in accordance with MIL-SV"D-1378,
Requirements for Employing Standard Electronic Modules Program. The specifications for
SEM are prepared originally by the developer for approval and control bv the SEM Program.
Normally, they specify requirements for form, fit, and function rather than detailed
design requirements. This documentation technique permits module vendors to produce
modules without unnecessary restrictions on components and specific design details, as
long as the functional requirements of the specification are maintained.

Though the details of design are left to the module developer, it is essential that
performance standards and reliability requirements be maintained. Therefore, the basic
mechanical configurations from which the designer may choose are covered by a design
standard; MIL-STD-1389, Design Requirements for Standard Electronic Modules. This
standard also describes the design requirements which will enable modules to satisfv
the quality assurance requirements specified in MIL-M-28787, General Specification for
Standard Electronic Modules.

In addition to these standards and specifications, several other documents have
been been prepared cataloging available modules and describing their function and appli-
cation, Figure 10 shows the SEM Program documentation organization. Under the auspices
ot the Council of NATO Armament Directors, the AC/67 is forming a Special Working Group
to deal with the subject of module standardization. It is anticipated that these docu-
ments will be available from that group.
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PROGRAM

STATUS OF THE

As a result of extensive use over the last ten years, the SEM Program has evolved to
where it consists of approximately 300 module types, with more than four million modules
C itted to production. To date, SEM Program modules have been applied in over B0 system
applications, spanning virtually every operating environment. Because of the large number
of modules required in already committed SEM Program systems, combined with an even brighter
future for the SEM Program, approximately 15 module vendors have become qualified. |

4 RELTABILITY EXPERIENCE OF SEM

The SEM Program quality disciplines have resulted in hardware that has demonstrated
reliability far beyond initial expectations. For example, on a particular shipboard fire
control system which has been deployed long enough to have statistical significance in
reliability results, digital modules are demonstrating a failure rate of less than .04 fail-
ure per million hours. This is compared to the original estimate of 1.9 failures per
miilion hours, and the observed failure rate of similar module types (but which do not
adhere to the SEM Program disciplines) of 5,5 failures per million hours. In recent
tests on a submarine sonar system, a system MTBF (mean time between failures) of 2,100 hours
was demonstrated compared to the estimated 1,368 hours. In this demonstration, no failures
occurred among SEM Program modules.

Ihe SEM Program has from its inception emphasized the i ortance of reliability in
svstem design. To ensure its module reliability and ultimately system reliability, the
Program has done, and continues to do, what every module or system designer should
do to ensure the reliability of its product. First, it uses thoroughly screened military
grade parts. Second, during the module design phase, the designer is required to address
reliability by performing a thorough reliability prediction. Third, the SEM Program
Quality Assurance Activity (QAA) requires that each module be thoroughly documented.
Fourth, the design is extensively tested by the SEM Program QAA to ensure that the module

specification is correct and that the design meets the specification. 1In line with this,
cach vendor who manufactures standard modules must be qualified by the SEM Program QAA. 3
o This qualification is maintained by periodically submitting a sampling of modules for

qualification testing. This ensures that the vendor's modules comply with the module

specifications. As can be seen, the striving for reliability takes a continuing effort J

on the part of the SEM Program, with commensurate rewards occurring in the proven per-

formance of its modules. The total QAA effort requires a considerable investment--no one ]

will argue this point; but the payoff in improved systems availability far outweighs this

expense. |
|
|

COST IMPACT OF SEM

Electronic modules constitute more than 507% of system procurement costs, and thereby
offer a fertile area for achieving cost reduction with SEM. Combine this with the poten-
tial discount that can be realized through large production volume procurements and the
results are significant. Table 1 depicts typical discount rates as a function of quan-
tity and applies to all electronic modules as well as most electronic components.




Table 1. Typical Discount Rates

No., of
Items 0-5 20 500 1000 5000
Discount 0% 10-15% 15-25% 25-35% 35-50%

As indicated, a production volume of 5,000 units commands discount rates as high as 507,
This is significant, for without attempting to standardize and create a production base
of some consequence, we have been traditionally working at the low end of the curve with
the "one of a kinds."

To illustrate how the SEM Program has benefitted a typical development program from
inter-system commonality and extended demand, SEM Program costing data has been compiled
from the Naval Sea Systems Command AN/BQQ-5 and AN/BQQ-6 submarine sonar development
programs. The AN/BQQ-5 Sonar development program was initiated in 1970 and extensively
employed SEM. A total of 16,000 modules were required per system and were comprised of
138 module types. Twenty-one standard types accounted for over 12,000 of the 16,000 mod-
ule total. As a result of the subsequent AN/BQQ-6 Sonar development program also employ-
ing SEM, this program was able to satisfy system requirements almost exclusively with
existing modules which are common to the AN/BQQ-5 and other Navy systems. Consequentlv,
the AN/BQQ-6 Program needed to develop only 30 new module types to fulfill its system re-
quirements. Table 2 presents a brief tabulation of the more obvious life cycle cost sav-
ings identified on these two sonar programs.

Table 2. Savings Resulting from SEM Commonality

Amount
Area of Savings (Thousands)
Development $2,580
Volume Procurement/Production 3,069
Residual BQQ-5 Modules 330
Supply Administration 150
Spare Support 1,500
Total Savings Quantified $7,629
Savings shown here were based on calculations for a limited number of AN/BQQ-5 and
AN/BQQ-6 systems. Actual total savings are significantly greater and relate to the actual
number of systems as well as additional savings in the areas of training, testing, support
equipment, and documentation. It should be noted that these factors are only the "tip of
the iceberg" relative to life cycle cost savings achievable through the use of the SEM
Program. Savings should go far beyond what has been identified here and, if the "obscured"

items related to logistics and long-term availability can ever be properly quantified, the
true life cycle cost savings for user systems will be tremendous.

SYSTEM APPLICATIONS

To illustrate the systems design flexibility of SEM and that it is applicable to
virtually all system environmental platforms, several examples of SEM system applications
will be noted.

Airborne Radar System

The Air Force has recently sponsored the development of two separate radar systems,
both of which employed SEM. Development models of an airborne cargo aircraft radar (see
SEMR - Figure 11), for the Air Force Avionics Laboratory, Wright-Patterson Air Force Base,
and a Tactical Weather Radar for the Electronics Systems Division, Hanscom Air Force Base,
have been delivered and are to undergo test and evaluation. In addition to employing
a significant number of existing SEM, both Air Force radar systems use numerous modules
originally developed by the Navy for the "2175 Modular Radar" (Prime Search Radar) develop-
ment program.




Figure 11. SEM Radar System

Table 3 depicts the inter-system commonality of SEM among the various radar
|
programs, indicating a high degree of inter-system commonality achieved.

Table 3. Radar SEM Commonality

e e "~ AF TACTICAL
AF SEMR
. . _WEATHER
No. No. No. No.. No.
Baios e 3 Modules |Types | Modules |Types | Modules
Total SEM 66 194 68 191 51 116
Existing SEM 19 93 18 92 17 63
Candidate SEM 47 101 50 99 34 ) 3
SEM Common to 23 98 23 80 23 5 2
All Systems
Sonar Receiver Set
Ihe Raytheon Company, Submarine Signal Division, Portsmouth, RI1, has also recently
completed the development of the AN/BQR-24 Sonar Receiving Set (see Figure 12). This

equipment is a computer-based processing system for use in conjunction with the basic
AN/BQR-13 submarine sonar. The heart of the s ing unit which contains
approximately 1,200 SEM in addition to memories and power supplies and which are all
contained in a standard Raytheon cabinet expressly designed for SEM. One significant
aspect of this program is the building of the first prototyvpe unit in a production con-
figuration in approximately 12 months. Raytheon attributes this accomplishment to the
fact that SEM was used to implement the design and that the majority of these modules
were already developed, qualified, and recadily available to the equipment enginecer.
Raytheon stated that it would have normally taken 18 to 20 months to reach a production
configuration if new module designs were used. After testing, the svstem was sent
to sea where it completed a successful evaluation. Because the SEM prototyvpe unit was
a production configuration, transition to manufacturing did not require another design
iteration, thus allowing Raytheon to respond to a short production schedule.
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Figure 15. Groundbased Computer System
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More 1 t1 t b1 ] ?&D. By specifying use of standard functional
modules in R&D requests for proposals from contractors, the tendency for a contractor

to "buy in" is reduced since he cannot be assured of winning the production follow-on by
being locked in with proprietary or insufficiently documented hardware.

Production Phase

tpment. The module test equipment required to support the

e 1

system can be used on other systems that use common modules. This reduces the need for
unique test equipment for each separate system.
{ue J » .’ ) i

{ <

J Tue n modules. This occurs through multiple sources of stand-
ard modules (competition), high volume production, and common quality and process proce-

dures.

luced time to volume production. Standard modules are readily available from mul-
tiple sources which reduces or eliminates production tooling time and process development
time.

Operations Phase

Reduced operations and maintenance costs. By reducing the number of different module
types and increasing module commonality among systems, savings will occur by a training
requirements reduction due to similarity of hardware, reduction in the variety of test
equipment required, and simplified maintenance at all levels because of the SEM "discard
upon failure" maintenance concept.

Reduced logistice costs. This is probably the greatest advantage of the SEM Program,
e of interchangeable modules between systems reduces the number of different spare
part types required to be supported in the logistics system. In addition, the complete-
ness of the functional specifications and availability of competitive sources eases spares
procurement problems and lowers module cost.

Improved system reliability. The SEM Program has demonstrated that highly reliable
hardware can be produced and still be cost competitive. In addition, since the same
module types are used from system to system (do not become obsolete after one applica-
tion), they can be continually improved through field use performance and failure analyses
and appropriate corrective action.

~—
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FUTURE OF THE SEM PROGRAM

The future of the SEM Program is dedicated to extending its applicability to a greater

number of military systems for, as its applications base broadens, the
will also increase. For this reason, efforts are being continually ca
the SEM Program responsive to the majority of users so that it can be
development programs.

Currently, SEM R&D efforts are being directed toward extending th
plex digital functions, analog and communications functions, and devel
hardware that will be more readily applicable to avionics.
RECOMMENDATION

We in the R&D community should look into the feasibility of apply
modules of the SEM Program, but also its basic philosophy, that being:

Standardize on a limited number of items,
Do not develop items for marginal increases in capability, a
Use functional specifications to encourage competition and a

If we can agree on a flexible and well-disciplined foundation thr
SEM, it will not only aid us in our immediate objectives, but will car

positively influence all the phases of the system life cycle--yielding

equipment, but better equipment at lesser cost. By this approach, we
continued availability of R&D resources by fulfilling the needs of the
community--our ultimate customer.

benefits derived
rried out to make
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GLOBAL POSITIONING SYSTEM TACTICAL MISSILE GUIDANCE

by
Frederick W, Hardy j’ ,
lactical GPS Guidance Development Program Manager

Hughes Aircraft Company, Advanced Missile Systems Division
Canoga PPark, California 91304, USA
and
Major C. David DePriest
Factical GPS Guidance Development Program Manager

1. S, Air Force Armament | aboratory, Fglin AFR, USA
SUNNARY
The concept of GES tactical missile guidance 18 discussed from the standpoint of a antage
gained by high level functional integration hetween the missile and a GPS-equipped laanch aircraft.  The

conflicting requirements of high performance and low cost are shown to be attained by elimination of mis-
sile guidance tunctions that can be performed by the aircraft GPS system and transferred to the missile

tidance

immediately prior to launch, The importance of integrating missile GPS receiver and inertial g

sed, as

System meast

rements for achieving maximum performance in a jiamming environment is discu

well as the filter form employed and resulting performance, The unique operational advantages of this

GPS missile guidance system for weapon delivery are described, including those gained by integration

with a GPS-equipped aircratt,

L. INTRODUC TION

The NAVSTAR Global Positioning System (GPS) 1s a satellite @
vide highly accurate three-dimensional position and velocity data to users anvwhere on or near the earth,
The GPS will consist of a constellation of satellites, a ground control svstem, and an unlimited number
ips, vehicles, satellites and manportables. Fhe system concept evolved from the
SAF

avigation svstem designed to pro

of users — aircraft,
United States Air Force and Navy studies initiated in the mid-00's, The resulting developments — |
Program 02 1B and Navy Timation — were merged into NAVSTAR GP'S in 1973,

All UL S, Armed Services are participating in NAVSTAR, USAF is the executive agency and man-
ages the development from the NAVSTAR Joint Program Office of Air Force Space and Missile Systems
Qrgantzation in El Segundo, California. Nine participating NATO nations have expressed a desire to
participate in the GPS Phase [ Program. Participation will consist of the establishment of a NATO
group at the Joint Program Office in California for the purpose of contributing to the GPS Program and
coordinating NATO requirements and operational applications,

Fundamental characteristics ot GE'S all weather, worldwide availability, unsaturabthity, auton

ilation make it an attrac-

omy, high accuracy, and the jame-resistance mherent in spore,
: data for gurdance of tactical are -to-surtace massiles, However, since

spediram mo

tive candidate source of posttion
miassyl ¢ expendable, it 1s essential that & nussile GP'S puidance system be re
Ihe requirement for low cost can be met most eftectively through a system concept which combimes a high
legree of integration of the atrcraft GES system with an etficient integration of GES and inertal sensors

atwvely inexpensaive.

board the mussile. The tunctional requirements tor arrcratt nusstile and GEPS/imertial integration are
itly under

esented,

on

hiscussed below. A system concept which implements these aintegrations and which 1s cure

development by the UsS. Air Force Armament Laboratory at gl AFB, Florida, s also pr

NAVSTAR GLOBAL POSITIONING SYSTEM

The NAVSTAR OPS consists of three major segments: space, control, and user, T'he concept of
operation is as follows: each satellite continuously transmits pseudo-random noise (PPRN), spread spec-
trum navigation signals, The signals carry information regarding the satellite ephemerides and clock
behavior, GPS users calculate their position/velocity in navigation coordinates hy multilaterating on the
satellites, [f the users were equipped with precise clocks they could synchronize on the PRN signals to
make range measurements from three satellites, The user's position would be represented by the inter-
section of three spheres, each centered at one of the satellites, To avoid the requirement for a precise
clock, the multilateration process is extended to a fourth satellite.  The reception of four navigational
signals permits three independent range difference equations to he formed. These eguations may he
solved to calculate the intersection of three hyperboloids of revolution which uniquely define the user's
position,

In its operational configuration, the GPS satellite constellation will consist of 24 satellites in
three circular, J0, 200 km orbits with inclhination of 03 degrees. This satellite deploviment ensures that
a minimum of six and an average of nine satellites arve in view from any point on the carth, thus ensuring
satellite coverage for three-dimensional navigation on a world-wide hasis,

Fach satellite transmits PRN signals on two carrvier frequencies: 1575 Mile, termed [, and
227 MHz, termed [ 3. The signals are coherently generated and can he used to determine the magnitade
of ionospheric signal propogation delayv,  Both navigation signals are modulated with a PRN sequence of
primary digits, called the Precision (') code, at a chipping rate of 10, 23 mbps,  The PRN sequence acts
to spread the carrier bandwidth to 20 MHz, 1y is further modulated with a 1L 023 mbhps Clear Acquisi
tion (C/A) code, which aids users in gaining rapid signal acquisition, Other data, such as ephemeris,
are provided at 50 1

by

A typical GPS user set consists of, an antenna, receiver, data processor and control display
unit,  The receiver generates replicas of the PRN codes and correlates them with received satellite

ol
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signals to develop psendo-range and pseudo delta-range measurements to each of four satellites, The
processor then combines the measurements with computed satellite position and velocity to calculate the

user's three-dimensional position and velocity in earth-centered coordinates.

I'he GPS is being developed within a three-phase program of concept validation, svstem valida
tion, and production. The corresponding schedule of deployment s shown in Figure 1. The concept
validation phase which began in December 1973 includes fabrication, test, and evaluation of develop
mental user sets, using both a4 simulation facility (the inverted range) at the Yuma Proving Grounds,
Arizona, as well as a validation constellation of satellites, The constellation will he tormed with six
prototype satellites plas spares. The first of these prototypes, NAVSTAR [, was launched on
February 22, 1978, Successful user equipment tests have already been conducted using signals from
NAVSTAR [ in conjunction with signals from ground satellite simulators at the inverted range. \s addi-

tional satellites ave placed in orbit during Phase [, testing of GPS user equipment will be extended to
3

i
oceanic test ranges, and to Falin AFB, Florida,

\ constellation of six or more satollites will be available thr

ghout Phase [I, during which s
tem effectiveness and supportability will be established. During this phase, the control system sepment
will evolve into its fully operational configuration, and a final determination of user equipment configu-
ration will be accomplished. Initial operational test and evaluation (IOT&EF) will he conducted during
this phase. During Phase [, production satellites will be launched to complete the full 24 satellite
constellation. NAVSTAR Initial Operational Capability (10C) will occur in the mid-1980's,

PHASE | PHASE 11 TEST PHASE 111
TEST PROGRAM CAND LIMITED CAPABILITY | FULL OPERATIONAL CAPABILITY

1974 | 1975 | 1976 | 1977 | 1978 | 1970 | 1980 | 1981 | 1982 | 1983
i r———— . .

e S A

1984 | 1985 | 1986 | nw#

10C

. O
TATATAYS WATAN I8 SATELLITES FULL
TEST 1234 & 6 ACCURACY
= NAV STAR
1975 y FULL OPERATIONAL CAPABILITY
A Sy
1984

FOUR HOUR COVERAGE
OVER THE TEST AREA
G SATELLITES (MID 1979)

FULL 3D PRECISE CAPARILITY
JASATELLITES (MIE 1980°s)

Figure 1. GPS Development Schedule

II. MISSILE GUIDANCE REQUIREMENTS

In considering the use of GPS for tactical missile guidance, it is important to consider the prin-
cipal attributes the system should have. Consider the three design objectives tdentified in Figure .
They are: 1) electronic countermeasures (FOCM) resistance: 2) guidance unit cost, and 3) performance.
This order is, in fact, the approved priority for the guidance systems under development within the
Tactical GPS Guidance Program.

I'raditionally, design priorities for missile guidance svstems have been ordered as performance,
unit cost, and FOM resistance. The reason for the interchange of performance and FOM resistance for
the GPS guidance system is that the primary application is midcourse guidance, where the performance
demands are considerably less, and are dictated principally by the acquisition basket of a terminal
guidance sensor. [nherent GPS accuracies not only easily meet terminal acquisition requirements, bat
also meet most terminal guidance requirements for area munitions, On the other hand, with the in-
creased emphasis on use of FOM in tactical warfare, it has become abundantly clear that considerable
effort is required to provide a high probability of reaching the target area in the face of a determined
defense.

Unit cost, although second priority, is also a very important factor in considering GPS for mis-
sile guidance, particularly for tactical missiles. A significant reduction in the cost/complexity of the
current developmental aircraft-type GPS equipment of comparable performance is required to be attrac-
tive for the "'throwaway ' application of tactical missile midcourse guidance. The relative importance of
the three design obiectives of Figure 2 varies somewhat with the missile application. FOM resistance
and pvrfnrm:mm‘ are «-mph.mi:ml in the long-range cruise weapons such as Tomahawk: whereas, low
cost is more important to the shorter-range, low-cost weapons such as GRU-TS and WAANL




Figure 2. GPS Guidance Svstem Design Objectives

INTEGRATED GPS/INERTIAI

The desired level of ECM resistance places several requirements on the goidance system func-
tional design. To begin with,
(AJ) capability. This is achieved by tracking the pseudo-random Precision (P) code signals and using
minimum acquisition velocity aiding must be supplied to the re
ceiver to achieve these narrow bandwidths in the face ¢f anticipated missile dvnamics,
essential to provide for extrapolation of range and range-rate to the NAVSTAR satellites, permitting
reacquisition of GPS signals following periods of signal loss, Secondly, a pure inertial guidance capa
bility s necessary, as this provides a means to continue to the target/acquis
nals are not regained.
with the target.
ments dictate an integ
functionally in Figure 3,

the missile receiver (M-Receiver) must he designed for maximum antiiam

and tracking bandwidths, However,

Aiding is also

tion basket if the GPS sig-

This capability is essential for scenarios where powerful jammers are collocated
!

The twin requirements of receiver velocity aiding and navigation without GPS measare-

ated GPS/inertial navigation guidance svstem. An integrated svstem is shown

In the closed guidance loop (lower portion of figure), the vehicle dynamics are sensed by an

inertial measurement unit, The measurements are then used to perform inertial navigation, providing

vehicle position and velocity estimates which can he compared to desired target coordinates. Difler
ences bhecome a basis for the generation of steering commands generated for an antopilot., In the ab
sence of any other information, the missile will perform with accuracy determined primarily by the

quality of the inertial measurement unit,
measurements of vehicle position and velocity which are compared in a Kalman filter with inertial de-
rivations of like data. Differences in these quantities are then used to estimate both the dominant GPS

The GPS Class M Receiver provides additional independent
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Figure 3. GPS Guidance System Functional Design




and dominant inertial error contributors, allowing compensation in the navigation computations. I'he
integration of GPS and inertial irformation via the Kalman filter is ideal from a syvstems view point.
The OPS receiver provides highly accurate, long-term data which are used to bound the growth of iner-
In fact, these data can he used to calibrate and compensate for the principal errors of a
On the other

tial errors.
low-quality (low-cost) inertial unit, yielding improved system navigation performance.
hand. the inertial sensors provide velocity aiding to the GPS receiver, improving its performance in a

high ECM environment,

The integrated GPS/inertial concept results in two distinct advantages for a missile guidance
svstem. The inertial aiding of the GPS receiver coupled with the bounding of ine rtial errors with GPS
measurements allows formation of an optimal guidance system from the combination of s iboptimal (low -
cost) s tems., And most importantly, this integrated guidance automatically reverts to simple iner-
tial guidance whenever GPS signals are lost for any reason. In the presence of severe jamming, the
misstle contin vuide to the target or terminal acquisition point, suffering only a graceful degrada-

s to g
tion of accuracy rather than a catastrophic loss of guidance.

. GPS AIRCRAFT NAVIGATION/MISSILE GUIDANCE INTEGRATION

A launch aircraft with an integrated GPS/inertial navigation system as a part of its avionics suite
mique advantages to the atrcraft/missile weapon system. T'his combination provides both in-

offers
creased operational flexibility and reduced cost and complexity of the missile GPS guidance system,
Figure 4 illustrates the desired aircraft/missile guidance system interface.
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Figure 4. Desired Aircratt Missile Interface

AIRCRAFT/MISSILE INTERFACE

Two specific interfaces are required: 1) an RF link to carry GPS signals from the aircraft
antennas to the missile (Snpvr‘\mposvd on the RF link are discrete time synchronization signals to svn-
chronize aircraft and missile GPS receivers, facilitating rapid signal acquisition), and 2) a path for
digital initialization data from the aircraft GPS equipment to the missile guidance svstem via the air-
craft digital data bus. The significance of these interfaces to the simplification of the missile GPS re-
ceiver is more fully described below.

Providing RF signals from the aircraft antennas vields two significant advantages. The first
advantage is that verification that the missile guidance system is functioning properly can be made prior
to weapon launch, The second is the availability of higher signal-to-jammer reception of the satellite
signals by the aircraft antenna system than can be provided by the necessarily smaller and simpler mis-
sile antenna system. This is an important advantage since the missile receiver requires higher signal-
to-noise conditions for initial acquisition of the signal than for lock and track. Having once acquired the
satellite signals and established accurate time synchronization, the missile receiver has the capability
to reacquire the satellite transmissions after launch under lower signal-to-jam conditions. Additionally,
tracking before launch provides GPS measurements to the on-board Kalman filter to allow alignment of
the strapdown inertial guidance system and estimation of the phase and frequency offsets of the missile
receiver clock, When the missile is launched, the guidance system loses the NAVSTAR signals for sev-
eral seconds until the missile is clear of the aircraft. The guidance system then initiates a reacquisi-
tion of the signals. Estimation and compensation for the receiver clock offsets reduces the uncertainty
in reacquisition timing. This allows reacquisition with a narrower bandwidth and consequently lower
required signal-to-noise,




MISSILE RECEIVER SIMPLIFICATIONS

The principle goal in the design of the GP'S missile guidance svstem is

form

ance in an ECM environment with a minimum cost of equipment in the

expen

goal has heen realized by Hughes in the svstem design «

veloped during the Tactical (

Development Program for the U, S, Air Force Armament [ aboratory, Fglin AFB., In that design, dis

cussed helow, a high level of functional integration is achieved between the atrcraft GPS inertial nav
m and the missile GPS guidance svstem, Specifically, the d

sSign cong l‘[‘! eliminates functions

missile guldance system that can be performed by the launch aircraft

supplied to the missi

nediately prior to launch.

A typical GPS receiver performs algorithms which enable it to select the optimum four satellites
ta track at a given lacation and time; search, acquire,
transition to search, acquire and track the Precision (
sages to obtain n'p‘\:'fn:- ris and other navigation data; and compare | 1 L2 time of arrival to com
felay. To accomplish these tasks, the typical receiver design must
are

k the Clear Acquisition (€ A) code:

demodulate the 50 bps navigation mes-

tonosphe ric

ation on the entirve system of 24 satellites: complex hardware and software
acquire, and track bot
and dual
indicates the initial condition «
direct acquisition and track of

tollowing perage

searct n

) receiver operation.

h C/A and P codes: phase tracking of the carrier to permit demodulatic

of the 50 hps dat

hardware to allow simultaneous I | an .

LN
ta that can be provided by the aircraft GPS equipment to facilitate the
)

1e satellite P code signals by muach simplified missile equipn

hs describe how th

simplification i1s achieved.

It is presumed that the launch aircraft has acquired and is tracking the desired GP'S satellite

> By passing the identity of the desired set of satellites and the
parameters required to describe the ephemerides to the missile guidance svstem, the algorithm for

selection of the optimum combination of satellites and the almanac describing the ephemerides of all

24 satellites are avoided in the missile.

“

For the shorter range mis

such as GBU-15, the ephemeris parameters passed from the
aircraft are adequate throughout flight, eliminating the need for a carrier tracking loop capable of ex-

tracting the 50 Hz navigation message {rom the satellites' signals. For longer light times,
the crutse missile, 1t may be necessary to change a satellite inthe constellation, Since the satellite

nerides are predictable, the launch aircraft ¢

as lor

anticipate the problem before launch and assign
ed new satellite and the time to make the transition. The longer flight times of the cruise
t 1 demodualation during flight,

missiles may also require

M-Receiver acquisition of the satellite signals is greatly simplified by the aircraft receiver
plying a precision timing mark on the RF link, This allows direct acquisition of the P-code signal,
eliminating an M-Receiver requirement to carry a C/A code generator, which would be needed to ac-

quire the 1,023 MHz C/A code.

Significant M Receiver cost savings

operation, which is used to determine the 1onospheric propogation delay by time difference measurement.
This propogation delay varies slowly with time, with a wor
The apparent average gradie
provided to the M Receiver

t-case t

e gradient of 20 ns (feet) per hour.
t is at least an order of magnitude less: thus, these data on the delav can be
imediately prior to lau nating the requirement for the receiver to
make this computation. Imtialization of 1onospheric propogation deluv also enables the missile receiver
to function while tracking only ane GPS frequency instead of two, since the second frequency exists to aid
the delay computation process.

ch, el

A constant tonospheric delay correction factor is adequate for
30 minutes. For longer flights, the correction factor for
expr

missile Night times le
ach satellite can be modeled by a polvanomial
sraftt.

ssion whose coefficients are supplied by the launch a

Figure 5 shows the corresponding hardware simplicatior
M-Receiver by taking advantage of the aircra’t GPS equipment capa
M-Receiver hardware shown is the change to a sequential receiver design and elimination of three of
the four carrier tracking channels. This simplication is not a result of the aircraft interface, rather
of integration of the GPS receiver with a missile inertial guidance system (IGS). In sequencing through
the four satellites, any given satellite is only tracked for one-fourth of the time: e, g.. S seconds if the
total period is 20 seconds, The satellite must, therefore, be reacquired cach sequencing period. Thus,
the missile's inertial navigation capability must provide dead reckoning of position and velocity suffi-
ciently accurately to position the receiver back onthe correct code chip, avoiding reacquisition. This
accuracy is strongly dependent on the initial alignment of the IGS, and subsequent periodic updating
using GPS measurements.

MISSILE INERTIAL GUIDANCE SYSTEM (IGS) ALIGNMENT

In-flight alignment of the missile’s IGS can be accomplished in one of two wavs, both of which
relv on information {rom the launch atrceraft, Uraditionally, a missile tnertial navigation svstem is
aligned by a transfer of alignment from the launch aircraft inertial navigation svstem., This typically is
accomplished by periodic transfer of aircraft velocity component estimates to the missile via the data
bus, where a Kalman filter compares these estimates, which it assumes to be vervy accurate, to its own
velocity estimates and uses the differences to estimate the misgalignment quantities,

However, since highlv precise position and velocity information is avaitable, alignment of the
IGS can also be accomplished directly from the GPS receiver measurements in the missile, providing a
significant performance advantage. This alignment would be performed in the identical filter that pro-
cesses GPS pseudorange and pseudo-range rate measurements daring flight to provide navigation ap-
dates and allows estimation of both the dominant inertial component errors (e, g., gvro bias) and domi-
nant GPS errors (e. g., clock phase and frequency). The accuracies of these two alignment approaches
are comparable,

are further achieved through the deletion of the two-frequency
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Figure 5. M Receiver Hardware Simplifications

An Upper-Diagonal (U-D) form of Kalman filter is used to generate the integrated GPS/inertial
navigation solution. This filter form is the most computationally efficient of the Kalman filter forms that
are designed to ensure a stable estimation solution. The M Receiver range measurements are used
sequentially by the filter, one every 6 seconds, to estimate the dominant inertial and GPS errors. The
14 states used in the Hughes Tactical GPS Guidance System filter are shown in Table {. This filter
provides the mechanism for aligning the inertial sensor package to the navigation coordinate system prior
to launch. Alignment is achieved via an 'S turn maneuver in the horizontal plane to produce horizontal
changes in velocity, allowing observation of the azimuth misalignment. The maneuver and correspond-
ing velocity history are shown in Figure #. The transient response characteristic of the filter under
these conditions can be seen in Figure 7. Several simulation runs were made with different interferring
noise histories. The shaded area indicates the resultant dispersion in performance.

TABLE 1. DEFINITION OF FILTER STATE VARIABLES

Filter State System State |
Xl North Velocity Error, m/sec
,\Z.Z West Velocity Error, m/sec
X, Up Velocity Error, m/sec
f\'4 Latitude Error, meters
X Longitude Error, meters |
Xq Altitude Error, meters
T\’T Misalignment About North, degrees
Xg Misalignment About West, degrees
Ca Misalignment About Up, degrees
\'m Clock Phase Error, meters
X1 Clock Frequency Error, m/sec
‘\:l..’. b Gyro Drift About Forward, deg/hr
X3 Gyro Drift About Left, deg/hr
,\'H : Gyro Drift About 7, deg/hr
| —
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NAVIGATION PERFORMANCE -~

The filter also plays a key role in the ECM resistance of the weapon's guidance system.  When
four satellites are being tracked, the frequency and accuracy of the GP'S measurements provide an
accurate navigation solation even with sigatficant recetver and inertial sensor errors. However, ina
hostile jamming environment, it is likely that the signals from one or more satellites will be lost during
portions of the missile's trajectory, particalarly in the vicinity of a heavily-defended target, When
satellite signals are lost, navigation accuracy can degrade rapidly if the major errors are not limited,
The filter provides the mechanism for estimating and compensating for these errors,

The navigation accuracy of the guidance system has been investigated via computer simulation
studies, The particalar satellite constellation assumed is shown in Figare 8, The navigation perfor
mance of the system has been determined for various numbers of satellites from four to none.
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sile's position in navigation coordinates.
racy is assured by simply maintaining track of the satellite signals.
regardless of the signal-to-noise environment,
for midcourse guidance; therefore, the problem is essentially one of maintaining signal tracking in a
This capability is closely related to the accuracy of velocity aiding provided to
For this reason, performance is measured in rss velocity error and is presented here
relative to nominal performance.

satellite signals,

jamming environment.
the receiver.

RELATIVE TO NOMINAL

RELATIVE TO NOMINAL
RSS VELOCITY ERROR,

RSS VELOCITY ERROR

|———o|sATE|.uTE LOSS

TIME, SECONDS

The principal measure of guidance system performance is its accuracy in determining the mis-
Studies have shown that achieving adequate navigation accu-
If the receiver is able to track the
the navigation accuracy is acceptable

Figure 9 illustrates the effect on performance of losing the overhead satellite for a period of
Surprisingly small errors are developed under this condition.
of the ability to estimate the dominant clock errors of phase and frequency offset.
shown is comparable to that resulting from losing any one of the four satellites for an equivalent period.

The loss of two satellites, as could be anticipated, is much more detrimental to performance.
The effect of losing satellites 1 and 2 for a 60-second period is shown in Figure 10.
is representative of that experienced with the loss of any pair of the four satellites being tracked.

This is primarily a result
This performance

This performance

25
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Figure 10. Effect of Losing Two Satellites

Effect of Losing One Satellite
on Velocity Estimation Error

on Velocity Estimation Error




IV. TACTICAL WEAPON DELIVERY

[n the integrated configuration described above, GPS is an especially attractive guidance aid for
tactical weapons, [n addition to great accuracy, this radio navigation system offers three attributes
highly desired by military commanders: flexibility of employment, operational simplicity, and stealth,

NAVIGATIONAL ACCURACY

I'he navigational accuracies of most GPS receivers are expected to average % to 10 meter spheri-
cal error warldwide, 24 hours a day. Table 2 depicts the GP'S error budget which leads to this figure.
For sequential tracking receivers, such as the M-Receivers currently being developed within the USAE
Tactical GPS Guidance Demonstration Program, the ranging error may be somewhat larger, In addi-
tion, for long flight time, GDOP could degrade before the target is reached unless the receiver is de-
signed and programmed to change satellites during flight (or a constellation is chosen such that GDOP
is unconstrained at launch, but is optimum at the target), Atmospheric delay error may also grow,
depending on missile time of flight and type of propagation delay compensation.

TABLE 2. GPS NAVIGATION FRRORS .
(Meters, lo)

e et WS
Error Source ] ( GPS Receiver
Satellite Ephemeris ' 1.5
Uncorrected Atmospheric Delay 2. 5
Multipath 1. 8
Satellites Unmodeled Clock Errors and Signal Delays 0.9
Receiver Ranging Measurement Deviation |
RSS 3,8
GDhOP! Z; 2 to 3
L One Sigma Spherical Error, meters | . Swen |
Geometric Dilution of Precision - a factor which describes the degradation of accuracy
L in three dimensions due to the nonoptimum geometric configuration of satellites. J

FLEXIBILITY OF EMPLOYMENT

Weapons using GPS guidance will provide great flexibility of employment in several ways. Since
the GPS is a radio navigation system, these weapons will be capable of all-weather, day-night operation,
The NAVSTAR satellite constellation is designed to provide uniform signal coverage over the entire
earth. GPS guidance will thus be usable worldwide. Weapon trajectories will be unconstrained by terrain
(mountainous, flat, or ocean), or by distance from friendly forces. Operational flexibility is further
enhanced by rapid response to targeting. Weapons with GPS guidance will be able to accept targeting
commands before launch, via program tape; in-flight before launch via pilot or weapon system operator
inputs over the aircraft digital bus: or even postlaunch via secure data link, such as the Joint Tactical
Information Distribution System (JTIDS).

OPERATIONAL SIMPLICITY

Under the dynamic scenario of conventional combat, operational simplicity is a feature to be
desired of any weapon system. Since missiles with GPS guidance and prelaunch targeting are autono-
mous (with the exception of the satellite down-link), they are imminently suited for standoff, launch-and-
leave tactics. The NAVSTAR system can serve an unlimited number of users simultaneously, eliminat-
ing the need for prestrike coordination, Finally, the built-in ECM resistance of a tactical GPS
guidance system aids operational simplicity by reducing or eliminating requirements for supporting
ECCM. The relative magnitude of this FCM resistance can be seen by examining the jamming margin
of a GGPS guidance system. The total jamming margin results from, signal gain at the satellite trans-
mitter output, gain of both the satellite and receiver antennas, and the processing gain of the receiver,

Receiver processing gain results fromthe fact that the GPS employs spread spectrum communi-
cations, The principle of operation is shown in Figure 11. The PRN modulation causes a spreading of
the baseband signal in the transmitted frequency domain., The receiver then compresses this wide spec-
trum signal back to its original bandwidth, by correlating the received signal with a replica of the PRN
code, At the same time this correlation acts to spread any interfering source, such as J, by the same
amount that the spread signal was compressed. Narrowband filtering is then used to reject that inter-
ference energy lying outside the compressed bandwidth, The consequent improvement in signal-to-noise
ratio results in receiver processing gain,

The substantial effectiveness of this processing gain is illustrated by calculating the transmitted
power that would be required of a conventional communication link, to achieve the same threshold per-
formance as the GPS spread spectrum link in a given jamming environment. Consider a weapon ap-
proaching a target and a 110 mile nonspread spectrum communications link with this weapon. The
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postsignal processing signal-to-noise ratio required by this receiver is identical to that required by a
GPS receiver for equivalent detection and tracking performance. Ior either receiver

e ORI
>
(KTB, +J) d°

z|n

for J > !\'Tl”ar .
where
d = transmitter-to-receiver distance

C = proportionality constant

P = transmitted ERP
KTI".l = receiver thermal noise
J = jammer power

and where antenna gains are neglected.

Equating postprocessing signal-to-noise ratio for the two receivers and solving for communica-
tions link transmitted power gives

>
dey \° B
Per * \d x |55 ) x Popg
. GPs Taps e

where the subscripts CI, and GPS denote conventional (nonspread spectrum) and GPS links, respectively.
The design goal for processing gain of the demonstration GPS Class M-receiver is 00 dib, while the pro-
cessing gain of a conventional receiver is 0 dB. Assuming identical CW jammer power impinging on both




systems; the jamming power is effectively reduced by the magnitude of receiver processing gain,

yielding: 5-1

100 !’GPS

Hence, to achieve an equivalent degree of jamming resistance, a conventional nonspread spectrum wea-
pon communication link having 110 mile range would require 100 times greater effective radiated power
(ERP) than the NAVSTAR satellite ERP!

STEALTH

The final attribute of GPS guidance is stealth. A weapon equipped with GPS guidance is entirely
passive: it does not broadcast its presence to opposing forces, It also does not have any inherent alti-
tude limitations; it is free to take maximum advantage of low altitude contour tactics and terrain mask-
ing. The implications are higher survivability, increased effectiveness, and, lower cost per strike.

UTILITY FOR TACTICAL WEAPONS

How do these operational characteristics impact the candidate tactical weapons? Certainly, a
first consideration is that for GPS guidance, accuracy is independent of range to target. This guidance
attribute is more important for longer range weapons than short. Because of the high flexibility of em-
ployment, GPS guidance is ideally suited for weapons responsive to dynamic scenarios. Stealth and ECM
considerations favor low altitude weapons. Given these considerations, weapons that could make maxi-
mum use of GPS capabilities would include medium range and over-the-horizon antiship missiles, and
air or sea-launched cruise missiles.

An antiship missile is currently limited in range by either midcourse guidance accuracy or
target position uncertainty at the end of flight. The total missile-to-target position uncertainty at the
end of the midcourse phase must be sufficiently small to allow acquisition with the terminal sensor. The
ability to predict a target's position is currently several times better than the midcourse guidance accu-
racy of antiship missiles using inertial navigation. This guidance inaccuracy necessitates a pop-up man-
euver at considerable distance from the target, to search and acquire the target and steer out errors.
GPS guidance accuracy would allow closing to much shorter ranges, greatly increasing both weapon
effectiveness and survivability.

GPS guidance would be nearly as beneficial for air-launched conventional standoff weapons, wide-~
area, antiarmor weapons and ground-launched cruise missiles; but for these weapons, FCM resistance
appears to be the most important feature. Subsonic glide and boost-glide weapons would also make use
of the most prominent GPS characteristics, but guidance system cost would receive a stronger emphasis.

V. SUMMARY

A high level of functional integration between the delivery aircraft avionics and the missile has
been shown to be particularly important to the design of a GPS tactical missile guidance system. The
system design described achieves ECM resistance and positioning accuracy which approaches those of a
GPS aircraft navigation system, but with simplified missile equipment having far less cost. These re-
sults have been achieved by eliminating the performance, in the missile equipment, of functions which
are performed by aircraft equipment and can be supplied prior to launch.

A key element of the system implementation is a UD filter which mixes the GPS measurements of
ranges to the satellites with inertial measurements of vehicle motion, producing estimates of the domi-
nant GPS and inertial errors and reduction of their effects. The ability to estimate receiver clock errors
is shown to greatly reduce the sensitivity to loss of one of the four satellites. The effect of losing two
satellites for a period of 60 seconds is much more severe, causing a doubling of the errors in velocity
estimation for receiver aiding, which is critical to maintaining signal tracking in an ECM environment.

The advantages in the use of GPS for midcourse guidance of tactical long range air-to-surface
missiles in combination with a GPS-equipped launch aircraft are clear. These advantages provide a
weapon delivery capability unmatched in both performance and operational flexibility, With inherent high
position accuracy, GPS guided missiles can be delivered worldwide, in any weather, over any terrain.
Using GPS, missiles can fly at extremely low altitudes with a completely passive guidance system, vield-
ing a maximum of stealth and consequent dividends in both weapon effectiveness and survivability, The
antiship role provides a graphic illustration of the stealth advantages, coupled with the potential for opera-
tion at ranges limited only by targeting uncertainties.
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DIGITAL FLIGHT CONTROL SYSTEM ARCHITEC TURE AND IMPLF MENTATION

by
(. Belcher, P.A. Daniell and Dr. .M. Scott
\Marconi Avionics Limited, Airport Works, Rochester, Kent, Fngland.

SUMMARY

Digital flight control systems must be designed to match their specific functional requirements
if they are to satisfy the integrity, performance and cost targets. The architecture nust be simple and
modular so that it can be readily analysed. There must be a one to one correspondence between 1
software and hardware to ensure visibility, particularly for the I'ailure Mode Fffect analysis.

Modularity enables flexibility to be maintained during development and permits development costs to be
shared between projects. A modular system is described and its associated communication and control
system whichuses a standardised interface, is outlined. The advent of the digital microprocessor has
extended the range of viable architectures and has made multiprocessor configurations (particularly dual
processor) attractive. In such configurations, 16 bit microprocessors perform auxiliary functions such
as data management and/or self test. The degree of self test can extend from preflight testing to full
monitoring, in which the microprocessor undertakes a dissimilar check of the main processor, thereby
protecting against common mode failures which can occur in a multiple, similar redundant system.

1. INTRODUC TION

A modern automatic flight control system can vary in sophistication from a simple, single
function device (eg a roll or yaw damper) to a multi-functional system embracing 3/4 axis autostabil-
isation, autopilot functions, thrust management, flight envelope protection, and flight management
(navigation and performance computation). The development of sophisticated automatic flight control
systems has been accelerated by the advent of:-

a) Control Configured Vehicle design in which the inherent aerodynamic stability of combat
aircraft is reduced to improve manoeuverability and structural efficiency.

b) Active control of commercial aircraft which embraces manoeuvre load control (the
redistribution of aerodynamic loads to reduce structural loads), elastic mode suppression
and gust alleviation.

c) Three axis, full authority fly-by-wire primary control systems.

Figure 1 Digital AFCS Equipment




Operational survival of a single failure can be ensured by the use of either a triplex or a

duplicate monitored arrangement, and higher integrity, double failure opc rational systems can be
achieved by means of either a quadruplex or a triplicate monitored system. The Boeing YC-14, for
example, employs triplex redundancy for fail operational systems, and reduced levels of redundancy
for less critical functions. A current full authority fly-by-wire application employs double triplex
actuators for the primary control surfaces, four lanes being driven by unconsolidated quadruplex
channel outputs and the remaining two lanes by the consolidated ou‘puts from the quadruplex channels.

\s the level of sophistication of these systems grows, it is increasingly necessary to adopt a

‘total system' approach, whereby design is optimised to strike the best compromise between various
conflicting design factors such as integrity, performance, crew workload, availability, and life cycle
costs. Moreover, the individual factors are themselves giving rise to more stringent design criteria.

The probability of failure of a high authority, fail-operational system must be extremely low, and
this calls for a high integrity design incorporating both redundancy and self monitoring techniques to
obviate the catastrophic effects of control surface hardovers under single or multiple failure conditions.
Digital processors do not degrade gracefully and the consequences of a hardware failure or software
error may be complicated and variable, dependent on the nature of the computation beiny performed.
Such failures can result in an abrupt and extensive system malfunction unless suitable failure detection
and correction techniques are incorporated. Special safety assessment procedures have been developed
which take account of the failure characteristics peculiar to digital systems. High integrity hardware
and software architectures are designed to provide visibility of operation while meeting performance

and cost specifications.

I'his paper describes how the advances in technology are leading to systems which, through the
use of standardised interfaces and modular design, are flexible and provide adequate computing power

and integrity whilst meeting life cycle cost tar

2. MINIMISATION OF LIFF CYCLE COSTS

Procurement agencies are cost conscious, and minimisation of life cycle costs, involving an
optimum trade off between acquisition and operating costs, is a key design factor. The ability to adopt a
low risk, 'task orientation' approach whereby multisource MSI and L.SI devices are suitably configured
to meet a particular customer specification with the minimum of special-to-type hardware, while taking
advantage of continuing hardware development programmes is a key factor in reducing life cycle costs.
This approach permits the use of standardised modules and test procedures for most major functional
elements without detriment to the design flexibility, thus enabling development overheads to be
minimised for each application.

Operating costs are minimised by devoting effort during the design phase to improving reliability
and ease of maintenance. Software reliability is achieved by adherence to a hierarchically structured
prosramming technique to ensure design visibility, together with the use of a disciplined modular
structure with minimum inter-modular communication and interaction. Software hardware integration
testing requires the use of independently verified hardware, and includes closed loop testing with
simulated aerodynamics for all operating modes throughout the flight envelope.

A variety of measures are adopted to ensure hardware reliability. Component quality is carefully
specified to optimise procurement cost and reliability, environmental burn-in tests are undertaken to
eliminate infant mortality defects, and derating criteria are applied to prolong component life. The
reliability of semiconductor devices and high density 1.SI packages is also critically dependent upon
adequate cooling, and conducting cooling together with cold wall heat exchanger techniques are used to
eliminate potential hot spots and to reduce reliance upon the availability of cooling air.

Equipment is specifically designed for maintainability with regard to modularity, accuracy of fault
location, and rapidity of testing and fault diagnosis using ATF. In particular, computer data highways
interface directly with ATE, and data associated with in-flight defects can be stored on non-volatile
memory for post-flight examination at the various levels of servicing. The high diagnostic confidence
factor, and hence a low wrongful removal rate,together with the high speed and simplicity in the use of
BITE, minimises labour costs at first line. Second and third line cost are similarly reduced and thus
is aided further by development of low cost ATI® which matches the specific application. Moreover, the
effectiveness of BITI and ATE yields a significant economy in spares inventory investment,

As digital systems employ a large percentage of tin ¢ shared hardware which performs a variety of
system tasks, special test software is required to exercise all the hardware functions in a manncr more
rigorous and yet independent of any given flight software program. This test software is used during
environmental testing to ensure thorough exercising of the equipment over the full range of environmental
conditions and forms the basis of the post maintenance safety tests,

3. TRENDS IN DIGITAL THCHNOLOGY

In recent years LSI microprocessor technology has rapidly progressed to a level which matches
the avionic requirements. Current microprogrammable computers enable the designer to select the
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Ihe use of bus architectures, coupled with adoption of common data exchange standards
(eg MIL-STD-1553 for military applications and ARINC 429 for civil applications), facilitates ~
expansion by the addition of input or output devices to the 1/0 bus. Maintainability is considerably '
enhanced at LRU and module level as ATE is easily interfaced with the internal 1.RU huses. Transfer
of data within typical flight control computers is facilitated by the Direct Memory Access (DMA)
technique in which an 1/0 Controller 'handshake' mechanism determines priority and duration of 1/0

N

1

access, The use of 'cycle stealing' techniques allows processing to continue uninterrupted during data

transfer,
). HIGH INTEGRITY SYSTEMS ARCHITEC TURES

High integrity system architectures enable bounds to be placed on the effects of individual system
malfunctions commensurate with the degree of hazard involved. \lultiplexed systems employving only
cross channel comparison for safety monitoring are potentiaily susceptible to common mode failures,
common design errors and dormant failures, and close attention to the design, analysis, and testing is
therefore essential to preclude such conditions. Common mode failures may be induced by the external
environment and by eross channel or cross-lane fault propagation. The incidence of common design
errors is minimised by design visibility, coupled with adherence to strict software development
procedures together with rigorous testing. The use of dissimilar monitoring in each computing channel
can also provide fail safe protection against such errors, and can be used to detect dormant failures.

Visibility of hardware design is achieved by a combination of modularity, the minimisation of
complexity consistent with efficient task mechanisation, and the minimisation of undefined and
asynchronous operations such as interrupts. The use of a separate microprocessor for DMA 1/0 Control,
operating in parallel with the main processor, results in a clear hardware and timing interface bet ween
the real world and the software. The main processor is specifically designed for the flight control task,
and a compromise can be achieved between program size and processor complexity which minimizes
design errors in either software or hardware. Aided by the hardware design, software can be readily
structured into small independent modules, whose addressing and control sequence can be made
independent of time and instantaneous parameter values thereby facilitating the analysis and testing of
intermodule communications.
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The use of a separate micro processor for the DMA control of 1/O operations reduces the task of
the main processor, and provides considerable scope for increasing the extent of self monitoring
throughout the system. Hitherto, self monitoring of a single processor has been used mainly to
augment the cross comparison monitoring of redundant systems to guard against dormant and common




mode failures and to increase system availability. Such self monitoring is essentially passive in that
sivnal stitnuli are not injected into the system. More rigorous, active,monitoring techniques can now
be persued, Self monitoring is implemented using test software specifically designed to exercise all
hardware digital functions over their entire operating range i a manner independent of any given flight
software. Moreover, it coustitutes a dissimilar form of monitoring and can provide worst case testing.
Where dissimilar software monitoring is also executed by a separate processor, protection is provided
against main processor desipn faults.

For certain critical elements of digital systems, dedicated hardware monitors are used to
complement the self test software routines. The most likely configurations for near term future
systems will employ an optimum mix of self monitoring, cross comparison monitoring and dissumilar

monitoring, as governed by the pa rticular system requirements.
6. MULTIPROCESSOR CONFIGURATIONS

Future flight control systems will employ more elaborate multiprocessor configurations, in which
the partitioning of functions among distributed processors can provide & measure of graceful degradation
for the overall system, as well as relaxing size, performance and power consumption constraints which
ns, Possible configurations range fron:

apply to present processor desiy

a) Several processors interconnee ted by a data bus accessing common data and progran
stores and the interfaces. S
to b) Several processors, each with its own pragram store, local data storc and 1 O interfaces
communicating via cither a common data busor a common data store,

Task allocation in such configuratious can aiso take a variety of forms, for example, each
processor can either perform a particular system function thereby restoring the axis segregation
characteristic of analog systems with the minimum hardware impact. Alternatively, each processor
can undertake a multijob task on a next-available priority basis, which e¢nables tasks to be redistributed
prove reliability.

amongst processors under failure counditions and permits the use of 'hot spares' to im
olling

Distributed task configurations can also be used with microprocessors performing or contr

interface functions.
T CONC LUSIONS

It is now possible to develop flight control systems which have the flexibility to meet a range of
requirements. This flexibility is based on bus orientated design and modular input- output and processor
structures. For most applications the require d levels of integrity can be achieved by the use of cross
channel and self monitoring. For the highest levels of integrity, such as full time fly-by-wire, the
problem of common failure can be overcome by designing for visibility and by introducing elements of
dissimilarity where visibility cannot reach the level required.

In systems where full tine operation is required and where em ironmental factors will lead to
derangement of more than one ¢ hannel then some form of hardened standby facility must be provided
which survives the derangement. Where the environmental factors cause only temporary disturbance
the svstem can be designed to recover from the transient by detecting the transient and entering a

realignment mode.
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SUMMARY

Operational missions into heavily defended target zones with the
likelihood for deviations from the intended routes and redirections from
Command and Control centers will impose heavy workload demands upon the
pilot/aircrew. This paper describes the approach selected by the Inte-
grated Flight Trajectory Control (IFTC) program: 1) combine the functions
cf flight control systems and navigation computers, 2) develop techniques
for four dimensional trajectory generation and display, and 3) develop
procedures for operating on information received via data link. The
system is complementary to the pilot and, by its logical operation, re-
duces the potential for pilot error in high stress situations. The paper
also describes the operational advantages offered by the system and the
method of evaluatring its performance.

j INTRODUCTION

The proliferation of the enemy military forces in numbers and in sophistication has
been impressive in the past decade. This growth and the ability to apply that military
force quickly and anywhere in the world, stresses the importance of a demonstrated deter-
rent capability which can react immediately and apply the appropriate force in any con-
tingency. Strategic power, tactical power, global mobility and a precise, well-ordered
strike capability will be necessary parts of that required capability.

The next confrontation will, in ail likelihood, be intense tactically and non-nuclear.
The battle area will be heavily defended by a multitude of defensive weapons (SAMs, AAA,
etc) supported by enemy fighter aircraft. The airpower of the enemy will be formidable.
Enemy fighters will be encountered in numbers far greater than in past conflicts. In
fact, the number of enemy fighters will probably exceed the number of friendly aircraft.

Not only will the friendly pilot have to be concerned about the unfriendly aircraft as a
threat, but the ground defenses, as well, will be numerous and quite lethal. An accurate,
up-to-date knowledge of enemy air and ground defenses and the capability to maneuver
through those defenses in a path of minimum exposure will certainly increase the surviv-
ability, and hence effectiveness, of our friendly aircraft.

Communication and precise time-space coordination have been highlighted as key capabilities
required to successfully handle this conflict. The ability to put forth a well-ordered
strike force with capabilities to strike at night and in adverse weather and to redirect

to targets of higher priority, help to offset the difference in numbers of aircraft that
the enemy will possess. However, as the pilot is given increasingly greater capabilities
(more sophisticated weapons, aircraft and control freedom) and is required to meet more
precise times on target after being redirected, the cockpit workload may become prohibi-
tively high. Reduction of pilot workload, through levels of automation and simplification
of controls and tasks in the cockpit, appears necessary to maintain a manageable level of
effort for the pilot.

The Integrated Flight Trajectory Control (IFTC) program is concerned with these problems
that the pilot will face in the future. To better appreciate the expected problems, the
projected tactical environment and operational techniques need to be examined in more
detail.

As indicated above, the tactical scenario is characterized by large numbers of enemy air
and ground elements,& heavy concentrations of air-to-air and ground-to-air defense systems
on both sides of the battle zone. The enemy's superior numbers of land and air elements
requires the friendly air forces to maintain tactical air superiority through more effi-
cient utilization of aircraft. Friendly aircraft will be required to fly missions into
enemy territory under night and adverse weather conditions to neutralize and/or hamper
enemy ground movements. To accomplish this, a high level of command and control (C<) will
be utilized for efficient allocation of available air and ground elements. A jam resis-
tant, digital communication link will supply, in real time, command and control directives
and tactical information from various sources to the cockpit for the pilot to assimilate
and act upon.
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This secure data link capability is currently being developed by the U.S. Department of
Defense under the name, Joint Tactical Information Distribution System (JTIDS)[1l]. Ex-
amples of the tactical information sources for JTIDS are: near real-time reconnaissance
from Quick Strike Reconnaissance (QSR) aircraft, ground and air threat locations from the
Precision Emitter Locator Strike System (PELSS), and aircraft track information (friendly
and unfriendly) from the Airborne Warning and Control System (AWACS) and from other JTIDS
user aircraft. Coupled with the tactical information, a precision navigation system such
as the Global Positioning System (GPS)([2] or the JTIDS's Relative Navigation Capability [3]
will be used for the tactical navigation grid to supply the accuracy needed for night/
adverse weather operation.

Air operations in this dense air and ground threat environment will be characterized by
complex, time critical mission profiles needed to coordinate the mix of strike, airlift
ind support aircraft. This precise time-space coordination will enhance,

e air assault ssions where timely support from air defense, stand-off jammers,
and gunships is critical for mission success and survivability,

e interdiction missions which require time scheduling of the suppression of enemy
defenses while the strike aircraft proceeds with the weapon delivery in con-
cert with other strike aircraft,

e airlift missions where air defenses and ground defense support in air drop
areas is required for the time intervals when the transport aircraft are highly
vulnerable to enemy attack, and

e night/adverse weather missions flown under instrument conditions which signifi-
cantly contribute to the cockpit workload.

redirection capability and the increased availability of tactical data pro-
he JTIDS will obviously enhance the capability of the friendly forces. However,
ability for redirection, though beneficial, will increase the already high cockpit
workload if not implemented properly. Targets will change, refueling will be rescheduled,
ingress/egress routes will varyv and all this can and will occur after takeoff, thus af-
fecting the mission profiles and schedules of a number of air elements.

Restating, the IFTC program's concern is that in the dense threat environment, coupled with
the vast availability of information and a redirect posture, the potential for increased
pilot workload will in all likelihood make the pilot the limiting factor in the execution
of time critical missions. Thus, the operational improvements that can be provided by C<
and the advanced tactical systems may not be reliably achieved due to the inability of the
pilot to translate the tactical situation information supplied to the cockpit into appro-
priate aircraft control actions.

Current state-of-the-art cockpit equipment (autopilots, flight directors, and Inertial
Navigation Systems (INS)) provide pilot relief and steering cues for flyving under constant
attitude, heading, altitude, or speed conditions and for flying straight line profiles
between stored mission destination points. Today, this equipment, along with navigation
maps and hand calculations, are used to navigate along the mission route and meet all
specified target and rendezvous times. Determinations of fuel quantities to be used during
the mission segments and refuel points are computed during the pre-mission planning. De-
viations from the original mission plan, which could be caused by the need to avoid the
lethal airspace around a new enemy SAM location, the need to divert from the current course
because of an approaching enemy aircraft, or profile changes made to take advantage of
terrain features to minimize detection by enemy radars, will require the pilot to work

with navigation maps and the new tactical data to determine the desired path back to the
original mission profile. These disruptions will force the revisions of the profile, the
time schedule, and the fuel predictions.

Mission redirects, especially redirects that require precise space-time coordination with
other air elements, will require even more work by the pilot. The new mission route will
need to be plotted on the navigation maps based on JTIDS alphanumeric messages, and using
aircraft performance charts. It must be determined if the time schedule can be met and if
there is sufficient fuel to execute the task and return to base or rendezvous with an
available refuel tanker. Survivability must also be considered. In revisine the
mission profile, the threat situation needs to be considered. If the mission is achiev-
able and warrants the risk, data describing the mission route will be entered into the
cockpit equipment used for flying the aircraft along the new profile. If the pilot noti-
fies the commander that he cannot comply with the mission redirect, the process will start
over and a target that could be destroved may be lost.

The level of this type of cockpit work is formidable for a pilot or aircrew under non-
combat situations and is probablyv impossible to manage with the heavy stress expccted in
combat situations. Furthermore, detailed planning for mission changes and redirects,

which have not been needed for effective operations in past military air conflicts, reduces
the valuable time needed for operation of radar, communication receivers, and jamming
equipment, and for early visual detection of enemy aircraft - a fundamental concern of all
military pilots.

The IFTC program objective is to expand the flight management capabilities of on-board
equipment to reduce the pilot workload needed to operate in a hostile tactical environ-
ment with both real time mission redirects provided by data links or pilot inputs under
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aut onomous operat fon This program is developing a system which adds (light management )(
capabilities through the use of digital computers to integrate guidance and control with
control /display, navigation and data link svstems

2 FHE  INTEGRATED FLIGHT TRAJECTORY CONTROL CONCEPT

The Inteprated Flight Trajectory Control program is developing an on-board stem
that will provide pilots increased capability for real time management of their tactical
missfons.  The expanded tlight management capabilities will be achieved through the tol
lowing

e Real time computation of four-dimensional (x,v,. and time) trajectories in
response to pilot or data link inputs On-board computation ot the mission
protile relieves the vilot of this time consuming and mentally tatiguing task

e Automat i¢ pguidance and contrvol of the aivervate along the four-dimensional
(4=D) trajectory to provide the capability of achieving assipgned mission time-
of-arvivals with minitmam pilot ettfort while flying missions during night /adverse
weather conditions Prect atreratt contrvol in both space and time is achieved
using accurate radio and itnertial navigation systems This atveraft control
capability complements the all weather tarvget detection, weapon delivery and
landing systems that exist or will exist on tactical aircraft

o Integration ot the control/display svstem with the 4-D trajectory generator and
puidance and control functions to ettect an eftficient technique for pilot intetn

action with the IFTC svstem Graphical representation of either a horvizontal
or vertical view of the tactical situation, including the computed trajectorvies,
will be displaved on an electronic display For pilot communication with the

system, an interactive control/display cot sting of a multitunction kevboard,
dedicated mode kevs, and an electronic display for presentation of alphanumeric
data has been developed which minimices the etfort the pilot needs to use to
create, modity, and/or enpage new mission protiles :

The IFTC system will add flight management capabilities to both militavy transport and
fighters with the trajectory generation, guidance and control, data link intepration,
and intervactive contrvoller/display techniques applicable to both assault and aivlitt
issions

2.1 System Description

Figure 1 fllustrates the IFTC integration of trajectory gpeneration, aircraft control,
tactical communication items, navigation svstems, and control/display Digital pro
cessing s the means through which this intepration is achieved. The trajectory pencrator,
the control law, and interactive control/displays proce ny make up the heart ot the
comput er program The computer processes, lk aivceratt position, velocity, and attitude
inputs trom the atvceratt's navigation system, ) tactical situation and C- data trom the
communication system, and 3 pilot {nputs inserted through the interactive control /display
harvdware The computer outputs atveratt control commands to the tlight control system
and data to the cockpit's displavs and indicators,

The trajectory genervator computes the 4-D trajectory based on data detining the mission
profile, data describing the threat environment s, and knowledpe of the aiveratt capabil
ities and constraints The mission profile data is a sequence of points (wavpoints, tarv
pets, rendesvous points, mission task initial points, and approach points) on the tlipht
path with additional point parameters such as Time of Avvivals (TOA) and speed, detining
points on the speed and time schedule The trajectory gencerator computes a set of param
eters that define all points on the horicontal and vertical parvts of the trajectory, the
speed and time schedule profiles, and the fuel requivements tor the mission The trajec
tory is adjusted to either avoid the lethal airspace around threats, or it nece Ty,
penetrate them with a minimum of alrvervaft exposure The aircraft performance capabilities,
the operational limitations, and predicted winds ave constraints on the computed trajecs
tory

Guidance and control of the aiveratt is handled by a control law that tracks the computer
penerated protile according to the computed time schedule.  The control law has both auto
matic and manual modes.  In the automatic mode, which relieves the pilot ot the tracking
task, the control law generates elevator, atleron, and throttle commands to minimize the
difference between he curvent airveraft state (position, velocity  and attitude) and the
desired airceraft state on the reference trajectory Predictive tnformation trom the
reference trajectory is included as terms in the contrel law's command to minimize the
mt path tracking errors that could occur during trajectory divect ion and sveed
Measurement s of the current aivervatt state are provided by the aiveratt's navi
gatfon systems.  The commands are fed to the servo actuators in the afvevate's t1ipht
control system tor translation into control surtace and throttle displacements.  In the
manual mode, the control law provides attitude and throttle commands on the Attitude
Director Indicator (ADI).

The pilot's ability to communicate with the system's digital computer will determine the
system's usetlulness in the cockpit Pilot workload is reduced by the automatic computa
tion of the mission trajectory, These trajectoric must be displaved rvelative to the
tactical sftuation so the pilot can make: the decision to enpage, modity, or reject them
Graphical presentation of this information is desivable, thus the svstem utilizes an




electronic display, referred to as the Situation Display, to present the tactical situa-
tion. Aircraft present position and track, engaged and alternate trajectories, lethal
coverage areas of threats, and friendly and unfriendly aircraft locations are projected
in a selectable horizontal or vertical format.

Operations using the interactive control/display have been structured to minimize both

the mental and manual effort required for the pilot to communicate with the system.
Understandable, logical, and reasonably simple procedures have been established for pilot
interaction using a combination of electronic displays, dedicated and multifunction con-
trol keys, a hand controlled crosshair (on the Situation Display), and computer automation.

Data supplied via the tactical digital communication system is automatically input to the
trajectory generator, the interactive control/display, and the Situation Display. Modifi-
cations of the present profile or a new trajectory are computed with the tr%jectory gener-
ator and displayed on the Situation Display in response to new threats or C4 inputs. If
required, the system presents an anticipatory engape profile presentation on the inter-
active control/display to simplify the pilot's flight management task.

2.2 Operational Capabilities

The United States Air Force flys a larpge percentage of its peace-time missions in
controlled airspace with a mix of civil and military aircraft on prescribed, preplanned
routes. Current cockpit equipment has sufficient capability to meet the demands of this
type mission. However, in times of conflict when seemingly well-planned missions become
confused by enemy ground forces (AAA, SAMs) and enemy aircraft, a more flexible system is
required to unburden the pilot during and after these distractions.

The IFTC system has been designed with this volatile operational epvironment in mind. The
IFTC trajectory generator accepts new points from the data link (C<) and computes a new
trajectory, after considering aircraft performance parameters, threats, and mission con-
straints, to produce a flyable trajectory. The Situation Display presents the trajectory.
This newly computed trajectory is presented as a dashed line to distinguish it from the en-
gaged profile. This method of presentation was selected to aid the pilot in recognizing
that he has been directed to another target or that a threat avoidance zone has been dis-
covered in this engaged flight path. This relieves the pilot of a significant amount of
work such as computing has speed/time profiles and fuel requirements to complete the
mission since this dashed profile is defined as being a physically flyable alternative.
This change need not have been inserted via data link, but could have been input by the
pilot using the keyboard to enter latitude and longitude or the range and bearing of new
trajectory points. This operation is greatly simplified by using the hand controlled
crosshair to designate new point locations on the Situation Display.

The capability for acceptance of data linked information into the cockpit for display

and automatic input into the trajectory generator exhibits the potential for a signifi-
cantly greater amount of pertinent tactical information to be received and evaluated by
the pilot. This automation is accomplished while maintaining the necessary feature of
permitting the pilot to scrutinize the incoming data and have the final decision authority.
Without this capability, the visual recognition and the manual insertion of incoming data
would saturate the pilot in very short order.

The parameters that can be specified with each point of the trajectory are not limited to
latitude, longitude, altitude and time but such parameters as heading, flight path angle,
turn radius and speed are accepted. These parameters can be inserted and the trajectory
generator automatically computes the profile. This capability lends itself to weapon de-
livery missions in low visibility conditions where the aircraft's heading, flight path
angle, and speed must be controlled for the desired delivery path, which without a tra-
jectory generator places a significant workload requirement on the pilot.

It is widely felt that the battle zones of the next conflict will be highly saturated with
SAM and AAA implacements. In this situation the IFTC threat avoidance/least exposure com-
putations are of significant benefit. Present methods dictate that the mission's pre-
planned route avoids known implacements. The pilot must perform defensive maneuvers when
warned by the on-board equipment. It is at these times that the pilot begins to lose track
of his position in relation to the target and especially of his time schedule. With the
increased capabilities afforded by the IFTC system the pilot will continue to have control
of his aircraft to perform necessary defensive and/or offensive maneuvers, with his best
intercept back to the original path or a new, more direct path being constantly computed
and displayed. This continuous precise updating of the aircraft parameters, such as
position, speed, time on target, and fuel remaining, which can be transmitted to C< via
the secure data link will significantly aid the C#4 capability to utilize the strike forces
to their greatest advantage. Knowing the fuel situation of each aircraft is beneficial

in the prioritizing of the refueling operation without a high level of voice communication.

9
The flight management capabilities provided by the IFTC system when centralized C° inputs
are provided by a digital data link have been addressed above. However, when the aircraft
is operating autonomously, or with several other aircraft in a local area with voice only
commands of a Forward Air Controller, the IFTC system capabilities are still beneficial in
reducing the computations and data entry (workload) requirements that are imposed by pre-
sent data systems. Operating without benefit of data linked information, the aircraft can
respond in minimum time and with minimum work effort, to radio contacts with controllers.

Alcompazison of several important gimbal and strapdown characteristics is shown in
_Flaure - - > ? 2 =L o1
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In summary, it is felt that the operational benefits derived from the IFTC system will Y\:r
meet the requirements for a quigk reaction, precision time-space control system while
providing the flexibility for C¢ redirects. The pilot workload is limited to a level that

is equal to or less than presently encountered in either fighters or transports.

3.0 IFTC DEMONSTRATION PROGRAM

The current IFTC program, which is the outgrowth of an earlier study that applied
the IFTC concept to the terminal area control of military transports [4].[5%], is applving
the system to a fighter vehicle and mission. The following has been accomplished.

e The 4-D trajectory generation and control law equations have been developed
for a representative fighter.

e The interactive control/display operation, Situation Display presentation,
and other cockpit instrument outputs have been structured for mission tasks
typical of a fighter involved in air-to-ground weapon delivery.

. . : : . ~? s .
e Methods for automatically accepting tactical situation data and C< directives
supplied by digital communication systems in the trajectory generator and inter-
active control/displays have been developed.

e A hybrid computer simulation of the above capabilities has been developed with

the following features:
e A cockpit with F-16 dimensions, see Figure 2

An F-4 aircraft model

e Interactive control/display, an electronic Situation Display,
an electronic ADI, and other indicators are installed in the
cockpit.

e The capability for inserting tactical digital data messages
as well as voiced command and control inputs into the cockpit.

Figure 3 shows the simulator configuration. The hardware elements in the simulator are
as follows:

Applied Dynamics AD-256 Analog Computer

Applied Dynamics AD-4 Analog/Hybrid Computer

IBM-370 Digital Computer

Digital Equipment Corporation Model PDP-11/20 and PDP-11/03
Hughes Conograph Graphic System

Single Seat Cockpit

Man-in-the-loop testing in the fighter cockpit will demonstrate and evaluate the IFTC
system.

4.0 FOUR-DIMENSIONAL TRAJECTORY GENERATION

The backbone of the IFTC concept is the ability of the on-board digital computer to
generate a four-dimensional trajectory in space in response to pilot or data link inputs.
The fundamental requirements of the trajectory generator include the ability to,

e construct a curved, three-dimensional path between points in space
e construct a “time' profile
e verify a flyable trajectory

Each trajectory is constructed from a sequence of points and specified parameters asso-
ciated with these points.

The 4-D trajectory is divided into, 1) horizontal curved paths consisting of constant radius
turns and straight line segments used to join successive points in the mission profile,

2) vertical paths made up of constant flight path angles to change altitude, and 3) a time
schedule and corresonding speed profile. The basic computational blocks of the trajectory
generator are shown in Figure 4. The threat avoidance equations determine if any mission
points lie in the defined lethal airspace volume around each threat, or if any straight
path between successive points intersects the threat volumes. If anv intersections exist,
new trajectory points are created that define a profile that avoids the threat volume.

4.1 Trajectory Point Parameters

The curved horizontal paths computed by the trajectory generator afford a preater
flexibility for mission synthesis by allowing, but not requiring, many parameters at ecach
point to be specified. As a result a complex, curved trajectory is computed with fewer
number of x, y, z (only) points needed for definition than is possible with conventionally
defined profiles. The complete point definition may include the following parameters in
addition to the required space coordinates

o TIME COORDINATE (DESIRED TIME-OF-ARRIVALS) o VERTICAL FLIGHT PATH ANGLE
o TRACK ANGLE e TURN RADIUS
o AIRSPERD e WIND VECTOR

T O

4.2.1 Functional description
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Generally the function of the point in the mission determines which parameters will be
specified. For example, the simple waypoints used to define the enroute navigation pro-
file may only require latitude, longitude, and altitude for specification, while weapon
delivery initial points (IPs) may additionally require the specification of track angle,
airspeed, and time-of-arrival.

4.2 Threat Avoidance

As described in the introduction, a dense threat environment will exist in the future
tactical arena. The trajectories computed by the IFTC system will either avoid the lethal
airspaces around the threats or, if required, penetrate the lethal airspace with flight
paths that minimize the aircraft's exposure to the threat. The IFTC trajectory generator
models the ground based threats as vertically oriented cylinders with radii and height
approximating the lethal range of the threats. This threat envelope is adequate to
demonstrate the action of the trajectory generator relative to the threat data present
in the IFTC system.

Currently, the threat avoidance equations use the known threat locations and types and
determines those profile segments which will penetrate the lethal range envelopes. The
equations will add points to the original sequence of points defining the trajectory

that will cause the trajectory to avoid the threat volume (or volumes) by stretching the
horizontal or vertical paths. Associated with these points are the inbound and outbound
turn radii, ground track angles, and flight path angles needed to construct the avoidance
segments. The avoidance segments are generated to minimize the total deviation from the
original trajectory. This strategy reduces the effect on any time-of-arrival constraints
placed on the mission.

Before the IFTC program is completed the threat avoidance equations will be developed
further to purposefully allow penetration of the threat volumes. There are several rea-
sons to deliberately penatrate a threat volume:

e The extra path length to avoid the threat and the corresponding time delay
may preclude meeting the specified priority time schedule.

e The threat may be unavoidable because of aircraft dynamic limitations.

o The need for weapon delivery on a target within the coverage of one or more
threats.

The strategy for deliberate penetration, of course, will be to minimize the aircraft ex-
posure to the threat.

4.3 Horizontal Path Generation

To determine the total horizontal path, the sequence of points defining the trajectory
are processed sequentially in pairs by the IFTC horizontal path generation equations until
the mission list is exhausted. The horizontal path generator determines the shortest path
between the two points in each pair using an initial turn, a straight segment and a final
turn. This path type is required only if the second point, referred to as the '"to" point,
has a specified ground track angle to be satisfied at the instant of flyover, as might be
the case for weapon delivery or rendezvous initial points (IPs).

If the track angle is not specified, the horizontal path reduces to a simple turn followed
by a straight segment toward the '"to'" waypoint. Points with no specified track angle are
used as general navigation points, and the trajectory generator does not force "flyover"
of the points. The profile will smoothly and predictably transition from the inbound
course to the outbound course.

The parameters determined by the trajectory generation equations and transmitted to the
Simulation Display, interactive control/display, and control law, when the trajectory is
engaged, are shown in Figure 5. For two successive points, P, and PZ' defined by lattitude
and longitude and other pertinent parameters, the horizontal bath is“generated by com-
puting,

a. L and @, the length and heading of any straight-line segment between points
of tangency with turns at P; and P,.

b. XTRl, YTRl and XTR2, YTR2, the coordinates of the points of tangency.

¢. XCR1l, YCRl and XCR2, YCR2, the coordinates of the centers of the turns at
Pl and PZ‘

d. LCR1l, LCR2, the length of the curved path segment around the turns.

If a turn radius is not specified, the trajectory algorithm establishes the radius as a
function of the specified, or a predicted airspeed, and a nominal aircraft bank angle.

4.4 Vertical Path Generator
For an altitude change between point pairs the vertical path generator uses either

one flight path angle (FPA) for the entire path between the two points, when a flight path
angle has not been specified, or two FPAs consisting of a segment with a specified FPA and
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a zero FPA segment. Whenever aerodynamic constraints or a pilot-specified FPA prevents the

aircraft from changing altitude with only FPA changes, a spiral descent or ascent is gen- (3,7
erated to indicate to the pilot, via the Situation Display, how the altitude change can be
made .

When unspecified, the FPA for the ith point pairs is computed as
Ty = tan_l((Hi_l-Hi)/iCh segment length)

For this type of altitude change the aircraft flies with a constant y., for the total seg-
ment. If the FPA is outside the allowable range of flight path angle$, which is estab-
lished by drag, available thrust and weight, a spiral profile is generated using the
technique described below.

The two-FPA rtype is used for situations involving altitude increases or decreases with
specified FPAs. The generator determines the position along the horizontal profile at
which commencing an ascent or descent at the specified FPA will also satisfy the specified
altitude at the '"to'" point.

A spiral maneuver, is computed whenever: 1) the altitude change for the point pair cannot
be achieved with the specified flight path angle, or 2) the altitude change cannot be
accomplished with a vertical flight path between the maximum and minimum flight path angle
constraints of the aircraft. The spiral maneuver consists of circular turns with an
acceptable FPA either following the first point in the point pair or preceding the '"to"
point.

4.5 Speed/Time Profile Generation

The speed/time profile generator computes both a speed profile and a time schedule
for the 4-D trajectory. The speed profile, which is an airspeed profile, and time sched-
ule are both functions of the distance along the horizontal trajectory. The speed profile
agrees with any specified airspeeds, while the time schedule, which is calculated using
available wind information, is computed to minimize the differences between specified
time of arrivals (TOAs) and computed TOAs. The speed profile is generated with a minimum
number of speed changes to achieve a profile that is logical and understandable from the
pilot's point of view.

The technique used in generating the speed profile and time schedule involves computing

an acceleration profile for the aircraft. This profile, which is also a function of dis-
tance along the horizontal path, consists of constant acceleration (or deceleration) seg-
ments positioned along the horizontal path. Integration of the acceleration profile
establishes the speed profile. The speed and wind profiles are used to determine the time
schedule.

Figure 6 shows the primary computation blocks of the speed/time profile generator, which
iteratively adjusts the acceleration profile to minimize the difference between the com-
puted time schedule and the specified TOAs. This processing technique accounts for the

specified speeds, limits the speed profile so it does not exceed the aircraft's miximum

and minimum airspeeds, and constrains the acceleration profile so that at any point on

the trajectory the computed acceleration (or deceleration) does not exceed the available
aircraft acceleration or deceleration. The available acceleration and deceleration are

computed in terms of flight path angle, drag, weight and available thrust.

For initialization the speed/time profile generator ignores the specified TOAs and deter-
mines an acceleration profile that integrates into a speed profile satisfying all speci-
fied speeds. The initial point on the speed profile is the current aircraft airspeed,
since the first point on all 4-D trajectories computed by the IFTC system is the current
aircraft state. The initial acceleration profile has a minimum number of non-zero accel-
eration segments - only the number required to change the speed to agrece with the speci-
fied speeds.

The first step in the iteration process, see Figure 6, is to calculate the speed profile
and time schedule over all the point pairs up to and including the point with the first
specified TOA. Then the difference between the specified TCA and computed TOA for this
last point is computed. If the TOA error is sufficiently small, this part of the pro-
file is complete. (The process is also complete if the trajectory does not have a
specified TOA.) Otherwise, the acceleration profile is perturbed to reduce the TOA
error. (The technique for perturbing the acceleration profile is discussed below.)

The iteration process continues with the speed profile and time schedule being computed,
the TOA error determined, and acceleration profile perturbed until either the TOA error
is nulled, or has converged to a steady state value. Analysis and simulstion runs per-
formed during this program indicate this iterative technique is convergent.

A non-zero steady state TOA error means the aircraft speed and acceleration constraints
have been reached and the acceleration segments have been positioned to minimize the
magnitude of the time error. In this situation, the trajectory generator is indicating
the aircraft will not meet the assigned TOA. This information is displayed on the
Situation Display for the pilot, in case he wants to modify the 3-D trajectory or speci-
fied speeds to achieve the TOA.
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After computing the speed profile and time schedule between the aircraft and the point
with the first specified TOA, the process is repeated for each set of point pairs be-
tween successive specified TOAs until the trajectory is completed.

The technique used to perturb the acceleration profile and minimize the TOA error uses
l - L s . - . .
parameters that define the sensitivity of the TOA error to changes in the acceleration

profile. The time error sensitivity to accelerating (or decelerating) the aircraft
earlier or later on the trajectory is used first to adjust the location of the accel-
eration segments to reduce the time error If the equations determine that segment

repositioning cannot further reduce the TOA error, then additicnal non-zero accelera-
tion segments are gdded to introduce an intermediate speed in between successive speci-
fied speeds The time error sensitivities to the value of this intermediate speed

and the acceleration (or deceleration) value used to make the speed change are then used
to make the final perrurbarions on the acceleration profite.

While minimum fuel usapge was not a design objective, the 4-D trajectory generation equa-
tions can be modified to add this capability The technique will take into account the
economy speed/altitude profile paramete t from a minimum fuel algorithm.

rs outpu

5.0 THE CONTROL LAW

The IFTC system has the capability to automatically track the computer generated
three-dimensional trajectory according to the calculated time schedule, or provide
guidance cues for display to allow the pilot to flv the camputer synthesized 4-D
trajectory. The control law processes measurements of the current aircraft state and
parameters defining the 4-D trajectory that has been engaged by the pilot. For the
automat ic operation, the control law determines aileron, elevator, and throttle com-
mands. For the manual mode, the control law determines roll, pitch, and throttle change
commands that are displaved on the ADI for pilot interpretation and appropriate action.

The control law processing in the automatic mode, as shown in Figure 7, is divided into
the following computations: the reference state X,(t*) and nominal control commands,
the trajectory tracking error vector §X(t), and tﬁg control command, U(t). The sum of
tracking error feedback and nominal commands make up the total control command. Feed-
back of the tracking errors minimizes the steady state spatial and time differences
between the 4-D trajectory and the aircraft. Feed forward of the nominal commands,
from the reference trajectory, minimizes the transient tracking errors that can occur
during turns, changes in altitude, and periods of acceleration.

The definition used for the reference state, X,(t), which is differenced with the air-
craft state to compute the tracking error, has a pronounced effect on the control law
performance. For the IFTC system the reference state's x, y components are defined by
the location on the desired horizontal path that is the closest point to the aircraft.
The time t* is the time the aircraft should have been at the reference state. When the
tracking error vector is calculated with this reference state, the cross track distance
error and time error can be made separate components. This separation prevents cross
axis coupling between time error and lateral error being introduced by the tracking
error feedback through the control law; i.e., time errors do not cause cross track
errors and cross track errors do not cause time errors. Figure 8 represents the dis-
tinctions between the current aircraft locations (x(t), y(t)), the desired aircraft
location on the reference trajectory (x,(t), yo(r)), and the reference state (x,(t¥*),
vo(t*)). The cross track distance error is &§x. and the time error is §t = t*-t. This
réference state definition is consistent with what other investigators [§7] that are con-
cerned with tracking a time based trajectory have used in their control law mechanization.

Expressed in terms of the tracking error components and the nominal control commands,
the equations for the aileron, elevator, and throttle change commands are as follows:

5¢ = G“SxC + Glzvcﬁw + K¢(¢O -4) (&)

Bg = Sgqt8 F Gouigh (2)
- v A .

Bp = ByeSE ¥ GupVg SV Koty (3)

with sy the track angle error, §z the altitude error, &y the flight path angle error,
§V the ground speed error, V., the computed ground speed, ¢, the nominal bank command,

A, the nominal acceleration gommand. and ¢ the current airgrnft roll angle. Each tra-
jgctory tracking error is the difference between the value on the reference trajectory
at time (t*) and the current aircraft measurement. The nominal commands, which include
the flight path angle y, that is part of the §y error, are valid at time t* with antici-
pation times added when“the reference trajectory has an abrupt change in roll, flight
path angle, or acceleration.

The reference state and control law have been structured so that each command will handle
a single dimension of the tracking problem, with proportional plus rate feedback pro-
vided in each command. The proportional feedback nulls out the displacement error and
rate feedback provides path damping. In the IFTC program where the control law is
implemented in a hybrid simulator, aircraft stability is augmented with roll rate
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damping added to the aileron command, a blend of pitch rate and normal acceleration >
added to the elevator command, and yaw rate feedback for Dutch roll damping and lateral ;/»"
acceleration feedback for turn coordination. The feedback gains have been selected /
using classical analysis techniques. The gains will be verified during the testing with

an F-4 aircraft model in the simulator.

To be consistent with the trajectory generator's method for computing turns, the nominal
roll command ¢, will be time varying during each turn. The trajectory generator uses
constant radiug turns with a constant airspeed in generating curved trajectories. Con-
sequently, the desired ground speed and bank angle are functions of the predicted wind
magnitude and direction and the current aircraft location on the turn.

In the simulator the pilot will be able to override the control law's automatic aileron
and elevator commands by applying force to his flight control stick, or he can override
the throttle command by disengaging the throttle servo. This is an operational advan-
tage because it allows the pilot, with a minimum of effort, to deviate from the engaged
profile for such things as evasive maneuvers and terrain shadowing.

However, after the manual override has been removed it is difficult for the linear feed-
back control law given by Eqns. (1), (2) and (3) to return the aircraft to the engaged
4-D trajectory if there are large position, speed or time tracking errors present. To
handle these errors the control law operation has been integrated with the trajectory
generator. When a large position tracking error exists, the trajectory generator com-
putes a 3-D capture segment from the current aircraft locaticn to the next point on the
engaged trajectory and computes a revised speed and time schedule for the complete tra-
jectory, including capture segment. When a large speed or time error exists, only a
revised speed and time schedule are calculated. The control law then uses this new
trajectory as its reference, and since the tracking errors are now small, a stable con-
trol system operation results.

6.0 CONTROL DISPLAY INTEGRATICN

Real-time, in-flight management by the pilot of complex four-dimensional trajec-
tories imposes new and stringent requirements on the display system.

Pilots presently spend approximately 2-3 hours preplanning for each hour of mission flight
time. During the planning process they consider the waypoints, arrival times, flight
routes and aircraft fuel and performance limitations to arrive at a combination of flight
segments (a trajectory) that will accomplish the mission. The pilot is assisted in this
planning process by printed material that helps him visualize the aircraft potential

path in space during such complex maneuvers as steep curved descents. As a result of
this mission preplanning, the pilot acquires a thorough understanding of the mission pro-
file and the information requirements and constraints on which it is based.

The IFTC trajectory generator generates a complex trajectory that is a function of time-
space position coordinates. This mission profile is new to the pilot and it may have

to be modified in flight to meet changing mission requirements, or even to achieve the
original mission requirements after unforeseen disruptions of the original profile.

Thus an analysis of control display system requirements for a system containing an on-
board trajectory generator reveals two significant differences from current systems.
These new requirements are found in the area of:

1. Providing sufficient information to the pilot to understand the newly
generated trajectory in preparation for acceptance/engagement.

2. Providing in-flight confidence building information of aircraft situation
with respect to command situation.

Research programs (STOLAND (6], Terminal Configured Vehicle - TCV) have demonstrated the
usefulness of electronic horizontal map displays to provide the pilot with a readily
understood graphic view of the aircraft with respect to the trajectory and significant
terrain features.

The STOLAND and TCV also demonstrated the desirability of electronic displays of atti-
tude and flight director command information and the need for an electronic alphanumeric
display for data entry. The initial feasibility study of the IFTC application in a
transport aircraft utilized a display system containing electronic attitude and flight
director information, horizontal map information and alphanumeric system information
[4]. It demonstrated the use of a special crosshair symbol on the Situation Display as
a graphic means of creating new or modifying old waypoint and trajectory information.
The transport program also demonstrated the usefulness of providing a level of computer/
pilot interaction.

The control display implementation for the fighter demonstration is built on the know-
ledge gained in the transport program. Electronic displays provide attitude information
(with roll, pitch, and throttle commands), situation (horizontal and vertical) informa-
tion, and system alphanumeric information. The concept of computer/pilot interaction
was developed to a higher level during the fighter demonstration study by providing
mission oriented mode controls and expanded man/machine interaction (through digital
processing) for mission and data management.

0.5

The gyro torquing current is used to develop a voltage across precision resistors. A solid
state switch is employed to provide two ranges of operation, thus extending the dynamic
range of the electronics to that provided by the gyroscopes. A "wash", or polarity reversal,
_technique is incorporated to effectively eliminate contamination of the data by bias vol-
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The need for additional vertical information for in-flight management of the generated
flight plan was recognized during the initial transport simulation program when complex
spiral descents were generated to demonstrate the system capability to link together

two points that are close together in latitude and longitude but widely separated in
altitude. Thus a vertical profile display consisting of a view of flight plan altitude
as a function of along track distance is presented in the fighter cockpit as the Vertical
Situation Display (VSD) mode of the Situation Display. This presentation was chosen
because of its similarity to the altitude/distance view pictorial information generated
during mission planning or briefing sessions. Under mode control of the pilot, then,
the Situation Display shows either a simple horizontal map or a vertical map. This
combination of horizontal and vertical profile mapping information is being investigated
as a means of providing the pilot with a more rapid, complete understanding of the
generated profile.

Requirement 2, the need to provide the pilot with situation information with respect to
commanded situation, is addressed in the fighter demonstration program by

1. Providing the vertical situation mode on the Situation Display, and

2. Modifying the vertical scale air data displays to provide computer driven
readouts of command altitude, command Mach, and command airspeed quantitively
and with respect to actual flight values.

An additional requirement imposed for the fighter demonstration study was the requirement
to demonstrate the integraticn of digital data link command and control and tactical
situation information with the IFTC system. This combination is very complementary!

Data linked command and control information consisting of waypoint, threat, or tarpet
locations and TOAs is readily accepted as inputd to the trajectory generator. A trajec-
tory is generated based on the command and control requirements and on aircraft con-
straints and is computed for the pilot. With the IFTC system the pilot has the advantage
of being able to review the data linked information as an integrated whole on a familiar
format. He knows that the trajectory generator has consicered speed, fuel, maneuvera-
bility and stored tactical information with the data linked command and control require-
ments to arrive at the trajectory shown.

The control display system is shown installed in the fighter cockpit in Figure 9, with
the following major features:

e It is designed for one-man operation.

e It considers the information requirements of the IFTC system and advanced
command and control operation.

e It provides mission oriented mode selection.

e It extends the use of interactive control/display software to minimize the
pilot's information management tasks.

e It explores the use of trajectory generator outputs as a means of providing
the pilot with a higher level of decision making information than is possible
without the trajectory generator.

The basic flight displays of indicated airspeed, attitude, altitude, and horizontal
situation information are arranged in the familiar "T" scan pattern used in many Air
Force aircraft. The interactive control/display and associated mode controls are
located on the left side of the front panel. The alphanumeric keyboard and dedicated
data management keys are located on the left console beneath the throttle.

The Situation Display, shown in Figure 10, provides horizontal situation information;
i.e., a simplified map of the waypoints, threats and the trajectory (solid line) being
flown between waypoints. In addition, a computed, but not engaged, trajectory is

shown as a series of dashed lines. Threat information, such as surface-to-air missile
envelopes and unfriendly aircraft, are displayved in appropriate locations on the Situa-
tion Display. There are two modes of horizontal situation information: Track up and
North up. In addition, the HSI mode displavs a compass rose with the aircraft in the
center much in the same manner as an electromechanical Horizontal Situation Indicator
(HSI). The Vertical Situation Mode (VSD) of the Situation Displayv provides an altitude
vs along track distance format of vertical profile information. This vertical profile
display was specifically generated to enable the pilot to get a better understanding of
the three-dimensional aspects of the newly generated trajectory.

The interactive display, shown in Figure 11, is a CRT presenting system mode, trajectory
related data, and status information in alphanumeric form. This information is presen-
ted in special formats to simplify the procedure for pilot-svstem interaction. The
interaction is accomplished with a combination of dedicated and multifunction control
keys, and hand-operated crosshair (on the Situation Displav), and computer automation,
see Figure 11. Decision trees for the control/display part of the computer program
have been developed that establish a reasonable, simple and logical man-machine inter-
action procedure. By anticipating, in certain situations, what display format the
pilot will need for the next interaction step, computer automation is being used to
minimize the number of detailed instructions (and keyv actuations) needed to control a
system with this flexibility and capability.

9.9
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4.2

The

.2.4 Strapdown

Over 30 formats have been developed for the interactive display to handle the data
necessary for three active mission modes (NAVigation, BLD weapon delivery, and RDZ-
rendezvous), waypoints, targets, refuel points, mission plans, threats, data link, and
map display declutter/clutter options. Some formats highlieht certain information with
reverse video, where the color relationship of the characters and their immediate back-

ground is reversed, see Figure 10. The reverse video cues the pilot to particular
information or designates the information selected by the pilot via the row/column
switches immediately to the left of and below the displav. Mission oriented mode

select formats are presented whenever one of the seven mode select keys are pressed,
with mode and trajectory selection being a three-step process:

1. Select the proper mode from the seven dedicated switches.

2. Review the mission oriented select format (see Figure 10) on the interactive
display, editing it as desired to reflect pilot needs.

3. Engage the mode and/or trajectory -~ to actuate the control law -- by
pressing the ENGAGE key.

The IFTC system will accept the point information generated either by the pilot or by a
command and control element via digital data link. The incoming point informaticn is
examined for completeness and processed by the trajectory generator into a four-dimen-
sional trajectory (x, v, z and time) capable of being flown by the aircraft. If the
incoming data is not complete, an appropriate message is placed on the interactive
display indicating the data deficiencies. The trajectory generated is displaved on the
Situation Display in a dashed line format to indicate that it is available for, but is
not engaged for, flight control, see Figure 10. An appropriate select format is simul-
taneously (Figure 10) placed on the interactive display indicating to the pilot that
the new plan may be engaged simply by pressing the ENGAGE key. Should the pilot wish
to review additional information about the plan, he would press the DATA key and look
at any level of detail that he wishes to examine. This example illustrates how the
computer automatically computes and displays trajectories, from pilot or data link
inputs, and places the next logical format on the interactive display, thus simplifying
the pilot's task of engaging or changing the mission trajectory or mode.

For control of the simulator, the cockpit is configured with a standard right hand
force-actuated control stick and a left hand throttle. The control stick contains
multiple pushbuttons to control weapon release, Automatic Flight Control engage/disen-
gage, aircraft trim and the intercom. The throttle grip has the control switches for
the Situation Displav crosshair, the speed brake and the autothrottle on/off switch.

The Electronic ADI (EADI) in the top center of the front panel (Figure 10) is a conven-
tional electronic attitude display with horizontal and vertical flight director commands
plus a moving tape throttle command display on the left wing of the miniature aircraft
symbol. The two air data vertical scale instruments on either side of the EADI are
modified to provide a computer-driven indication of the relative direction and magnitude

7|

of command airspeed, Mach, and altitude with respect to the present aircraft flight values.

7.0 SYSTEM TESTING

The IFTC svstem will be demonstrated and evaluated in a man-in-the-loop simulation
by applving the capabilities of the system in a realistic tactical scenario with changing
mission requirements and unannounced disruptions, i.e., SAMs in direct line of flight.
Six USAF pilots, on active duty, will be used as test subjects for the evaluation. As
a basis for comparison, a control/displav/navigation system possessing capabilities
similar to those installed in present operational aircraft will be implemented and flown
by each of the subject pilots. The overall mission performance of the test subjects,
using the expanded flight management capabilities of the IFTC system, will be compared
to their performance using the baseline system.

Air-to-ground weapon delivery missions in a hostile, tactical environment will be simu-
lated. Each pilot will fly a multisepmented mission in the IFTC simulator and a similar
mission using the baseline svstem for navigation and weapon delivery. Each pilot will
start the simulation on a preplanned mission that consists of an initial refuel, a route
over the FEBA to the target, and a route back to friendly territory to another refuel.
The mission includes a number of time critical tasks and disruptions that will be used
to demonstrate the usefulness of real time trajectory generation and control capabili-
ties. Examples of the time critical events and disruptions are the following:

Rendezvous for in-air refuel

Enroute update of target coordinates

Encounter unfriendly aircraft

Encounter SAM threat on trajectory

Weapon delivery on primary target with specified time of arrival
Redirect to new second target with specified arrival time
Redirect to new egress route with specified arrival time

Set up and rendezvous with new tanker for refuel

System Outputs

raw data are received from the IMU and compensated. The subsequent intergration uti=

Ak sk hmavdar Bunase Kutta _alaorithm for the aquaternion representation of attitude.

Cross a wavpoint on the FEBA inbound to target zone with specified time of arrival
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The evaluation will compare the IFTC performance with the baseline performance under two
operational conditions. The first condition will supply the information via simulated
data link to the alphanumeric displays, in the case of the baseline system, and auto-
matically into the trajectory generator and displays in the IFTC system. Information
for the second condition will come into the cockpit from a controller via the pilot's
headphone for both the IFTC and the baseline system. Each subject will then be required
to utilize the capabilities available to complete the mission requirements.

The experimenter will act as a command and control element to set up the various diver-
sions via either voice link or digital data. The pilot's data management task will be
to review the incoming data, inputting it as necessary to satisfy the requirements of
either the IFTC system or the baseline system. His primary tasks will be to fly the
aircraft so as to make good the various required arrival times and complete the required
weapon deliveries accurately and on time. He will be expected to perform the navigation
functions required by each system to complete the mission.

The systems will be assessed qualitatively with questionnaires administered before and
after the tests and quantitatively by analyzing tracking error and man/machine inter- j
action time and data entry errors.

CONCLUSION

In conclusion, the Integrated Flight Trajectory Control concept, when applied to
the tactical fighter and transports, will result in more efficient, timely operation in
the tactical environment. IFTC is the synergistic culmination of flight control, navi-
gation management and display technologies combined with today's highly efficient
digital computers, which can and will result in a more efficient air warfare system
with reduced pilot workload.

ede

Although the pilot-in-the-loop testing for the IFTC system, as applied to the tactical
fighter scenario, is still approximately one month away (June 1978), sufficient testing
has been done in the analytical effort and in the transport cockpit using tactical
transport scenarios to promote a high confidence level that the same efficient operation
will result in the fighter.

The control functions and the sophisticated trajectory generator alone serve to relieve
the pilot of many time consuming, burdening tasks. This allows him the proper time to
utilize the sophisticated strike systems with the net result of a higher mission success
probability. This is especially true when considering the emphasis on command and
control which will result in vast quantities of information being transmitted to and
from the cockpit. This information will be of great benefit when managed properly in
the cockpit.
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Figure 9. IFTC Control Display Svstem.
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Figure 10. Situation Display.
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REDUNDANT STRAPDOWN NAVIGATION, GUIDANCE, AND CONTROL

OF A CONTROL CONFIGURED VEHICLE ?:(
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1. ABSTRACT

The paper starts with design considerations and a brief description of the CCV-F104 pro-
ject. A detailed part is devoted to the strapdown subsystem design consideration and
realisation. The hardware and software mechanization of the integrated guidance and con-
trol system of the CCV-F104-G is explained with special focussing on the strapdown part.
This includes the solution to the redundancy problem.

Finally the next feasible steps in system improvement and minimization of the inertial
part are outlined.

& DATA REQUIREMENTS FOR GUIDANCE AND CONTROL

The basic signals needed to augment the aircraft are rates. However, if the requirements
are tougher, angle of attack and sideslip angle as well as attitudes and flight path
angle are requested.

These requirements increase, as more as the aircraft performance requirements are increa-
sing, leading to the Control Configured Vehicle (CCV) concepts. Since navigation and
guidance and control are using the same information the natural question arises, if their
needs can not be satisfied using a common signal source.

They obviously can as the following table shows.

NAVIGATION Gimbal INS S/D INS
Position u L) " i
Velocity b z i W
Attitude n 5 « o
CONTROL
Attitude Gimbal INS or AHRS S/D INS
Att. Rate Rate Gyros S "
Body-Axis Acceleration Accelerometers* . "
Altitude Air Data Sensors Air Data Sensors
Angle of Attack Incidence Sensors Derived from S/D
Angle of Sideslip v b g = L
Airspeed Air Data Sensors Air Data Sensors
GUIDANCE - (Required data available from above items)

> Or computationally derived from Gimbal INS
** Feasible 'practicality' yet to be proven

Figure 1. Information requirements for navigation, guidance, and control.

As the above table expresses, there are two candidates for the heart of the sensor system

Gimbaled platforms Strapdown
vs
plus Navigation
Rate Sensors
plus eventually Systems
Accelerometers
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Increasing operational requirements lead to redundant navigation sy

dtoms, a fact which is
of great importance to a common signal source solution. The stabilfzation and control
system of a modern combat airplane is governed by redundancy requirements. Cost effective-
ness constdorations tormerly did not permit the use of redundant navigation systems in
fighter atrceratt. Todays strapdown development ts stronaly pointing towards a redundant
common sensor solution which still is cost ettective.

). WHY STRAPDOWN?

It is apparent from the precoding discussion that a strapdown system is an fdeal (1ight
reforence sensor. A strapdown system operatod in conjunction with appropriate atr data
sensors, provides all intormation required tor vehicle gutdance, navigation, and control.
Recont studies conductod by Booing [\I have concluded that an integrated strapdown/ain
data flight reference rystem can be cost effective even if navigation functions are not
required. On this basis strapdown provides high accuracy inertial navigation at no addi-
tional cost,

Despite the tar greater atility sof a strapdown mechanization there is a natural tendency
to evaluate {ts merits by comparison with a conventional gimbal inertial navigation

system.
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Figure 2, sfmpliticed block diagram of a agimbaled plattorm
Figure 2 shows a highly simplifiod block diagram of a gimbal inertial system. The gyros,
gimbal scervos, and gimbals hold the accelerometer triad aligned with the refoerence cootr -
dinate system. The gyros are physically torqued by the computer in order to maintain this
alignment. The primary computational tunctions are the integration of acceleration to ob-
tain velocity, the integqration of velocity to obtain position, and the computation ot the
required gyro torquing signals.
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Flaure (. sfmplitied block diagram of a strapdown systom,

The corresponding block diagram of a strapdown system (s shown in Figure . The added
computatfonal tunctions fnvolve the inteagration of measured gyrvo rates to obtain attitude,
the resolution of measured accolerations onto the reterence coordinate trame, and addi
tional sensor error compensation which 18 requived as a result of the demanding strapdown
operating environment. In effect, these additional computations replace the precistion
clectromechanfcal devices associatod with the gimbal structure and fts contyol,




E reducing the computations and data entry (workload) requirements that are imposed by pre-
b sent data systems. Operating without benefit of data linked information, the aircraft can
; respond in minimum time and with minimum work effort, to radio contacts with controllers.

PR AT R
< ;

4
|
| A comparison of several important gimbal and strapdown characteristics is shown in
: Figure 4. R
| 5-3
|
; ITEM GIMBAL SYSTEM STRAPDOWN SYSTEM
t
! RELIABILITY LOWER: MORE TOTAL PARTS HIGHER: FEWER TOTAL PARTS
i COST OF OWNERSHIP HIGHER: LOWER RELIABILITY, LOWER: HIGHER RELIABILITY, |
MORE DIFFICULT TO MAINTAIN EASIER TO MAINTAIN
IMU/COMPUTER INTERFACE TWO-WAY DATA TRANSFER ONE-WAY DATA TRANSFER
ATTITUDE ACCURACY LOWER: CONTAMINATED BY HIGHER: DIRECT DIGITAL
SYNCHRO ERRORS ATTITUDE DATA AVAILABLE
ATTITUDE RATE DATA NOT AVAILABLE DIRECTLY AVAILABLE
BODY-AXIS ACCELERATION NOT AVAILABLE DIRECTLY AVAILABLE
ATTITUDE OPERATING LIMITS SPECIAL PROVISIONS TO AVOID NO SINGULARITIES
“GIMBAL LOCK"

Figure 4. Characteristics comparisonof gimbaled system vs strapdown systems

4. AN EXPERIMENTAL IMPLEMENTATICN

LT ui

4.1 Project description

In 1974 MBB received a contract from the German Ministry of Defence (GMOD) to design,
develop and flight test a Control Configured Vehicle using an F-104-G as a test bed.

il

Since this experimental aircraft offered a good possibility to implement ohter than
only the basic CCV-technology, it was decided to develop a full digital redundant inte-
3 grated guidance and control system for the CCV-F104-G.

Strapdown sensors have been selected to form the heart of the CCV-sensor-system.
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Figure 5. CCV-F104-G in flight |

4.2 CCV-F104-G Guidance and Control System Description

The CCV-F104-G integrated guidance and control system provides, within a set of four re-
dundant computers:

Stabilization and Control Auto Navigation
¢ Autopilot Redundancy Management
| Air-Data Computation Preflight Checkout

Strapdown Navigation




e TIME COORDINATE (DESIRED TIME-OF-ARRIVALS) o VERTICAL FLIGHT PATH ANGLE

o TRACK ANGLE e TURN RADIUS
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4.2.1 Functional description

Using configuration measures the airplane will be destabilized up to -20% mean wing
chord, a fact which will not be addressed here. However, it is very important, that the
decision for the FBW system to be quad redundant was not influenced at all by the fact
that the air plane is unstable. Only a (fail-op)? requirement and the decision for no
mechanical back up system lead to this redundancy degree.
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Figure 6. CCV-F104-G guidance and control system
(one channel).

4.2.2 Subsystem Description

The strapdown subsystem consists of two basic units, a TDS-3D inertial measurement unit
(IMU) and a TDY-43 digital computer. A simplified block diagram of the subsystem is
shown in Figure 8.

The primary system sensors are two Teledyne SDG-5 two-degree-of-freedom strapdown
gyroscopes and three Systron Donner Model 4841 linear accelerometers. Both the gyros
and accelerometers employ analog rebalance techniques. The torquing currents required
to rebalance the gyros, which are directly proportional to the vehicle angular rates
about the sensing axes, provide the basic system angular motion measurements. Transla-
tional motion measurements are providing as voltages directly proportional to linear
acceleration along the accelerometer sensing axes.

These analog sensor outputs are converted to digital format using high accuracy voltage-
to-frequency (V/F) converters and buffered for transmission to the digital computer.
Auxiliary data, including sensor temperatures and self-test signals, is converted by a
separate, multiplexed, whole-number analog-to-digital converter.

Measurement data received by the computer is first compensated for various error effects.
The compensated angular rate measurements are used to compute vehicle attitude. Compen-
sated acceleration data, after appropriate coordinate transformation, is used to compute
navigation data. Angular rate, acceleration, attitude and navigation parameters are then
used as the data base for implementation of guidance and control functions.

Figure 7. Control and display unit, computer and inertial measurement unit
of the CCV=F104.




4.4 Vertical Path Generator

For an altitude change between point pairs the vertical path generator uses efither
one flight path angle (FPA) for the entire path between the two points, when a fllghr path
angle has not been specified, or two FPAs consisting of a segment with a specified FPA and
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MEASUREMENT 9
UNIT |
INERTIAL ATTITUDE
SENSORS I MPlcompurations T = T -
' |
GUIDANCE AND
{: DIGITAL ' o
e G N < m INTROL
L ANALO _l CONVE RSION INTERFAC ERRC ( >
®1 LecTRonics gLecrrontes [ |r\l||l¢‘|;q(w(m:(‘< r‘l* conrensation| "t | COVMPUTATIONS
5 = AS REQUIRE
VAVIGATION
| ofNAVIC ATioN | 1 ~ e

COMPUTATIONS

Figure 8. Simplified block diagram of the CCV-F104 st rapdown stom

4.2.2.1 Inertial Sensors

The inertial sensor package includes two two-degree-ot-freedom gyroscopes and three
linear accelerometers arranged on a single instrument mount. A photograph ot this package
is shown in Figure 9. The accelerometersare mutually orthogonal and mounted nominally
along the primary axes of the vehicle. The gyros are mounted in a skewed arrangement

with spin axes nominally 30° from the vehicle roll axes. This skewing is provided to re-
duce power consumption during high roll rate maneuvers.

PILOOLh LY

Fiqure 9. sensor mount

The gyroscope which is employed is the Teledyne SDG=5. This gyro is a dry tuned instrument
specifically designed for strapdown applications. Specitied bias stability for the ayro is
0.01°/hr, with random drift of 0.001°/hr. Maximum input rates are specified at 400° sec,
providing a dynamic range in excess of 109:1. Development of the SDG gyro was inttiated

in 1968 and it has been produced since 1971,
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the aircraft will not meet the assigned TOA. This information is displayed on the
Situation Display for the pilot, in case he wants to modify the 3-D trajectory or speci-
fied speeds to achieve rhe TOA.
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Figure 10. SGD-5 Dry tuned gyro

Systron-Donner Model 4841. This instrument is
units have been
4841 accelero-

The accelerometer which is used is the
characterized by bias stabilities of 50 pg. Approximately 3000 of these
produced and used in a variety of applications. A photograph of the Model
meter is shown in Figure 11.

Figure 11. Model 4841 accelerometer

4.2.2.2 IMU Electronics

The IMU electronics serve three primary functions. The analog electronics provide control
of the inertial sensors. The conversion electronics convert the basic analog measurement
data to digital format. The digital electronics provide IMU timing functions, buffer the
converted data and interface with the digital computer.

A simplified block diagram of the sensors and analog electronics is shown in Figure 12.
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implemented in a hybrid simulator, aircraft stability is augmented with ro ré
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Figure 12. IMU sensor and electronic block diagram

The gyro spin motor is driven by 3 phase 400 Hz excitation. Pickoff excitation is 48 KHz.
Pickoff signals are demodulated, filtered, and used to derive the basic gyro caging sig-
nals, which utilize both cross- and direct-axis pickoff information. The caging outputs
are power amplified and used to torque the gyro rotor to null. The torquing current is
directly proportional to input angular rate and provides the basic gyro measurement infor-
mation.

Accelerometer rebalance electronics are integral to the sensor. The accelerometer output
is a voltage which is directly proportional to input acceleration.

Temperature sensors are included internal to both the gyros and accelerometers. These pro-
vide data which is required for error compensation.

A simplified block diagram of the digital and conversion electronics is shown in Figure 13.
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Figure 13. Conversion electronic block diagram
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(wiEh ;oll. pitch, and throttle commands), situation (horizontal and vertical) informa-
tion, and system alphanumeric information. The concept of computer/pilot interaction
was developed to a higher level during the fighter demonstration study by providing
mission oriented mode controls and expanded man/machine interaction (through digital
processing) for mission and data management.

9N

The gyro torguing current is used to develop a voltage across precision resistors. A solid
state switch is employed to provide two ranges of operation, thus extending the dynamic
range of the electronics to that provided by the gyroscopes. A "wash", or polarity reversal,
technique is incorporated to effectively eliminate contamination of the data by bias vol-
tages.

The acceleration conversion channels are identical to those used for gyro conversion except
that no range switching is required. A separate multiplexed whole number analog-to-digital
converter is used to convert auxiliary data to digital format.

4.2.2.3 Software

A computational block diagram is shown in Figure 14,
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Figure 14. Strapdown computational block digramm.

Sensor measucements are first compensated for error effects. Gyro compensation includes
corrections for bias, scale factor, misalignment, direct and guadrature mass unbalance,
anisoelasticity and several "dynamic" error sources. Accelerometer data is compensated

for bias, scale factor and misalignment. Since the sensors are not temperature controlled,
compensation is also included for thermal variations in certain error parameters.

Compensated angular rate data is used to update the computed attitude. The attitude
reference is maintained as a quaternion and is updated using a 4th order Runge-Kutta
algorithm at a 50 Hz rate. The attitude quaternion is used to compute the attitude direc-
tion cosines from which vehicle pitch, roll, and heading are computed.

Compensated acceleration data is resolved through attitude into local-level, wander

azimuth coordinates and integrated to obtain velocity and position. The vertical channel

is damped by air data-derived altitude information. Earth rate and craft rate correction
terms are computed and applied to the attitude update computations. Acceleration reso-
lution is performed at a 50 Hz rate. All navigation computations are performed at 16 2/3 Hz.

A computational flow diagramm is shown in Figure 15.
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see Figure 1l1. Decision trees for the control/display part of the computer program
have been developed that establish a reasonable, simple and logical man-machine inter-
action procedure. By anticipating, in certain situations, what displav format the
pilot will need for the next interaction step, computer automation is being used to
minimize the number of detailed instructions (and key actuations) needed to control a
svstem with this flexibility and capability.

Q.4

Figure 15. CCV program flow.

Timing and memory requirements for the strapdown mechanization are summarized in
Figure 16.

FUNCTION o MEMORY | yalLAsLE TivE
(TDY-43 COMPUTER)
EXECUTIVE & TEST 524 143
ERROR COMPENSATION 794 13.43
ATTITUDE UPDATE & ACCELERATION 9 16.75
RESOLUTION
ALIGNMENT & CALIBRATION 91 N/A
NAVIGATION 809 2.09
FLIGHT REFERENCE PARAMETERS AND 524 292
AUTONAV
ARITHMETIC SUBROUTINES ﬂ NA
SUBTOTAL 6373 38.21%
CONTROL & DISPLAY PANEL 1983 _N/a
TOTAL 7356 38.21%

Figure 16. Strapdown timing and memory requirements




e Redirect (0 new second target with specifttied arrival time
e Redirect to new egress route with specified arrival time

e Set up and rendezvous with new tanker for refuel

9-10

4.2.2.4 Strapdown System Outputs

The raw data are received from the IMU and compensated. The subsequent intergration uti-
lizes a fourth-order Runge Kutta algorithm for the quaternion representation of attitude.

The following elements of the Inertial State Vector are available to the user within the
computer, and most of them are also available for readout via a CDU.

A - P - roll rate
- body accelerations q = pitch rate

- - b 5 - vyaw rate
[} - roll attitude u - velocity along x-body-axis
] = pitch attitude v - velocity along y-body-axis
A 4 - heading w - velocity along z-body-axis
v - absolute velocity h - vertical geodetic velocity
VGND - ground speed h - altitude (supported by air data)
ok = angle of attack X - ground-track angle
(®* - sideslip angle @ - latitude

47' - flightpath angle A - longitude

RNG - range to destination XTR - crosstrack error

BRG - bearing to destination TTG - time to go to destination

It should be noted that:

(1) Since the attitude is also internally available as quaternions and the CCV-F104-G
control system uses attitude as feedback (among other variables), the control system
engineers confronted with the old attitude/singularity problem became accustomed to
quaternions. Now they have converted their control laws such that quaternions are
directly fed into the control laws.

(2) The state vector contains the angle of attack (0¢) and sideslip angle (ts*l.
It should be noticed, that e« does not contain the gust term &, and {.5* contains also
the drift angle o .

The direct use ofog for stabilization (feedback) will be tested in the CCV-F104. No
final assertion can ge made about an appropriate filter etc. for the elimination of o in
the (3 IN signal. Investigations and tests are under way.

4.2.2.5 Computer

The computer is a 16 Bit Teledyne TDY-43. This machine operates at a 3.36 MHz clock rate,
executing short instructions in 2.38 usec and multiply instructions in 5.36 usec. Through-
put, for a basic 80% ADD/20% multiply instruction mix is approximately 335 thousand opera-
tions per second (KOPS).

Each computer utilizes a 16 K by 16 Bit core memory, and is plug-in expandable to 32 K x

16 Bit capability. An additional 2 K x 16 Bit high speed semiconductor RAM memory is
provided for serial DMA accumulation of IMU data and other high speed processing functions.

Three separate bidirectional DMA channels are provided for communication with companion
computers in the quad-redundant configuration. DMA operations are performed on a cycle-
stealing basis with I/0 having priority over the CPU.

Digital I/0 capability is provided for communication with the IMU and the Control and
Display Unit. The digital I/O section also provides for 6 channels of 16 Bit parallel
digital inputs and 6 channels of 16 Bit parallel outputs.

The analog I/0 section provides capability for 128 channels of analog input and 8 channels
of analog output. The extensive analog input capacity provides for "wrap-around" of the
analog outputs of all four computers for redundancy management purposes.
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Figure 17. Computer memory occupation: 16 k + 2 k RAM.
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Figure 5. Parameters Calculated by Hori- Figure 6. Speed/Time Computational Flow
zontal Path Generator. Diagram.

3.2.3  Flight Safety Considerations
Any equipment used in a flight-safety critical position has to satisfy two requirements.

4- 9 The first is the reliability figure, which is hard to get and harder to believe in case
one is working with prototypes. The second, which we are concentrating on, is the opera-
tional requirement. In case of the CCV-F104 program, double fail-op requirement was assumed.

The solution is strictly a majority-decision software logic within the computers, which
act as central voters and monitors,

Since the number of new technologies involved already have been enough, principles such
as skewing or self-monitoring have not yet been incorporated.

In order to accomplish the failure detection and isolation for all data, the inertial
and non-inertial data have to be exchanged between computers, done here by DMA data
exchange (see Figure 19). This is a very fast and software-saving method.
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Figure 19. Principle of DMA data exchange.

Because of the DMA data-exchange feature, cach computer possesses all variables stored in
its own memorv and in the memories of the other three computers. Thus it can vote.
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As mentioned before, the computers run identical but nonsynchronized software. This

feature, which is imposed by computer hardware, has resulted in an undesired effect. -~

In general, it forces one to use higher failure thresholds. In case of the strapdown 7‘/{3
signals it did not allow us to consolidate the error-compensated raw signals as ini-

tially intended. Since the asynchronism between computers may be as big as 60 ms with

a maximum angular acceleration of 1000°/s?, rate thresholds of 60°/s arising out of this
asynchronism are not tolerable. In practice, failure detection, therefore, is done based
upon attitude and velocities. The asynchronism problem is not considered to be a major
problem; however, any future system should run soft-synchronized to ease the programmers'
work.

Sis PROJECT STATUS

At the time when this paper was written, the CCV-F104 had completed a first test-phase,
which was a pure calibration phase for the aerodynamic sensors. A total of 11 flights
were performed. One IMU (part of the flights two IMUs) was installed, but was not
subjected to detailed tests. However, the navigation accuracy observed was between 1
and 3 nmi/h CEP.

At the time of writirng, phase II of the flight-tests with the fully equipped plane had
just commenced. Twelve flights have been performed. These and a few follow-on flights

are purely dedicated to aircraft open-loop performance evaluation since some external

modifications may affect the aircraft aerodynamics.

" More detailed information will be given at another occasion.

6. DESIGN IMPROVEMENT CONSIDERATIONS

61 Introduction

The guidance and control system of the CCV-F104~G is presenting a milestone with its
total digital FBW, its functional integration and its strapdown system. However, some
techniques known already at the beginning of the project have been excluded, because

one wanted to limit the risk. Other new techniques have evolved meanwhile and a number

of lessons have been learned already during the first flights and the ground integration.
So has for instance skewing technigue been applied only to aerodynamic sensors in the
CCV-F104-G and self monitoring technique only to the actuating system.

As an outlook to future projects some of this aspects shall be presented in the following.

6.2 Sensor Configuration

The orientation of sensors plays a major role in the reduction of hardware without
aggrivating the performance and operational requirements.

Without discussing the particular requirements a summary of some of today aircraft are
listed in Figure 21.

AIRCRAFT RATES ;
TYPE (FLIGHT CONTROL) Ueflariiee :
727 5 RG 3 ACCEL 2VG ;
- 8 RG 3 ACCEL 2INS

(8 RG 7 ACCEL) (3 INS)

DUAL REDUNDANT

7X7 (PROVIDED BY INS) 2 INS (STRAPDOWN)
YC-14 9 RG 6 ACCEL 1INS2VG

F-14 7 RG 3ACCEL 1INS 1 HAS

F-15 6 RG 4 ACCEL 1INS 1 HAS

F-16 12 RG 8 ACCEL 1INS 1 HAS

Figure 21. Inertial sensors in some of todays airplanes
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Figure 11. Interactive Control/Display.
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Figure 21 may be used as a starting point for cost effectiveness considerations with the
following sensor configurations.

6.2.1 Full Skewing

The subject of optimal sensor configurations for redundant strapdown systems has received
considerable attention in recent years. The selection of an optimal configuration depends
upon the level of redundancy to be achieved, the type of sensor and its error statistics
among other considerations.

Fail-Op/Fail-Op redundacy, i.e. the ability to survive any two failures, requires a minimum
of 6 single-degree-of-freedom (SDF) sensors or 4 two-degree-of-freedom (TDF) sensors.

Under fairly general assumptions concerning error statistics the orientation of the sen-
sors for optimum accuracy is symmetric. For SDF sensors this is equivalent to arranging

the instruments with sensing axes normal to the six non-parallel faces of a reqgular dode-
cahedron, as shown in Figure 22.

v

Figure 22. Dodecahedron orientation of six SDF-sensors.

The symmetric configuration for TDF gyros is equivalent to arranging the sensors with spin
axes normal to the faces of a regular tetrahedron or semi-octahedron. The semi-octahedron
arrangement is indicated in Figure 23 (Orientation of the sensing axes about the spin axes
is arbitrary from the standpoint of accuracy, but does affect the ability to detect and
isolate failures.) A photograph of a semi-octahedron instrument package produced by Tele-
dyne is shown in Figure 24.
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Figure 24. Semi-octahedron Instrument.

6u22 -skewing

An alternative to the minimal sensor redundancy approaches is the "brick wall" approach,
which img ments redundancy at the IMU level rather than the sensor level. This approach
requires more sensors but provides certain offsetting advantag , some of which are dis-
cussed in a later section of this paper.

The principal is shown in the following Figure 25.
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Figure 25. Semi-skewed arrangement principle of
inertial sensors

The monitorsensor is used to derive a signal which represents the geometric sum  of the
three orthogonal sensor signals. This method provides a failure status tor the whole
block but does not allow a failure localization or isolation within the block.

1f the sensor is a TDOF sensor, the effectiveness ol
cause in order to get three orthogonal signals
signals.

such an approach is far better, be-
two sensors would be needed, providing tour

A usetful TDE sensor confiquration utilizing this fourth signal for

failure detection is
indicated

in Figure 20. This "semi-skewed" contfiquration provides tailure detection capa-
bility directly by comparison of the four axis measurements.
for SDF sensors would utilize three orthogonal sensors with
angles to the three as Figure 25 depicts.

A corresponding arrangement
a fourth sensor at equal

Xy

Figqure 20. Semi=-skewed arrangement of two TDF-sensors.

] sSensor 'l‘yln\

An important consideration in implementing a redundant inertial system is the number of
wnsors which are employed. The number of sensors utilized, together with theiv suppor-
ting electronics, obviously has a direct effect on system acquixition costs. It also has
pantfrcant reliability and maintainability implications, since increased parts count

T reduced reliability.,

coabedron and tetrahedron (or semi-octahedron) sensor contigurations provide  minimum




sensor count for Fail-Op/Fail-Op redundancy. A total of 12 sensors is required if SDF
instruments are employed (6 gyros and 6 accelerometers). Using TDF gyros, the count is
reduced to 10 since only four gyros are required.

The potential for a dramatic reduction in sensor count exists in a new sensor currently
being developed by Teledyne for the U.S. Air Force. This sensor, a derivative of the
SDG-5 gyro, is the Spin Coupled Accelerometer Gyro (SCAG). The SCAG provides two axes

of angular rate (gyro) information as well as two axes of linear acceleration information
in a single instrument which is smaller than the SDG-5 gyro. This unique capability per-
mits the implementation of a full Fail-Op/Fail-Op inertial sensor package with a total of
only four SCAG sensors, as no accelerometers are required.

The following Figure 27 compares different approaches and lists some advantages and dis-
advantages.

ail-0p?

H CV-F104-G “ULL-SKEWED SYSTE SE =SKEWED SYSTE.
equirement CCV-F104-( FULL-SKEWEI YSTEM EMI-SKEWED SYSTEM
SDF-Gyros 6 3 ox 4 12

N.A.
SDF=Accele~
rometers 6 A x & = 12
TDF-Gyros 8 4 3} x 2 6
TDF-Accele- 12 6 3 x 4 12
rometers
SCAGS N.A. 4 I x 2= 6
ADVANTAGES REFERENCE MINIMIZES HARDWARE EAS REDUNDANCY MANAGEMENT
ALLOWES DISTRIBUTION
SAVES SPACE THROUGHOUT THE A/C
SIMPLER POWERSUPPLY
ONLY REDUCES POWER CONSUMPTION EASY TO REPLACE
DISADVAN-
TAGES POWER REDUNDANCY DIFFICULT USES MORE SENSORS
SYSTEM REPLACEMENT IN CASE
OF FAILURE USES MORE SPACE

SENSITIVITY REDUCTION IF
SENSOR FAILES

Figure 27. Full-skewed sensors vs semi-skewed sensors.

Figure 27 is selfexplaining, but going back to Figure 21 it is clear, that strapdown are
strong contenders for a central inertial reference system especially in combat aircrfaft.

7. CONCLUSIONS

Based upon our experience with a quadrupally redundant strapdown system, and on the
growth potential observed here and on other occasions, we find strapdown inertial
technology to be an excellent innovative technique. Especially in redundant and inte-
grated guidance and control systems strapdown sensors are the prime candidates for new
projects.

Strapdown offers a significant reduction of hardware and cost and considerably reduces
the effort in those applications where not only redundant rates and accelerations but
also redundant altitudes and other higher information are nceded.
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PRELIMINARY FEASIBILITY ASSESSMENT OF MULTI-FUNCTION
INERTIAL REFERENCE ASSEMBLY (MIRA) /l .

John M. Perdzock, Air Force Flight Dynamics Laboratory, AFFDL/FGL, WPAFB, OH 45433
Robert C. Burns, McDonnell Douglas Corporation, P.O. Box 516, St. Louis, MO 63166

SUMMARY

The multiplicity of inertial and air data sensors on advanced Air Force fighters
and transport aircraft is contributing significantly to sharply increasing avionic costs.
A potential solution is the development of a Multi-function Inertial Reference Assembly
(MIRA) subsystem which satisfies all on-board inertial and air data reference data
requirements for flight control, navigation and weapon delivery.

This paper discusses mission and performance goals established for MIRA feasibility
studies covering flight control, navigation and weapon/cargo delivery as applied to the
fighter aircraft (F~15) and a transport aircraft. The relationship between the key tech-
nical issues of concern and the feasibility criteria and the methodology to perform the
trade-offs which impact life cycle costs are described. Functional performance and
reliability requirements are shown. Computational requirements for a representative
MIRA system is summarized. Computer programs were used to evaluate time histories of
sensor and system error propagation and to assess the impact on flight control system
control laws as MIRA sensors are installed at various aircraft installation locations.
The criteria defined to perform the preliminary feasibility assessment is discussed.
Comparative studies of life cycle costs show a saving estimate in excess of 69 million
dollars for MIRA application to a quantity of 144 fighters over a 15 year operational
life. Cost savings for transport applications are qualitatively significant, particu-
larly for the operations and support cost element. The results of ring laser gyro (RLG)
and tuned rotor gyro (TRG) studies of performance and reliability improvements required
are summarized. The laboratory demonstrations performed by three subcontractors with
operating redundant equipment, which shows software capability to provide fault coverage,
is discussed.

Technology projections indicate that by 1980 performance and producibility will be
nearing maturity for sensors and microprocessors, and that software techniques will be
developed which provide adequate fault coverage and redundancy management for both skewed
and multi-unit sensor system architectures.

The results to date have shown that questions relating to key issues have been
satisfactorily answered with the conclusion that the MIRA program should proceed into
further detailed system configuration studies, which specifically address commonality,
test and maintenance, standardization trade-offs, and the preparation of a technical
exhibit for a selected best MIRA candidate configuration.

I. INTRODUCTION

Current military fighter and transport aircraft use avionic equipment which general-
ly follows a federated or a consolidated system architecture. This has resulted in var-
ious inertial and air data functions being replicated and sensors beiny tailored and
dedicated to specific subsystem tasks, for example, navigation: Inertial Navigation
System (INS), Attitude and Heading Reference Systems (AHRS) and Air Data Computer; flight
control: rate gyros, accelerometers and dynamic pressure sensors; weapon delivery: lead
computing gyros and accelerometers.

With the progress being made with inertial sensors, such as strapped down tuned
rotor gyros and ring laser gyros, and large scale integrated (LSI) circuit micro-
processors, the question has been posed which asks, "Is it possible to configurec a multi-
function inertial reference assembly subsystem which (a) provides functional outputs
adequate for navigation, flight control and weapon delivery, (b) achieves the required
mission and safety-of-flight reliability, and (c) results in significant life cycle cost
savings when compared with current approaches?"

In response to this question, the Air Force, under joint sponsorship of Flight
Dynamics Laboratory, Avionics Laboratory, and Aeronautical Systems Division, created the
MIRA program to determine the eventual payoff when MIRA is applied to advanced Air Force
fighters, transports and remotely piloted vehicles (RPVs) of the 1980-~1990 time period
(Figure 1).

The specific objective and approach is shown in Figure 2. In order to implement the
program, the Air Force partitioned the MIRA program into two phases: Phase I, Feasibility,
which was awarded to McDonnell Douglas Corp. (MDC), St. Louis, Missouri, in June 1976 and
will end in September 1978, and Phase II, Verification, which is currently scheduled to be
started in Air Force fiscal year 1979 as shown in Figure 3. MIRA application would take
place starting in the mid 1980s. MDC has put together a MIRA team for Phase I being led
by McDonnell Aircraft (MCAIR) in St. Louis where fighter studies are also being concen-
trated, together with Douglas Aircraft (DAC) for transport studies and subcontractors
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Honeywell, Minneapolis, Minnesota; Singer-Kearfott, Little Falls, New Jersey; and Litton,
Woodland Hills, California, for support studies. Subcontractor studies emphasized
strapped down system, ring laser gyro (RLG) and tuned rotor gyro (TRG) implementation
technology, analytical trade-off studies and hardware demonstrations. The activities and
studies described in the following sections of this paper were performed as part of

Task 1, Phase 1. Task 1 was aimed at making a preliminary assessment of feasibility of
the MIRA concept for both fighter and transport aircraft through analytical studies per-
forming comparative analyses, and laboratory demonstrations with available hardware.

Detailed system configuration studies and the selection of a recommended MIRA
system have been completed under Task 2. During Task 3 the MIRA technical exhibit will
be written for use in the MIRA Phase 2 verification activity.

Figure 4 illustrates conceptually how the MIRA is envisioned to functionally replace
the inertial and air data references on current aircraft. MIRA, as a subsystem which has
adequate performance and reliability (including redundancy), feeds the using subsystems
through the data bus network, MIL-STD-1553A.

Key issues to be resolved in determining the feasibility of the MIRA concept to
effect cost savings are shown in Figure 5. Some multi-function requirements needing defi-
nition are: sensor accuracy required for long duration flights and the wide dynamic range
for fighter application; and sensor location effects, whicl include the vibration effects
on redundant and/or separate sensors when operated in a flexible airframe. Failure
detection and isolation requirements place demands on microprocessors to perform within
real time in order to keep the fault detection and isolation at high confidence levels,
the nuisance alarms at low levels, and to accomplish the necessary redundancy management
for system reconfiguration. Adequate reliability must be achievable in a practical sense
and modularity, which will permit flexibility of application, is essential.

The MIRA road map of activity is shown in Figure 6. This paper will cover the sign
posts leading up to crossing over the bridge. Because it is believed that the fighter
aircraft application will impose the more demanding requirements of the MIRA, most of the
ensuing discussion is addressed to fighter analysis. A MIRA that is feasible for the
fighter should be capable of adaptation to meet the normal and unique performance require-
ments of a transport aircraft.

II. SYSTEM REQUIREMENTS

The latest Air Force operational fighter, F-15A, was selected as the principal data
base source for comparative fighter studies, supplemented with F~4 and F-18 data (Figures
7 and 8). A representative aircraft was selected for comparative transport studies.

Each aircraft has a high authority fail-safe control augmentation (CAS) flight control

system. Inertial navigation is required on each aircraft. The F-15 specializes in air
superiority weapon delivery and has excellent air-to-ground capability. The transport

performs cargo and troop drop missions.

Missions were defined for fighters and transports which were representative of com-
bat conditions. The fighter mission lasting about two hours involving high dynamics, and
the transport mission being approximately 30 hours, involves numerous mission segments
where landings are made and drops occur. Mission performance goals were defined to be
1 NM/hr for inertial navigation, 8 milliradian for air-to-surface weapon delivery, and
Level 1, MIL-F-8785 flying qualities. Air-to-air weapon delivery performance is classi-
fied and for the purposes of this paper has not been included.

Output signal requirements were determined based upon allocations to functions for
various current avionic equipments. Figure 9 lists some of the key parameters which
were taken from a detailed list which showed a total of 117 outputs.

III. ANALYSIS

Analysis of computational requirements are summarized in Figure 10. A preliminary
analysis of function commonality showed that F-15 air inlet controller requirements were
so aircraft/engine oriented that the air inlet requirements should be removed from the
main MIRA modules. It should be noted that the required processing speed (Kops) and
refresh rate to implement MIRA would be decreased (approximately by a factor of four) for
the transport, but that memory word storage requirements would stay about the same.

Flight control key issues, structural modes frequency and amplitude, gain and phase
margins, fuselage stations for MIRA installation, and lever arm effects, were analyzed.
Results, illustrated in Figure 11, showed that when sensors are combined the best location
for flight control is in a zone around fuselage station (F.S.) 425 but that the sensor
Line Replaceable Unit (LRU) could be located as far forward as F.S. 225 before the CAS
would go unstable without change in control laws. The analysis also showed the method-
ology of how control laws changes could be made to permit LRU location to be moved up to
the most available forward location (just aft of the radar) and still provide Level 1
handling qualities.

Figure 12 reports the analysis results for the fighter hardware Mean Time ‘“etween
Failures (MTBF) reliability apportionment. The MTBF is based upon parts count. For
comparative purposes, the safety-of-flight reliability is taken care of by having
mechanical back-~up for flight control. Figure 13 shows transport reliability results.




The 150 hour MTBF is a minimum requirement and should not be interpreted as being the
actual MTBF. In reality the actual MTBF should be significantly higher. The transport
mission reliability of 0.99929 is required for each of three different types of missions

(training, deployment augmentation, intratheater support) defined for reliability purposes.

IV. FEASIBILITY CRITERIA

All of the previous discussion has been oriented to establishing the MIRA require-
ments and performing associated analysis in preparation for being able to respond to the
preliminary feasibility assessment criteria which consists of the six categories, all
interrelated, shown in Figure 14.

Producibility data on RLG and TRG sensors, which covered fabrication, assembly and
test, and the methodolo.uy arsociated with each sensor type, was supplied by each equip-
ment subcontractor. Because producibility is related so closely with proprietary data,
the review of the data was done at each subcontractor facility with only MDC and govern-
ment personnel in attendance. The conclusion being that TRG technology is very much like
the present gimballed TRG technology and therefore, represents minimum risk. However,
more experience is required with the RLG technology, because there are still size and per-
formance developments in work. Within one to three years the RLGs should have proven
producibility based upon current development trends.

The cost savings potential was handled on a total life cycle cost (LCC) basis
(Figure 15). MCAIR, DAC and each subcontractor postulated a system and a proposed mech-
anization based upon the MIRA performance goals and outputs defined by MDC documents.
Equipment costs were supplied to MDC which, in turn, were input into a LCC model at MDC.
The MDC LCC model was a combination of the RCA PRICE model and a previously used MCAIR
advanced concepts cost model (ACCM). LCC was broken into three functional elements:

(1) RDT&E (Research Development, Test and Evaluation), (2) Investment, and (3) 0s&S
(Operations and Support). For comparative studies Figure 16 shows the F-15A avionics
impacted by MIRA which would be replaced entirely or partially. The uninstalled weight
of this equipment is approximately 187 pounds (85 kgs). The 187 pounds (85 kgs) includes
28 pounds (13 kgs) of equipment which would not be replaced by MIRA, e.g., the Signal
Data Recording Set tape recorder, the Air Inlet Controller valve drive circuitry and the
Navigation Control Indicator. Therefore, only 159 pounds (72 kgs) of F-15 avionics would
be in actuality replaced by MIRA. A MIRA configuration which functionally replaces the
159 pounds (72 kgs) of F-15 equipment is shown in Figure 17. (Figure 17 is used for cost
comparative purposes only, i.e., its performance is equivalent, as much as possible, to
the performance of the equipment replaced.) The equipment weight estimates for Figure 17
is projected to range from 50 to 60 pounds (23-27 kgs). It should be noted that surviva-
bility and mission reliability enhancement is provided by separate LRUs. Each Multi-
function Reference Unit is capable of autonomous functional operation.

Fighter cost savings, Figure 18, are shown to range from 69 million to 80 million
dollars. This range (a) is based upon subcontractor data, (b) is independent of sensor
mechanization, and (c¢) includes the impact of technology improvements projected to take
place by 1980 with sensors and LSI microprocessors.

In performing the cost comparison for transports, the situation is slightly different
from the fighter since there is no weapon delivery/lead computing gyro requirements. The
transport currently has a dual inertial sensor system (ISS) and a dual air data system
(Figure 19). By integrating LRUs for the MIRA configuration, improved mission reliability
results due to dual processing capability, and slightly improved production costs results
(Figure 20). However, due to potential commonality and standardization of LRUs, quali-
tative significant savings are expected in the 0&S cost element.

Assessment of functional requirements satisfied and identification of performance
improvements required were made with the use of subcontractor data and MCAIR math model-
ling studies using a computer program called SIMSIN, which can evaluate strapped down
sensor and system performance over arbitrary flight profiles and provides a time history
of error propagation. The results showed that transport functional position and velocity
requirements can be met with current TRG and RLG systems but that product enhancement
improvements for production are needed for fighters due to the high dynamic environment
(Figure 21). Each MIRA subcontractor is at a different level in verifying his equipment
capability, which is proprietary, and therefore the "present capability," Figure 21, is
not meant to be used to single out a particular subcontractor, but rather is to be con-
sidered as an industry-wide combined average. By the end of 1980 it is expected that the
improved sensor performance required for fighter applications will be demonstrated, by
several equipment suppliers, to at least the brassboard level.

The impact of reliability on life cycle costs is significant. Studies showed that
MIRA needs an improvement goal of 11.3 over current operational experience (Figure 22).
To achieve this goal, an approach to reliability improvement in both design and manage~-
ment, is believed achievable for MIRA (Figure 23). This type of methodology is currently
being used on the F-18 and should start showing payoff benefits within the next two years.

V. LABORATORY DEMONSTRATIONS

In addition to analytical studies, hardware laboratory demonstrations were performed
by each MIRA subcontractor.
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The hardware demonstrations were aimed at demonstrating key technical issues such
as software redundancy management, fault detection and isolation, sensor skewing, cluster
skewing, cluster separation, frequency response, resolution, noise content, quantization,
failure mode effects, and open and closed loop operation.

10-4

During each hardware demonstration, the operation was first demonstrated in a full-
up configuration. Simulated failures (hard over, slow over, null) were entered into the
system by the operator and the signal outputs recorded and compared with the full-up per-
formance. The impact upon flight control, navigation and weapon delivery outputs were
each assessed with appropriate criteria for fault coverage. Honeywell's RLG demonstration
set-up is shown in Figure 24; Singer-Kearfott TRG set-up is shown in Figure 25; Litton
TRG set-up is shown in Figure 26. It should be noted that demonstration equipments were
made available at no cost to MDC or the Air Force.

Each subcontractor's demonstration plan, procedure and criteria was tailored to he
supplemental to the analytical tasks performed and was based upon available equipment.

Therefore, it was not required that the equipment demonstrated be configured as a
MIRA system, partitioned as a MIRA system, or even of flight worthy construction, even
though some of it was.

VI. RESULTS, CONCLUSIONS AND RECOMMENDATIONS

The results and conclusions of key issues discussed in Figure 5 are shown in
Figure 27. Overall conclusions for Task 1, shown in Figure 28, range from MIRA feasibil-
ity established to the need for a supplemental effort to take the hardware demonstrated
in the laboratory and evaluate the software redundancy management and/or fault detection
and isolation capability under dynamic moving vehicle conditions, thus providing added
feasibility in an environment which provides translation inputs to the system.

Recommendations coming out of Task 1 studies are shown in Figure 29. As a follow-up
to the second recommendation, the Litton system was tested in September 1977 in the Air
Force Avionics Laboratory mobile evaluation laboratory.

The Task 1 studies, analysis, results, conclusions and recommendations reported here
were formulated in a milestone technical report and approved by the Air Force in September
1977 (Reference 2). The MIRA activities currently completed include refining the con-
figuration candidate studies and selecting a final MIRA configuration. Detailed analysis
has been made of the selected configuration. The final report currently in work will
include the preliminary MIRA technical exhibit, life cycle cost criteria, application to
advanced aircraft, and supporting rationale.
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FIGURE 1
MULTEHFUNCTION INERTIAL REFERENCE ASSEMBLY (MIRA)
(An Avionics Subsystem Concept for Apphcation
to Advanced Air Force Aircraft of the 1980 1990s)

® REDUCE LIFE CYCLE COST OF
INERTIAL EQUIPMENT

® SYSTEMS ANALYSIS TO DETERMINE BEST
CONFIGURATION OF INERTIAL/AIR DATA
SENSORS FOR THE FUNCTIONS OF:
® FLIGHT CONTROL

3 ® WEAPON DELIVERY

® NAVIGATION

FIGURE 2
OBJECTIVE AND APPROACH
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FIGURE 3
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MIRA INTERFACE CONCEPT COMPARISON
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FIGURE 8
F-15 INERTIAL/AIR DATA SENSORS
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EXCEEDANCE COUNTER ACCELEROMETER

AUTOMATIC FLIGHT CONTROL SET
RATE SENSOR ASSEMBLY
ACCELERATION SENSOR ASSEMBLY
DYNAMIC PRESSURE SENSOR

ACCURACY (TERATIONS
OUTPUT PARAMETER RANGE STANDARD FORM PER MTBF
DEVIATION SECOND
1. | LATITUDE +900 1 NM/HR 15534 MUX 25 3,000
2. | LONGITUDE £1800 1 NM/HR 25 3,000
3 | INERTIAL ALTITUDE ~1,000 TO 80,000 FY | 250 FT 2 3,000
4. | NORTH/EAST VELOCITY (2) +4,100 FPS 2.5 FPS RMS 80 15,000
5. | VERTICAL VELOCITY 2,050 FPS 2 FPS RMS 80 15,000
6. | TRUE HEADING +180° 6 ARC MIN 80 7.500
7.| DRIFT ANGLE +350 01970 1° 25 9,000
8. { AZIMUTH ANGLE +180° 6 ARC MIN 80 107
9. | ELEVATION ANGLE +90° 2 ARC MIN 80 107
10. [ ROLL ANGLE £ 180° 2 ARC MIN 80 107
11. | BODY LINEAR ACCELERATION (3) | +390 FT/SEC2 0.33 FT/SEC2 80 107
12. | BODY YAW/PITCH RATE (2) +859/SEC 0.02°/SEC 80 107
13.| BODY ROLL RATE +3609/SEC 0.02°/SEC 80 107
14. | BAROMETRIC ALTITUDE ~1,000 TO 80,000 FY [ 2 FT OR 0.2% 25 107
15. | TRUE ANGLE OF ATTACK a ~10° TO 35°F 0.12 +0.004a + 10 25 107
16. | IND!CATED AIRSPEED V| 14 7C 1,600 KTS 4 KTS V|- 100 25 107
2KTS V) > 100
17. | TRUE AIRSPEED 60 TO 1,710 KTS 5KTS 25 107
18. | MACH NUMBER 009TO3M 0.005 70O 0.01 25 7,500
19. | TOTAL TEMPERATURE 629F TO 233°F 0.44° 25 9,000
20. | FIRST RAMP SERVO DRIVE +650 MA INTO 100 2 LOAD CONTINUOUS | 107
21 | DIFFUSER RAMPS SERVO DRIVE | +50 MA INTO 100 {2 LOAD 107
22. | BYPASS SERVO DRIVE +50 MA INTO 100 (2 LOAD 107
23. | NON MUX BUS DISCRETES (10) ON-OFF N/A WIRES RANDOM | 30,000
24. | MUX BUS DISCRETES (10) ON-OFF N/A 1553A MUX 30,000
25. | REACTION TIME 10 MINUTE (MAX) FOR GYRO COMPASS ALIGN: 3 MINUTE (MAX) FOR
STORED HEADING ALIGN.
[CLARR. THE

FIGURE 9
KEY OUTPUT REQUIREMENTS




NORMALIZED o8

KOPS | WORDS | REFRESH/SEC

EXECUTIVE 16 1,000 128
GYRO COMPENSATION 41 538 64
ACCEL COMPENSATION 10 126 64
FDI/RM 15 312 64
DESIGN EQUATIONS 10 700 64
ALIGNMENT MATRIX 8 175 64
QUATERNION 39 900 64
VELOCITY/POSITION 45 1,200 32
ATTITUDE/RATES/ACCEL, ETC 4 500 128
AIR DATA 364 3,500 20
OUTPUT 5 350 A/R
DATA BASE - 1,500 =

SUBROUTINES - 600 =

BITE 40 600 -

TOTALS 597 12,001

Note: Airinlet requires 1,000 additional words, 7 KOPS

FIGURE 10
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COMPUTATIONAL REQUIREMENTS ESTIMATE
(Representative MIRA System - Fighter)
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FIGURE 11
FIGHTER ENVIRONMENT
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FIGURE 12

RELIABILITY - FIGHTER

® ALL FLIGHT CONTROL OUTPUTS NEED TO BE AT LEAST FAIL-SAFE

® MISSION EFFECTIVENESS REQUIREMENTS ARE MET USING THE
ABOVE HARDWARE MTBF APPORTIONMENT
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HARDWARE SERIES

MISSION
MTBF
T
(HOURS) RELIABILITY
e C-15A MIRA
RELIABILITY
REQUIREMENTS ... SRR ) R SRR 0.99929

e LOSS OF AIR DATA AND INERTIAL OUTPUTS ARE CRITICAL TO
FLIGHT SAFETY UNDER [FR CONDITIONS

e THE DEGREE AND CRITICALITY OF MIRA FAILURE WILL BE
ESTABLISHED WHEN DETAILED SAFETY AND HAZARD ANALYSIS
ARE PERFORMED IN TASK II

GP77.084213

FIGURE 13
RELIABILITY - TRANSPORT

AT IMPROVENE >~

D
ARE REQUIRED GPTT-0842 14

FIGURE 14
PRELIMINARY FEASIBILITY ASSESSMENT CRITERIA

DETERMINE CONVENTIONAL AVIONICS TO BE REPLACED
OR AFFECTED BY MIRA

SELECT A REPRESENTATIVE BASELINE
MIRA CONFIGURATION

® SELECT A COST MODEL FOR EACH ELEMENT OF COSTS
® R&D (DEVELOPMENT)
® INVESTMENT (PRODUCTION)
® O&S (DEPLOYMENT)

PERFORM COST PREDICTIONS FOR THE CONVENTIONAL
AND MIRA AVIONICS LIFE-CYCLE-COST AND DETERMINE
THE POTENTIAL SAVINGS

® CONDUCT FIGHTER COST STUDY IN PARALLEL WITH
TRANSPORT COST STUDY
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FIGURE 15
LIFE-CYCLE-COST FEASIBILITY STUDY APPROACH
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FIGURE 16
F-15 EQUIPMENT IMPACTED BY MIRA
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CONVENTIONAL MIRA
12 ELEMENT (1603 LB)
/[’ ’ AVIONICS 50 LB (MIN) | 60 LB (MAX)

R&D 30 17 18.5
INVESTMENT 60 29 320
0&s* 95 59 65.5**
TOTAL 185 105 116.0
MIRA COST

SAVINGS N/A 80 69.0

Note (1) All numbers are in millions of 1 Jan. 1977 dollars

(2) 200 systems, 144 aircraft, 15 year operational life
(3) Technology based on 1985 aircraft go-ahead
“O&S includes vestment support costs hecause PRICE investment does not

include investment support

Approximated from ratio of investment costs GP77-0842.18

FIGURE 18
COST COMPARISON - FIGHTER

REPRESENTATIVE DUAL MIRA DUAL CONVENTIONAL

ol e i Pnoht':;s?oa ’ Ai(l:\IEDLs le>| PROCESSOR
GYROS ( GYROS T
AIR DATA STBY BAT.
TRANSD | | % procEssoR | |-RUNO-2 {
AND A/D | NO.2
CONV e ‘
I AIR DATA
'L STBY BAT. l mgNAS/% I—»| PROCESSOR| |AIR DATA NO. 1
] CONV
T I ACCELS
GYROS » NO.1 « 1SS NO. 2
aroaTAl | | i * STBY BAT.
TRANSD PROCESSOR
AnDAD [l 5|  NO.2
Conv AIR DATA
l AABNSD -+ PROCESSOR| |AIR DATA NO. 2
STBY BAT. I
| CONV

Note: Dual MIRA is functionally more reliable than dual conventional MIRA due to dual processing of
inertial and air data in each MIRA processor GPY7-0842.19

FIGURE 19
REPRESENTATIVE CONFIGURATION FOR
COST COMPARATIVE ANALYSIS - TRANSPORT

SYSTEM COSsT

MIRA $223,000
CONVENTIONAL $224,000

COST SAVINGS $1,000
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FIGURE 20 %
EQUIPMENT PRODUCTION COST COMPARISON - TRANSPORTS
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PRESENT

REQUIREMENT

CAPABILITY
® POSITION ACCURACY 23 NM/HR 1 NM/HR
® VELOCITY ACCURACY 8-10 FPS 23 FPS
® ASSOCIATED FURTHER INVESTIGATION
REDUNDANCY UNDER DYNAMIC CONDITIONS

FIGURE 21
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PERFORMANCE IMPROVEMENT REQUIRED

EQUIPMENT | MTBF (HRS)

CURRENT 67.0

MIRA 760.0

IMPROVEMENT GOAL = 11.3

FIGURE 22
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RELIABILITY IMPROVEMENT REQUIRED

DESIGN

® CONTRACTUAL LIMITATION OF COMPONENT STRESS LEVELS

IMPROVED THERMAL DESIGN
IMPROVED PART APPLICATION

RELIABILITY DEVELOPMENT TESTING
® DESIGN-LIMIT ENVIRONMENTAL EXTREMES

® REALISTIC DUTY CYCLES TO MATCH MISSION PROFILES

® ACCUMULATE EQUIVALENT SERVICE LIFE

MANAGEMENT

[
® INCREASED FUNDING FOR EARLY TESTING
®
]

MEASUREMENT GROUND RULES

FIGURE 23

IMPROVED PARTICIPATION DURING EARLY DESIGN PHASE

METHODS OF ACHIEVING RELIABILITY IMPROVEMENT

FEWER COMPONENTS - ELIMINATE GIMBALS, USE OF LSI MICROPROCESSORS

EQUIPMENT DESIGNERS TASKED WITH SPECIFIC RELIABILITY REQUIREMENTS
IMPROVED CORRELATION OF LABORATORY AND FIELD RELIABILITY

CONTINUOUS AND AGGRESSIVE FOLLOW-UP THROUGHOUT LIFE OF PROGRAM
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FIGURE 24
HONEYWELL LABORATORY DEMONSTRATION
{Ring Laser Gyro - 1 Tetrad Cluster)
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FIGURE 25
SINGER-KEARFOTT LABORATORY DEMONSTRATION
(Tuned Rotor Gyro - 2 Skewed Clusters)




FIGURE 26
LITTON LABORATORY DEMONSTRATION
(Tuned Rotor Gyro 2 Skewed Clusters)

KEY ISSUE | PH(LIM!NARY~ ASSESSMENT
OF FEASIBILITY
MULTI FUNCTION FUNCTIONAL OUTPUTS OF INERTIAL
REQUIREMENTS POSITION, VELOCITY, ACCELERATION,

RATES AND AIR DATA CAN Bt
OBTAINED. TECHNOLOGY IMPROVE
MENTS WILL IMPROVE POS AND VEL
ACCURACY IN THE NEAR FUTURE

MIRA KEY ISSUES

SENSOR LOCATION CONTROL LAWS CAN BE MODIFIED TO

EFFECTS ACCOMMODATE USE OF PHYSICALLY
\ SEPARATED MRU LRUs
comossarny g \ " 5 FAILURE DETECTION | DEMONSTRATED IN LAB FOR HARD
\ cosis L ° I\ | AND 1ISOLATION OVER, SLOW OVER AND SOFT OVER

FAILURES WITH RLG AND TRG

RELIABILITY REDUNDANT AND SKEWED SENSORS
AND CLUSTERS PROVIDED ADEQUATE
MISSION AND SAFETY OF FLIGHT
RELIABILITY

MODULARITY MIL STD 1553A MUX CAN BE USED
INERTIAL/AIR DATA FUNCTIONS CAN
BE INTEGRATED AND STANDARDIZED

LIFECYCLE COST FIGHTER SAVINGS. $69 $80M
TRANSPORT SAVINGS: QUALITATIVELY
N SIGNIFICANT
arrr oea 21
FIGURE 27
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MIRA FEASIBILITY HAS BEEN ESTABLISHED

MIRA PROVIDES SIGNIFICANT COST SAVINGS AND MERITS
CONTINUED DEVELOPMENT

MIRA PERFORMANCE CAPABILITY WiLL BE ADEQUATE FOR
FIGHTER AND TRANSPORT

RELIABILITY AND MAINTAINABILITY REQUIREMENTS
WILL BE MET

AIR DATA COMPUTATION SHOULD BE PART OF MIRA

SUPPLEMENTAL DEMONSTRATION EFFORT TO EVALUATE
MIRA VELOCITY, ACCURACY AND REDUNDANCY UNDER

DYNAMIC TRANSLATION CONDITIONS DURING PHASE | 1
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Qrrrosaz 2

FIGURE 28
OVERALL CONCLUSIONS - TASK 1

® CONTINUE MIRA FEASIBILITY STUDY (PHASE 1) FOR
DEVELOPMENT OF FINAL MIRA CONFIGURATION AND
PREPARATION OF SPECIFICATION

® INJTIATE A SUPPLEMENTAL TEST TO DEMONSTRATE
PERFORMANCE ON SOFTWARE REDUNDANCY USING
LAB HARDWARE ON A MOVING VEHICULAR TEST BED

® BEGIN DETAIL PLANNING FOR MIRA PHASE Il ADP
FLIGHT TEST
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FIGURE 29
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SUMMARY

This paper presents a software method for malfunction detection and alternate mode
capability in dynamic systems where slowly increasing sensor errors may occur. The method
is based on parallel Kalman filters and tests on the filter outputs. The paper describes
how this method will be implemented in the integrated navigation system for the new
Norwegian coastguard vessels. Some preliminary simulation results are presented.

1 INTRODUCTION

Malfunction detection has proven to be an important feature of automatic and compli-
cated systems. This paper presents a software method for detection and isolation of
“difficult” malfunctions in dynamic systems., Despite the specific application at hand,
the method focused in this paper is generally applicable to sensor data integration where
gradually sensor-deterioration may occur.

The method presented is neither supported by practical experience nor by extensive
simulation results. The contribution of this paper is rather to suggest a somewhat new
approach to a difficult and important problem when trying to obtain confident estimates
from an unreliable dynamic system.

The ideas described in this paper stem from the development of an integrated naviga-
tion system for the new Norwegian coastguard vessels. The development is being carried
out at Kongsberg Vipenfabrikk and Norwegian Defence Research Establishment.

The navigation information from the different sensors are to be fed into a minicom-
puter. The information is processed to obtain the "best" estimates of the vessels posi-
tion, velocity, and orientation. The processing will be designed to produce:

- reliable estimates

- accurate
- confident »

The expression "reliable estimates" means that the estimates are available most of
the time. Accurate estimates means that the estimates are close to the true state. The
expression "confident estimates"” denotes estimates possessing a true accuracy close to
the expected accuracy.

Simulations showed that the common malfunction detection methods failed to detect
and identify gradually increasing large biases in the radionavigation systems Decca and
Loran C which was to be used. These errors, caused by athmospherical disturbances,
drasticly deteriorated the position accuracy of the integrated navigation system if they
were not detected. The method described here is a result of the investigations which
were preformed.

2 DESCRIPTION OF A METHOD FOR MALFUNCTION DETECTION

This chapter describes and discusses a somewhat new approach to malfunction detec-
tion. The first part of the chapter briefly lists the usual methods for malfunction
detection in order to support the following presentation.

2.1 Common approaches to malfunction detection

Before the method is presented, it may be appropriate with a short recapitulation of
the most common approaches to malfunction detection in dynamic systems where Kalman H
filter technique is applied. See ref (1). The usual tests focus on (see figure 1):

= the received measurements

- the measurement residuals

- the estimates

If the redundancy is sufficiently high, one may perform majority voting on the re-
ceived meagurements. Other sorts of reasonableness checks are also used. Knowing the
normal range of the variables being estimated, alarms may be given if the estimates
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exceed these limits.

Most of the maltfunction detection methods perform tests on the measurement residuals
(the differences between the received measurements and the corresponding expected ones;
the expected measurements being calculated from the current estimates), The statistical
properties of the measurement residuals are easily calculated for normal situations, and
the different malfunction detection methods try to detect violations from the normal
statistics. Some of the methods also take into account the resulting statistical proper-
ties of the measurement residuals when spesific malfunctions occur; see ref (2). The
tests hay be made more efficient by designing so-called failure sensitive filters, see
ref (3).

Reference (4) describes an application of parallel filters for malfunction detection
where the measurement residuals are used to calculate the probabilities of different
specified malfunctions.

2.2 Description of the method

The method to be presented inherits a lot from known malfunction detection methods.
The i1deas presented in this paper are partly inspired by the method presented in (5).

The method may be summarized as follows (see figure 2):

- Apply independent Kalman filters, each filter taking input from a subset of
available sensors.

- Check the differences between the sets of filter estimates and apply hypothesis
testing based on the covariance matrices calculated in the parallel Kalman filters,

- When a malfunction is identified, switch to a filter which excludes the bad
sensor.

The filter inputs are generally subsets of the available sensor output, but one
Kalman filter may use data from all the sensors. The system estimates may either be a
combination of estimates fromsome of the filters or they may be the estimates from one
single filter, preferably the one with input from all sensors.

When a malfunction occurs, the sets of estimates from the different filters are
influenced by the erroneous data in different ways, and some sets may not be influenced
at all. The differences between the sets of estimates is accordingly a means to identify
and isolate the malfunction. In normal operation the sets of estimates will differ due
to the normal noise and errors in the system, This is the reason why hypothesis testing
bagsed on the covariance matrices of the Kalman filters is applied.

This parallel filter approach offers a lot with respect to alternate mode capability.
When one of the sensors is declared malfunctioning and its data rejected, the sensor may
have deteriorated the accuracy of the system estimates prior to the identification. Among
the sets of estimates there may now excist one (or more) that is not influenced by the
data from the malfunctioning sensor. These estimates ought to be regarded as the "best"
estimates, and should be defined as the systems estimates. (See figure 3).

2.3 Discussion of the method
This section will discuss the following topics concerning the presented method:

- relations to other malfunction detection methods
- some general aspects concerning implementation

- hypothesis testing based on filter outputs and covariance matrices

We have not performed any detailed investigation to compare the presented method
with other malfunction detection methods; some simulation results are, however, mentioned
tn section 4.2, Still we would like to make a few comments relating to the methods
presented in (5) and (4); both being fairly similar to the presented method.

The method in (5) also tests for malfunctions by monitoring the differences between
sets of estimates. The method presented here is probably more generally applicable than
the method in (5) in that it applies Kalman filters taking into account the noise in the
sensors during normal operation, rather than using Luenberger observers. The method
presented also allows more freedom in combining the inputs to the estimators because
there is no requirement that the basic state variables has to be observable by the single
sensors.  Taking into account the calculated covariance matrices in the alarm=-= and
identification scheme seems more theoreticly sound than the approach in (5). However,
the method presented seems to demand far more computer capacity than the method in (5),

The method decribed in (4) has several common features with the presented method.
Both methods apply independent Kalman filters, and both methods have, at least in prine-
ciple, the same alternate mode capability. The basic difference is that the method in




(4) applies the sets of measurement residuals to identify occuring malfunctions rather

than monitoring the differences between the sets of estimates Theoreticly the method //»3

in (4) seems to be optimal in the Bayesian sense. However, simulations indicate that

the success of this method is strongly tied to the spesific applications. Reference (6)
questions the "identifiability" of the method and mentions the lack of general convergence
proofs. (A simple performance statement of the presented method is found later in this
section.) As for the number of Kalman filters to implement, the presented method demands
a limited number, while the method in (4) in principle demands an infinite number. How-
ever, the presented method also may have to reduce the number of parallel Kalman filters
because of restricted computer capacity available.

One interesting qualitative statement about the presented method may be noted:

Assume that a system contains N sensors, and that the estimates of the system vari-
ables have to meet certain accuracy requirements.

If all N Kalman filters with inputs from N-1 sensors meet the accuracy requirements,
then the method described is able to detect all sensor malfunctions that will cause
the system estimates to violate the accuracy requirements.

This statement is easily realized. Say that the sensor number i is malfunctioning.
Since at least one set of estimates is not influenced,  the difference between this set
and the system estimates will become too large to be accepted from the corresponding
covariance matrices, before the accuracy requirements are violated.

Several important questions are arising when a system with fault detection capability as
decribed is to be designed:

- How many parallel filters to design?

- How to design the filter models?

- What sensor inputs should be fed to each filter?
- How to design the malfunction detection scheme?

The answer to these questions are stronly dependent on the characteristics and number
of the sensors available and on the computer capacity available. It could be desirable

to obtain sets of estimates based on single sensors and to perform the identification by
majority voting on the estimates (5). However, if estimates may be obtained this way,
they are often too uncertain to be useful. It could also be desirable to design the
parallel filters as failure sensitive filters (3). This approach may lead to a better
malfunction detection capability, but the alternate mode capability will suffer because
the filter estimates is not of minimum variance type.

One way of implementing the malfunction detection and identification scheme may be:

1) The sets of estimates from the parallel Kalman filters are compared in pairs, and
the differences are obtained.

2) An alarm is activated if at least one of the differences is too large to be consis-
tent with the corresponding covariance matrices.

3) The identification of the malfunction is based on the pattern constituted by the set
of differences.

The identification scheme may involve the use of decision tables. The conditions
to test on can be determined by simulating the different kinds of malfunctions in the
normal noisy environment. The hypothesis testing in 2) may be performed in different
ways. One method is described in (7), another is described in section 3.2.

3 APPLICATION IN AN INTEGRATED NAVIGATION SYSTEM

This chapter describes the application of the malfunction detection method in the
integrated navigation system for the new Norwegian coastguard vessels. The integrated
navigation system is briefly described, and the specific implementation of the failure
detection method is described and discussed.

3.1 Description of the integrated navigation system

The integrated navigation system for the new Norwegian coastguard vessels will
consist of the following navigation aids (nav aids):

- NNSS receiver (NNSS: US Navy Navigation Satellite System, also called TRANSIT)
- Decca receiver
- Loran C receiver

- 1Inertial Navigation System (INS, accuracy approximately 1 nautical mile per hour)
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The information from the nav aids is fed into a minicomputer through a bhus system.
The minicomputer will process the information using Kalman filter technique. A recent
formulation of the Kalman filter algorithm called UD-factorization will be applied (8),
(9). The principal quantities to be estimated are ships position, velocity, heading,
roll and pitch-angles. In addition sea currents and offsets in the nav aids will be
estimated.

The NNSS contributes with a high position accuracy to the system when a fix is
obtained. The fixes are obtained at intervals varying from about %-2 hours. The Decca
and Loran C systems contribute with their relative high signal stability. Bias erros
in these systems may be estimated when the NNSS receiver gets a position fix. The INS
contributes with a high short term stability in velocity and position indications, in
addition to supplying heading roll, and pitch angles. The relative log may be regarded
as a redundant speed sensor when the INS operates together with Decca and Loran C, but
it contributes with velocity stabilization when some of these nav aids are not available.
The gyrocompass also feeds the Kalman filter with inputs, but its main function is a
back-up heading sensor.

3.2 The implementation of the method

This section describes how the malfunction detection method will be implemented in
the navigation system at hand. The interactions with the operator is also mentioned.

The implementation will consist of four parallel Kalman filters with the following
characteristics:

Filter 1: Input from all rav aids

Filter 2: Input from all nav aids except INS
Filter 3: Input from all nav aids axcept Decca
Filter 4: Input from all nav aids except Loran C

The filter models are all designed to produce minimum variance type estimates from
the received measurements (i e not failure sensitive filters).

Only the position estimates from the parallel filters will be compared here. The
main steps of the malfunction detection scheme is described in section 2.3. One key
question is whether or not a pair of position indications are too far apart to be con-
sistent with the associated covariance matrices. This question will be answered accoring
to the following scheme:

1) Construct a grid network in the position plane containing the position indications
from the four parallel Kalman filters.

2) At each grid point (representing a certain position) calculate the probability
density associated with each of the four position indications and corresponding
covariance matrices.

3) When stepping through all grid points, decide for each of the six pairs of positions
indications the most probable grid point, and calculate the confidence of each of
these six points.

4) If one of the six confidences are below a cerain limit, an alarm is given.

When the system has identified a malfunctioning nav aid, the operator is warned. The
operator then has to decide to take one of three actions:

1) He decides to exclude the declared malfunctioning nav aid. The system estimates
will then be based on the filter excluding the malfunctioning nav aid.

2) He decides to ignore the warning. The computations in the system will continue as
if nothing had happend. The system estimates are those from the Kalman filter with
input from all sensors.

3) He decides to trust the declared malfunctioning nav aid more than the other nav aids.
In this case he reinitializes the integrated system with information from this nav
aid.

It should be noted that only one of the filters may physically control the INS. 1In
normal operation this is done by the Kalman filter with input from all nav aids. The
misalignement estimates from this filter is then used to torque the gyroes in order to
align the INS platform to north and level. The other filters taking inputs from the INS,
each "controls" a model of the INS. These models derive misalignment estimates of the
INS platform. If Decca or Loran C is declared malfunctioning, the filter without this




nav aid takes the control. This filter then aligns the platform according to i1ts own
misalignment estimates, and thereby remove the influence from the malfunction. // '

entation:

'his section discusses the following aspects of the impl
the reasons for the implementation of this method

- the reasons for the choice of filters

= the expected capability of the method under various conditions

=  Ccomputer requirements

The presented method will be implemented in the navigation system at hand to cope
with slowly increasing bias errors in Decca and Loran C; biases due to atmospherical

disturbances The more common malfunction tests seem to fail in the detection and
tdentification of these kinds of errors (see section 4.2).

One may ask why we decided to use just four Kalman filters, and why just these sub-
sets of sensors were selected as inputs, The main reason are listed below:

- Restricted computer capacity limited the number of parallel Kalman filters to
Jjust a few,

-~ This method is to be implemented in order to detect drifts in Decca and Loran <.
Therefore some of the subsets had to exclude these nav aids.

- e Kalman filter without the INS had to be designed anyway in order to handle
the filtering when the INS is down because of the specific design of this system.
If one runs this filter in parallel when the INS is operating, one may be able
to tdentify failures in INS in addition to support the identification of drifts
in Decca and Loran C.

= Common malfunction detection methods (which also will be implemented) seem to
be equally capable of detecting malfunctions in the rest of the nav aids.

We expect that this method is able to both detect and identify all severe errors in
Decca and Loran ¢, provided that all four filters operate and that only one error is
present at any time. We also expect that severe errors in the INS may be detected by
this method. If one or more of the four filters are not running due to lack of inputs
from certain nav aids, the identification capability will drasticly suffer.

The method presented here put certain requirements on the computer capacity. The
computer memory needed will increase with the number of parallel filters implemented.
However, the increase will not be proportional to the number of filters. This is because
the same code to a very large extent may be used by the different filters (the filters
will be executed sequentially). In addition many of the quantities in the different
filters may use the same storage locations.

The increase in the computation time required may in many cases be a serious re-
striction on the use of parallel filters. In the application at hand however, the dyna-
mics of the error states used in the modelling of the system are low. Therefore a samp-
ling time of 30 seconds may be used, whereas four parallel filters requires approximately
5 seconds execution time (about 20 states in each filter).

4 EVALUATION OF THE MALFUNCTION DETECTION METHOD

This chapter describes the planned steps in the evaluation of the failure detection

method. Some preliminary simulation results are also presented.

4.1 Steps in the evaluation

The evaluation of a failure detection method may be divided into three steps:

1) Simplified simulation of the system and the error conditions.
2) Detailed simulation of the system and the error conditions.
3) Simulations of the system using recorded measurements contaminated by the error

conditions to be detected.

Step 1 involves covariance calculations and observing the response on principal
estimates under different error conditions.

At step 2 a detailed simulation program should be made and used to simulate different
algorithms for the failure detection method to be implemented. The algorithms of the
final system should be found here.
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At step 3 it should be possible to arrive at final parameters in the failure
detection algorithms.

4.2 Preliminary results

As stated earlier, extensive simulation results are not available. Before the idea
of the presented method was conceived, some of the known malfunction detection methods
was investigated.

It turned out that the so-called three-sigma test (rejection of too large measurement
residuals) would fail to detect slowly increasing bias errors in Decca and Loran C, even
when prefiltering was applied to reduce the random noise component. Simplified simula-
tions of the parallel filter approach taken in (4) did not produce encouraging results,
and the method was dropped. It was demonstrated that failure sensitive filters increased
the probability of identifying these slowly increasing errors by means of three-sigma-
tests and whiteness-tests of the mea ' rement residual sequence. However the results were 1
not satisfying and this method was also dropped.

Only preliminary simulation results are available for the presented method. These
are of the first type described in the previous section. Errors were introduced into the
nav aids Decca, Loran C, and the INS, and the resulting influence on the estimates from
the four parallel Kalman filters were observed. A normal situation is shown in figure 4
while two examples of malfunctions are shown in figures 5 and 6. The identification scheme
described in section 3.2 is not yet implemented.

Figure 5 shows a typical situation when the position information from Decca or Loran C
has drifted. The filter which relies most on the malfunctioning nav aid exhibits the
largest position errors while the one without this nav aid is not affected at all. Be-
cause of the unsymetrical position indications of the four filters, the malfunction may
be identified. 1In this example a 400m bias error in Decca is softly introduced (the
first derivate is continuous) during one hour. This figure shows the situation after 40
minutes, when the Decca error has increased to approximately 300m.

Figure 6 shows the situation 30 minutes after an abrupt bias shift in the drift of
the east gyro. The bias introduced is ten times larger than the standard deviation of
the normal gyro drift. As expected, the filter estimates are less sensitive to malfunc-
tions in the INS than in Decca and Loran C. The pattern of the position indications is |
not as clear-out here as i fiqure 5.

A better understanding of the malfunction detection capability of this method will
probably be gained during the comming investigations.

5 CONCLUSION

This paper has presentéd a somewhat new approach to malfunction detection in dynamic
systems. The method also offers alternate mode capability. It will be implemented in
the integrated navigation system for the new Norwegian coastguard vessels in order to
detect and identify slowly increasing large bias errors in the radionavigation systems
Decca and Loran C. Four independent Kalman filters will run in parallel. One filter
takes input from all nav aids while the three additional filters ommit one nav aid each
of INS, Decca, and Loran C. The malfunction detection scheme will work with the differ-
ences between the position indications from the four Kalman filters taking into account
the calculated covariance matrices.

Preliminary simulations show encouraging results. Also some kinds of errors in INS
seem to be detected. The method will soon be evaluated by a simulation program, simulat-
ing the integrated navigation system in detail.
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Figure 2 The prinsiple of the failure detection method presented in this paper
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SUMMARY

This paper discusses the need for low pilot workload in future combat air-
craft equipped with electronic displays and outlines means by which this

may be achieved through optimization of display functions and rationalization
ot controis. Briet descriptions of current work on head up displays and
helmet sighting svstems are included,

The combat arrcraft of the future will offer the prlot an agile airtrame with advanced sensors and
displays, a combination which adds up to a greater combat potential than that of current aircraft,
However, many currvent arrcraft demonstrably tmpose very high work loads on the pilot and 1 f the advantages
of future advanced sensors and displays are to be realized 1t 1s essential that they are less demanding
o the prlot's time than are current avionics The effectiveness of the atrcraft will depend on the
pilot machine intertace, on the ease with which he can communicate with the avionics through the
controls and the effictency with which the avionics can supply him with the data he needs through the
displavs. Whereas on previous aitrcraft it was atvframe performance or weapons capabilities that made it
a good fighter, future atrcraft will probably have only slightly better pertormance and slightly better
weapons, and the real scope for improvement [ies in the increase in combat etfectiveness which can be
brought about by reductng the pilot's workload in terms of systems management thereby increasing his
ability to keep his eyves out of the cockpit. Experience and studies show that atr combat is essentially
a visual, head-up activity and the cockpit should be designed with this upper-most in mind.

Over the past yvear Marconi Avionics have been engaged in studies into the cochpit and avionices design ot
the next British fighter. Our studies have shown that the four most significant factors that will
intluence the cockpit design are:

® Role and mission flexabiliey, tncluding compatibility with sensors more complex than those
on current combat aircrafe.

) Reduced instrument panel area together with restricted reach in the high ‘g
configuration.

[ ] Greater effectiveness of single crew operation by close attention to an integrated
ergonomic design to simp{ify cperation and reduce peak work loads.

[ Systems tntegrity which reflects the differing requirements of mission and tlight

safety with regard to the controls and information displays. For justitfiable
confidence in safe operation the pilot requires adequate reliability, vedundancy and
reversionary sources of tlight critical information.

The results of our studies into future cockpits have led us to depart radically from conventional
controls and displavs in order to meet these objectives, with two tundamental design rules.

irstly displays must in general be multipurpose and not dedicated as in current cochpits, though there
s ostrll oa clear need for some conventional single tfunction instruments when it is either uneconomic or
undesirable to integrate their functions.

Secondly rationalization of some of the controls of the various aircraft systems is required to reduce
priot workload and improve combat etfectiveness, for example, the provision of a single control to arm a
particular weapon and simultaneousty select the appropriate display modes and weapon aiming program.
Some controls will be multitfunction some not, according to the mode selected.

These considerations dictate an integrated approach to the cockpit design involving multifunction
electronic displays and rationalized controls.

Role and Mission Flexibility
Future combat atrcraft are likely to need both air to air and air to ground capability. For example 1t
1s probable that the arrcraft will have to fight its way in to a gromd target, deliver its weapons and

fight 1ts way out again.

Although the display and control requirements tor these two roles are broadly similar, they differ
sutfrcrently in detail that for optimum effectiveness the displays format should change according to the

situation. Ihe integration with the display system of complex sensors, not all ot which are required
at cach stage of tlight, also means that display surfaces will have different functions at ditfevent
times, Fhe displays theretore will be Multi-tunction displavs,

An advantage of Multi-Function over conventional displays lies in the ability to recontigure the surfaces
to give the pilot the data of highest priority tor cach mode of operation and to display this data on the
most appropriate surface, For example, during the weapon atming and crurse modes of flight the pilot
will be looking out for some 80% of the time, The remaining time will be spent on an intermittent
internal scan pattern for essential flight data. Ihis scan pattern should be facilitated by the
displays so that as much time as possible can be spent tooking ot . Caltlimated displavs which are
discussed later can reduce the adaption time from outside to inside and effectively increase the outside
visual scan time.

ud
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However, 1t 1s important to strike the right balance between the optimum display configuration for cach
mode and the high degree of commonality between modes necessary if the pilot is not to be faced with too

many different and contusing display patterns, With today's instrument panels 1t i1s not uncommon for a
pilot to look at instraments and totally mistake their functions. This 1s especially true when dials are
of similar appearance and the pilot 1s inexperienced on the aircraft. There was for example a spate ot
altimeter misreadangs by 10,000 £t some years ago at a time when new, different altimeter presentations
were introduced. It 1s quite easy to read and misinterpret an instrument that is alwayvs in the same place
on the panel. It 1s obviously even easier to misinterpret a display that can appear on different place
Hence 1t s important that a pilot should not have to work out what display he i1s looking at before begim
ing to read 1t. In general, display formats, e.g. VSD (Vertical Situation Display) should stay the same
even when displayed on different surfaces. It may be necessary to alter the size of the display, but the

aspect ratio and lavout should remain the same and be instantly recognisable., To this end 1t 1s also
important that different display functions e.g. VSD and HSD (Horizontal Situation Displayv) should be of
different lavout and distinguishable at a glance.

One further aspect of Multi-Function displays concerns their flexibility for future growth, New threats,
for which new sensors, and new technology are developed, can be accommodated by designing in room for
growth at the outset. Data highways, for example, should be able to cope with at least 100% expansion in
traffic to cope with future developments and additional sensors.

Reduced Panel Area

Although i1t is by no means certain, it is quite probable that future aircraft, to give extra ‘g’
protection to the pilot, will have him scated in a much less upright posture than at present, In
addition the need for maximum external vision means that the pilot will be secated higher relative to the
airframe or, put another way, more of his body will be visible from outside. The effect of these seating
arrangements is that less instrument panel space is available and the pilot will be unable to reach some
of the display area unless he leans well forward. Under 'g' he will only be able to reach the forward
edge of the side consoles hence it will be necessary to mount some controls remote trom the display
surfaces. Essential controls needed during combat will be mounted on the stick and throttle, These
include weapon release switches, display mode override to the air to air dog-fight mode as well as switches
associated with radar operation.

Fly by wire flight control systems will make the aircraft stable when no control inputs are made and the
lack of stick movement with this system would allow a control column shaped for left as well as right
handed flying to make left handed flying easier, permitting the pilot to twist around further to the right
when searching for aircraft in that quarter and also permitting him to use his right hand to make better
use of controls on the right hand console. These controls could be operated at times when the aircraft
is under low 'g' loadings, for example when low flying. It might be advantageous to put the Multi-
Function keyhoard on the right console to take advantage of the better dexterity of the right hand.

Single Crew Operation

Tomorrow's pilot will have to undertake tasks for which today‘s pilot often has the atd of another
crewman. Having myself flown single seat fighters for nine vears and two seat fighters for seven in the
interceptor, ground attack and reconnaissance roles, I have no doubt that the single seat aircraft can do
as good a job as the two seater - by day and in good weather. The night all weather role on the other
hand, when flown at realistic heights and speeds, currently needs two men and 1 personally doubt that the
avionics industry can ever provide equipment which will totally replace the navigator. That is not to
say that a single seat aircraft will be unable to operate by night and in all weather, indeed quite a
number already do, the question is how much of an incursion into the traditionally two seater night all-
weather domain will sophisticated avionics allow the single seater of the future to make. One thing is
certain, the pilot will be essentially the same animal we have today and increased capability can only
come about through a reduction in workload to allow him to effectively and safely perform tasks which he
can at present only perform in a relatively ineffective and sometimes unsafe manner,

One major area where a reduction of workload can be effected is by the integration of functions. Over
recent years an increase in weapon release options to take account of an increased weapon inventory and
more modes of release has resulted in complex switching procedures for the pilot and for example, to
release a bomb from the Phantom F-4, it is usually necessary to make 9 switch selections before pressing
the pickle button. For some automatic release modes a further 2 selections are necessary. To get back
to the air to air guns mode 2 switch position changes are needed, to fire a missile, 2 more. These
switches require both right and left hand operation and in most cases the pilot has to lean forward and
look in, c¢learly an undesirable situation in combat and under ‘g*. For future aircraft the use of
pre-programmed weapon packages can reduce the number of selections to one for each mode. Composite air
to air guns and missile symbology on the head-up display (HUM) can allow the pilot to fire either guns

or missiles as appropriate to his situation in combat without need for mode changes. Helmet sighting
systems (HSS) can allow missile lock on and firing without the need to track the target with the aircraft,
Integration of functions can markedly reduce the pilots workload and the flexibility of digital svstems
permits changes to these functions to keep match with future developments in weapons, tactics and
avionics.

The guiding principle for display configuration is that because the pilot will operate for much of the
time in visual conditions and in a confused and probably hostile airspace he must be able to keep his
eyes outside the cockpit as much as possible. [ briefly mentioned collimated displays ecartier, Apart
from the HUD and HSS which are collimated and to scme extent complementary in that the HSS can display
data such as energy and threat direction when the pitot is looking outside the field of view of the M,
a further development lies in the use of collimated displavs within the cockpit.  We havey under
development, a display tem where a continuous display is achieved by merging the HUD with the next
display surface below it - sometimes known as the Head Level Display (HLD) to distinguish it from Head




Down Display (HDD) | The HLD is also collimated and, as [ mentioned, the nl:(n.nl trrangement are stch @
to give a continuous display with an instantaneous fireld of view of some 200 horizontally by 400 vertically. 4,
Below this there 1s still room to tit a further displav surtace, the HDD, Figure )} shows the general /‘} e
arrangement .

>

A\ future combat artrcratt might have up to display surfaces in all, 3 in the centre and 0 more on cach
side. The 35 centre displays (HUD, HLD, HODY would be used to carey the top priority data tor the mode
selected, In the air to air and arr to ground modes this would be primarily data associated with target

acquisition and weapon aiming, in the crutse, take oft/landing and emergency modes it would be data with
flight path control.

the 4 sude displays would be tor data of secondary importance, this s, data which the pilot needs to have
avattable at short notice for reference purposes but which 15 not vital for the mmmediate task tn hand

To some extent display functions would move from surtace to surtace as modes change. Lach surface could
have function indicator buttons which are labelled to show the display function entered automatically on
mode change (e.p. VSO, DRILLS, RADAR) and pressed to engage optional functions.

In some cases automatic reversion would occur tollowing the failure of another display surface. For
example, it the HUD farls, its display could be "dropped" to the HLD and displaved on the view of the
outstde world noemally seen through the HUD but which 1s now shown on the HED by means of the HUD videcon
recorder camera or VAS (Visual Augmentation Svstem). Because the HLD 15 collimated, the pilot should be
able to carry out weapon aiming with initial target alignment using the HUD standby sight and tinal weapon
aiming through the HLD using the same syambology as that normally displaved on the HUD, but now displaved
m the HLD, against the displaved wmage of the target, With a 131 display/real world relationship, the
prlots actions in weapon aiming through the HED will be essentially the same as weapon atming through the
HUD and the fact that the eyves are focussed at infinity means that the peripheral cues of the real world

used 1n spatial orientation during tlight are still present and usable. Simulator experience suggest
that the peripheral cues are adequate to allow tlight at low altitude to continue sately. Normally 1t s
necessary to increase altitude slightly when looking in at instruments during very low level tlight, beca
when the eves are tfocussed on the instruments very hittle 1s seen of the outside world. However with a

collimated display which is adjacent to the HUD, very little of the outside world cues are lost and it
should be unnecessary to pain altitude when using this displav,

In the atr to arr and arr to ground modes the HED could display a colltmated Visual Augmentation Svstem
(VAS) picture. this could be etther 1:1 image: rveal world or magnified by, perhaps, a factor of 10,

[n the [:1 case the fact that the HUD and HLD displayvs are both collimated and give a contiguous display
means that a VAS aligned with the HLD would give the pilot a display which in effect "sees through' the

nose of the aircraft. This would allow him to engage targets which otherwise would be hidden by the
nose. Examples are: a high deflection air to air guns situation or an air to ground attack using very
high drag munitions. In both cases the prlot would have both target and aiming syvmbology displaved on
the HED as o continuation of the HUD svmbology. Given the high turning rates envisaged for future combat
arrcratt it as likely that deflection angles greater than l"“, a typical over nose view, will tfrequently
occur tnoailr to air combat . A system as described will atltow the pitot to pull lead and fire under

conditions where the limits of over the nose view would normally force him to delay his firing until he
had worked oft some of the angle-oft.

Firing opportunities are tlecting in combat and the ability to tfire with day 25° lead angle will not only
increase the number of opportunitices to tire but also allow the pilot to fire on occasions when the
hostile pilot will probably not consider it possible, For combat manoeuvring, the increased over the
nose tield of view will allow lead pursuit tactics to be imploved as opposed to Lag pursuit tactices with
a consequent decrease in time to firing,

In the magnified case, a HUD symbol would show the field of view of the VAS which would now be aligned

with the HUD or misstle boresight rather than with the HLD boresight as in the 1:1 case. Irtacking a
target with the HUD symbol would produce a magnitied image of the target on the HLD for target recognition
purposes. Fhe VAS could thus be a simple two position, two field of view device with a 131 unmagnified
view of the HLD boresight area and a, say, 1001 magnified view of the HUD boresight arca. he degrec

of magnitication would depend on such factors as resolution, screen size, ficelds of view and the case

with which a pilot can track a target with the HUD and stifl be able to glance into the HED tor long

enough to recognise what he sees. At the sort of range where unaided atr target recognition is impossible,
crossing rates tend to be tow and this plus the tact that both displavs are collimated should ea the
ptlots tracking task.

©

In the non-weapon aiming modes, the HLD would normally act as the Vertical Situation Display (\sh)
allowing reference to essential flight data without the need tor rve-tocussing of the eves, The \SD can
be a more comprehensive display than is desivable tor clutter reasons on a U0, 1t can be a display
optimised for instrument flight and could for example include engine power settings (a parvameter
essentially related to vertical situation and constdered to be of flight critical status).

\s part of the aim to grve the pilot easily monitorable attitude information, the HUD and VSD attitude
displays would come trom diftferent sources. Any difference would be resolved by the reaction to pilot
control ipputs or by a cross check majority vote with a third independent reversionary attitude display.

The VSD would be displaved on an adjacent surtface to the HLD during weapon aitming modes. The VS tormat
would remain unchanged despite the change in location so that the pitot does not have « contend with o
different scan pattern on the display even it the inter-display scan has altered.

HSDh the HSD 15 of a lower ovder of importance than the VSD hence it can be displaved on a lower priority
surtace, his display would give navigation data as called up on the pavigation kevboard and could also
be the display tor that keyvboard, that is, it would show data entry as it occurved. In addition to pure
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navigaton data, way points, time to go ete., fuel quantity, flow rate and requirements for the route
being essentially hortzontal data associated with distance and time, could be displaved on the HSD
Preset Bingo fuel states and steering data could, to aid the pilot's scan, be displaved on the HUD as well
as the HSD.

HbD The HOD would display radar in the air to air mode and map in all other modes, However, to cater
for processor/wavetorm generator failures, 1t could also display other functions when required.

DRILLS A major advantage of electronic displays lies in the ability to display tabulated drills as a
routine or in emergency thereby obviating the requirement to thumb through F'light Retference Cards. This
aspect 1s later elaborated under the discussion of the Emergency mode.

SYSTEMS In all modes one surtface would display svstems data. Fhis includes armament state in the air
to arr and arr to ground modes and control position data in the take-off/ land mode. Svstem maltfunction
serviceability data would be automatically displaved in the emergency mode. The vartous sub-systems, for

example all services operated by or in conjunction with engine bleed air could be called up on the kevboard
and thetr serviceability listed.

ECM/ESM Due to the importance of electronic counter and support measures, a dispiay surface could be
dedicated to FCM/ESM and, possibly, communications management .

Emergency Mode

\ criticism often levelled at electronic displays is that 1t 1s impossible to display as many aircraft
systems parameters as are currently shown on conventional instruments, In general, this criticism is
valid during the operational modes, but 1f an atrcraft emergency occurs (other than loss of displav!) and
this emergency precludes continuing with the mission, then the flexibility of electronic displays allows

a reconfiguration to give displays optimised to help the pilot cope with the emergency. For example, if
the arrcraft was in the air to air mode and an emergency occurred, a warning could occur on the HUD and
\SD oand the nature of the emergency would appear on the Systems display. Selecting tmergency mode would

free some displays of mission dedicated data and these surfaces could then give text giving immediate and
subsequent actions together with the further ramifications of the emergency and the impact of the failures
on other systems. Having more than one surtface for drills would allow the pilot to cope with more than
one failure when the initial failure may cause others. For example, in some atrcratt a hyvdraulic failure
can aftect a number of other aircratt systems and lead to emergency situations more complex than those
normally associated with a simple loss of hydraulic pressure. While it is hoped that future aircraft
will not have this type of cascade fatlure, it remains a possibility. Ihe flexibility of the display
surfaces to reconfigure in a manner optimised to cope with an emergency should help overcome the
justitiable reluctance of pilots to have important parameters not continuously displaved during normal
operations.

Integrity

fo wain acceptability, not least by the pilots who will fly them, it is necessary to design electronic

display systems to a very high level of integrity., Flectronic systems do fail trom time to time and it
15 essential to build in safeguards so that these failures do not leave the pilot with a lot of blank
screens., One method employed is to keep flight critical data separate from mission critical data since
the consequences of the former failure are more catastrophic than that of the latter. At the same time,
1tois important to have redundancy in the misston dedicated parts of the system so that mission
effectiveness is not lost in the event of simple failures. Ihe various methods of ensuring integrity

range trom simple to extremely complex and are outside the scope of this paper.

fo cater for major fatlures caused, for example, by engine flame-out when it is unlikely that sufficient
clectrical power will remain to drive the complete display suite, it will be necessary to provide some
form of stand-by, "get vou home', instruments. These will help overall integrity of flight critical
displavs because they can be kept separate from the main displays. They could use the flight control
system computers as data sources since the tlight control system integrity must of necessity be higher
than all other systems.

An additional consideration is that CRTs normally requirve 20-30 seconds from switch-on to giving a
readable display. With the accent on dispersion of aircraft on the ground during hostilities, it is
Likely that future aircratt will require a ground start facility using internal DC power. Even it
mvertors can supply power to a limited number of display surfaces, the fact remains that the pilot will
have to wait 20-30 seconds before having a display good enough to use during the engine start procedure
when he must closely monitor revs and temperatures. Some form of reversionary, non CRT display will
thus be necessary to cope with the situation since the pilot should not have to wait for this period
before starting after the receipt of a scramble order.

Whether these reversionary instruments are conventional or low power electronic will depend on the
progress made with low power solid state displavs which at present are at an early stage of development.

controls

The prime requirement regavding controls must be to make the pilots task as simple as possible given the
fact that he may have to operate a complex svstem while fighting for his life. What may, in isolation,
seem an ecasily controllable system may be virtually impossible to operate under stress when the pilot
has additional simultanecous tasks and dare not take his eves off his adversary to look in at controls.

Where possible one switch should carry out many switching actions, such as the actions needed to give the
correct attack display and weapon aiming solution when the weapon package is selected. Where possible

switches should be easy to operate without the necessity to look at them. If a bank of switches should
always be on in flight they should be electrically or mechanically ganged so that they can be put on with
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one action, but may still be selectively turned off following a malfunction. The switches should be
grouped such that those that need to be operated in combat should be close to hand while those that do not
can be grouped in less accessible areas but still in logical and subsystem grouping. This contrasts with
current cockpits where all of the switches associated with a particular total system tend to be grouped
together by systems rather than by functions, apparently without regard to whether or not they are
frequently operated in flight.

Some data lends itself to insertion by multifunction keyboard. Examples are navigation co-ordinates,
weapon packages. Some data is best entered by discrete buttons. Examples are flight modes, display
surface functions when different from those automatically entered. Some data has to be entered under
very difficult conditions. Examples are radio frequency changes when flying in close formation in
cloud, mode changes under high g conditions. For radio frequency changes, an electronic display of the
actual frequency selected combined with discrete rotary knobs for each digit of the frequency is probably
the best compromise. As the most likely mode change under g is to air to air from any other, there
should be an air to air override button on the stick.

Where multifunction keyboards are concerned, single pass data entry is desirable. It should be possible
to interrupt program changes necessary in flight, such as insertion of new navigation co-ordinates, in
order to use the keyboard to change the display of navigation data, and then resume the program change at
the point of interruption.

The emphasis must be on fitting the system to the pilot rather than vice versa. For example, from the
systems point of view it may be more convenient to address many sub systems from one multi function
keyboard, but this will invariably result in greater complexity from the pilot cognitive information
processing standpoint than addressing the sub system from a dedicated control.

The controls, therefore should be a mix of multi-function and dedicated with the proportions of the mix
decided after comprehensive functional allocation analysis of the pilot task on simulated missions
including such factors as, for example, frequency of use, likelihood of simultanecous tasks and reach

distance/time considerations. One method which allows switch locations to be readily changed is to
incorporate them in groups as LRUs. These LRUs would communicate with the systems they control through
the mission data bus. Ideally the results of the simulator analysis should be reassessed on prototype

flight tests and it should be possible to alter control layout then or when squadron experience or a
change of squadron role shows this to be desirable.

A further consideration is that the aircraft may have to be airborne in a very short time initiation of a
scramble order. Over recent vears, the inclusion of inertial systems has increased the time it takes to
get aircraft off the ground. Compared with, for example, the Hunter or Lightning which could be airborne
in 1 - 2 minutes, modern inertial equipped aircraft need at least 5 minutes. If the pilot of the future
aircraft has to store mission data and switch on systems through a multi-function keyboard as well as
aligning an inertial system his reaction time may well exceed 5 minutes. Swift reaction from ground
alert is needed to meet a low level air threat oy a call for support from the army, and the extra time may
make all the difference between mission success or fajlure. To take one system, communications, it is
obviously auicker to have frequencies manually preset before the mission than to have to insert them into
memory before take-off. Similarly once airborne it is quicker to change channels using one knob than to
address communications, insert the channel and enter the data through a multi function keyboard.

To summarize, the choice of control for a system should be made following analysis of the task with the
requirement of low pilot workload uppermost in mind. This workload can occur before flight when in a
scramble situation and in flight when in combat and the control system design should therefore be centred
round the pilot.

Display Types
HUD. The current generation of Head-up Displays have two major limitations.

- The Instantaneous Field of View (IFOV), that is the amount of the total FOV
that the pilot can see from a given eye position, is limited.

- The amount of prime instrument panel space, that is, space directly in front
of the pilot, taken up by the HUD is too large.

To overcome these two limitations the multicombiner HUD was developed. This proprietary system utilises
four reflective combiner surfaces set in a glass block to build up the vertical angle of the IFOV and
increases the horizontal angle of the IFOV by a unique optical arrangement shown on Figure 2 which

allows the reflectors to be mounted closer to the pilots eye. In addition, the optical arrangement by
dispensing with a folding mirror and refracting the CRT image into the combiner block results in a display
unit of very little vertical extent, and considerable consequent saving of instrument panel space.

The rays of light from the CRT pass through a truncated but otherwise conventional HUD lens system to the
base of the combiner block where they are refracted upwards and then reflected to the pilots eve. By
employing coatings of different reflectance, 25%, 33%, 50% and 100%, for the four reflector surfaces, a
display of even brightness is seen by the pilot. Each surface reflects a quarter of the IFOV and these
four portholes are contiguous with no overlap or underlap hence the pilot sees a continuous display of
approximately double the vertical FOV given by a single combiner HUD. Ihe outside world picture is also
of even brightness being built-up from multiple reflections but in a somewhat different manner. Because
the combiner block is a prism the lowest ray of light from the outside world to the pilots eve is
refracted downwards, as shown by the -12} apparent vision line on Figure 3, on entering the hlock

and exits on the line marked X so that the display unit metalwork, to the pilot, has an apparent vertical
dimension of X-Y, the portion above X being invisible. This allows the display unit to be mounted higher
than otherwise possible without obscuring the over nose view. The unit can also be mounted closer to the
pilot without impacting the ejection line resulting in increased horizontal FOV.
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The multicombiner display unit which will be the subjrect of two separate flight evaluations in 1978 s
considered to be the most cost effective approach to the large fields of view needed for future alrcraft

HLp The space thrown up below the HUD can be filled by a Head Level Display This can be viewed
through & collimsting lens syvstem which, in addition to the advantages outlined earlier of being in focus
with the HUD and outside world, also, because 1t 18 subject to binocular vision gives increased aximuth
FOV ., Furthermore, it 1s possible to build an exit optic svstem such that the vertical FOV 15 also
mcreased and made contiguous with that ot the HUD The operational advantages of this have alreadv been
doscribed, Combining the HUD and HLD into one unit can be of advantage trom the maintenance stand-point

md the units can share & common mownting trayv otc.

RASTER DISPLAYS, The HLD in common with all other display surtaces oxcept the HUD would be an all rastey
display  for reasons of tlexabijity and power dissaipation

\n all-raster display unit has less complexity, less power amd thermal dissipation together with higher
reliabulity than a mixed calligraphic raster display umt, Svmbology tor tabular or over-lav vaideo
formats can be generated 1n a4 suitable raster compatibhle wavetorm gencrator, providing ready means ot
matching brightness and position of the video and Wwlooverlay The format design flexibility as
atded by contrast inversion, line thickness and shading facilities This approach 1s made practical by

the development work carried out by the Company into special technigues to eliminate statrcase and flicker

be present tn raster display of dyvnamic syvmbology and near horizontal lines.
» technigues are comparable with

effects which can otherwise
The legtbiliey and visual quality of raster generation symbols using the

mbols

those of stroke written

These technijgues are used in the MROA TV TAB and NIMROD Acoustic Display svstems, The high contrast of

he displays i1s provided by the use ot green CRT phosphor an communction with a matching broad based
colour filter which has an antt reflectt

reflections, he filter attenuation 1s chosen as a compromise value giving the highest contrast ratio

coating on the front surface to minimise ambient light

conststent with matntaining an adequate absolute braghtness level through the filter.

Colour would give greatly enhanced ability for coding, maps and visual declutting of the displavs and the
as that of a4 domestic colour TV compared with black ‘white. Red

' X
daption, a factor long realised for HUDs, However, of the Jdifterent

hig
displavs would assist night visual a
methods currently emploved for gencerating colour displavs; multi gun shadowmask, single gun beam-indexed,
and penetration sphor, none are wholly satistactory for military roles where ruggedness and high
brightness for day time use are concerned. Nevertheless 1t 1s quite possible that colour displays will
be seen on tfuture atreratt and will realize the tull potential for data displayv of clectronic surtaces.

mmprovement could arguably be as {

Helmee Display Sight Syvstem

In combat the prlot will wish to look out tor most of the time s0 as to be as aware as possible of the
actions of the other atrcratt involved in the fight. A Helmet Sight Svstem (HSS) can provide him with
essential mission data while he 1s tooking out and unable to refer to his cockpit displavs, tssential

mission data could include
Missile amming and lock data.
Plectronic high priority threat warning.

tnergy rate.

The Marcont Avionics helmet svstem consists of a LED display subosystem and a helmet position sensing

subssvstem using LEDs and CCDs .,

The display sub system uses a4 10 mm square matrix addvessable 32« 30 LED arrvay the image of which s
mounted just above the upward Timit of the ptlots sight line on the

retlected and rvefracted within a pras

front of his helmet. After leaving the prism the light ravs are reflected to the pilots eve by a

collimating combiner which may be part of the tnner surface of the helmet yisor or a separate component
; o

imset anto the visor. The collimating display will subtend an angle of at the pilots eve and a

percetved brightness of 1500 et Lamberts can be achieved, which is controlled by an antobrilliance

sensor,

The helmet position sub-system shown in figurves 3amd 4 consists of a triangular set of

LEDs on either side of the helmet which flash sequentially The rayvs of light from the LEDS pass through
Veslits onto multi-bit high vesolution CCDs wherve the ravs are sensed in two places The distance apart
ot these two places essentially gives the elevation and the distance along essentially gives the azimuth
of the line of sight from CCD to LED, e triangular set gives 3 lines of sight which are geometvically
related to the direction in which the helmet, and hence helmet sight, 1 pointing, A microprocessor
based computer performs line of sight caleulations, controls the LED set and display symbology. Initial

calibration is obtained by a horesight procedure in which the helmet sight and HUD boresight are used to
give a datum from which the helmet sight line of sight 1s then caleulated.

the helmet mounted equipment adds only 0.0 kg to the existing helmet weight and the svstem copes with an

b W vl . -
angular coverage of £ 1800 in vaw and * 00 in pitch. Such systems ave at a late stage of development
and have been subject to several successtul tlight test programmes. LEDs were used for the display in
preference to a CRT because of werght, robustness and low voltage advantages. Mis svstem constderatds

increases the volume of sky in which air to air missile engagement 15 possible and by giving the missile
some of the manocuveing task that the arrcratt would otherwise have had to make to achieve missile lock,
earlier engagement s possible,




Figure 4 Typical Helmet Optical Position Sensor Syvstem (HOPS)
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Summary

To summarize, the cockpit of future combat aircraft must be designed tro pilot!
Given careful abrlity

i pilot functional
to recontigure both displayvs and control lavout to
studies indicate that

destign and the
and future role changes, our

standpoint
single seat pilot to

electronic

cater for modc
displays will enhance the ability of the
make effective use of the advanced sten 121l virtrame envisaged tor f
combat aircrate,
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AN ADVANCED NAVIGATION DISPLAY AND 1TS EFFECT ON SYSTEM DESIGN
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SUMMARY

Future cockpit designs will aim at single crew operation with

a high degree of display integration. The subject of the
paper is an advanced navigation display which would normally be
located immediately below the Head Up Display in order to show
the horizontal situation

The paper draws attention to some of the operational require-
ments and then describes the COMED Combined Display.

The display combines a full colour topographical map based on
35mm film with a multi-mode electronic display capable of
accepting cursive or raster information.

Also described is a planning aid permitting horizontal flight
profiles to be digitised automatically in a briefing room from

a conventional paper map. Flight plan processing is possible
and the resultant data can be loaded into a portable store which
is then inserted into the aircraft system so that the planned
profile can be superimposed on the topographical map.

The display concerned has been fully developed and demonstrated
in flight and the planning aid has completed successful
operational trials.

1. INTRODUCTION

The environment of a single-seat cockpit is particularly exacting in t.rms of display design for
a number of reasons. There is a heavy pilot workload caused by the need to handle the aircraft, its major
systems and the weapon system. The pilot of a single-seat aircraft flying at a very low altitude has to
contend with turbulence, flight hazards present near the ground and threats posed by enemy defences or
other aircraft. The canopy design is usually such that displays are subject to very large variations in
ambient light ranging from direct sun by day through to night operations. 1f sensors are used to facili-
tate operating at night or in low visibility, their information must be displayed and assimilated.

While automation and correct system design can mitigate some of these problems, the essential need
is for better displays. The most important display surfaces are the Head Up Display and the situation
display immediately below it. The latter must have an electronic multi-mode capability but because the
aircraft operates in close proximity to the terrain and as the pilots are accustomed to the use of
topographical maps, a full colour map display is extremely attractive.

The paper describes the COMED Combined Electronic and Map Display together with its incorporation
in an operational system designed to simplify navigation through all phases from pre-flight briefing
through take-off to touch down.

2. OPERATIONAL AND SYSTEM REQUIREMENTS

Some of these have already been dealt with in the Introduction. 1t is necessary to make some
assumptions about the sensors and other equipments to be carried in the aircraft since their capability to
generate information determines the display requirements.

Accurate navigation is of prime importance. It can contribute to the effectiveness of tle mission
by enabling the pilot to select and fly a horizontal profile which avoids known defences and exploits,
terrain screening as much as possible. The requirements become more stringent as the target acquisiticn
phase is entered, particularly if the pilot has to depend on the relatively narrow window afforded by a
forward sensor.

Navigation is also involved in determining the protection available against collision with the
ground while flying low. A sophisticated Terrain Following System can give full protection. Alternatively,
as pointed out elsewhere in this Symposium, it is possible to consider simpler sensors such as a laser used
as a low flying terrain avoidance aid. The dependence which can be placed on such systems is limited by
the fact that they are essentially single channel and can be vulnerable to a single failure. The back-up
consists of careful navigation planning and a good navigation display which can provide the pilot with
information enabling him to decide how to modify his vertical profile as a compromise between additional
vulnerability due to flying higher and the risks involved in continuing low flight visually, or with the
aid of a visual sensor. This is an extension of the philosophy of a safety height used in simple aircraft.
Navigation/...
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Navigation workload can be greatly reduced by a combination of careful planning and effective display.

The source of navigation information is likely to be an inertial navigator. There are several
ways of enhancing the accuracy of such a system. There is some scope for performance improvement where it
is permitted by the potential accuracy of the instruments, usually by data processing and more sophisticated
methods of pre-flight alignment. In the future, the inertial data in some systems will be mixed with
highly accurate position and velocity information from future aids such as Navstar. But whatever the means
selected, updating navigation using known features in conjunction with forward sensors such as Ground
Mapping Radar and Electro-Optics will always be attractive as a means of improving accuracy or increasing
integrity. The display system should permit this.

It is also advantageous to have a degree of redundancy to cover failures and the combination of
separate moving map and multi-mode electronic display elements permits this.

3. DISPLAY DESCRIPTION

The most important properties of a highly readable display are image brightness and contrast.
When flying head up, the pilot may be scanning a bright background such as cloud and the display must then
be bright enough to be legible when he transfers his attention to it, even if his eyes are slow to adapt
to the new light level.

In some cases, direct bright sunlight can shine onto the front face of a display, and the contrast
of the displayed image must be sufficient to maintain legibility. This is particularly true when full
advantage is taken of the colour and content of a topographical map. The resolution of the image, the
viewing distance, the effects of vibration and the basic suitability of the maps or other data displayed are
also important factors.

Figure 1 shows the basic optical principles adopted in the COMED Display. A projection lamp,
together with a condenser and a reflector, is used to gererate a full coloured map image from data stored
on 35mm colour film. The image-forming light rays from the projection lens are reflected by a mirror onto
the image-forming screen.

A combination of CRT and Map images is presented to the operator via a viewing system consisting
of a combining mirror, transfer lens and field lens, As a result, the map and CRT images appear superimposed
on the same plane.

An important feature of the design is that it generates an exit pupil of a size only sufficient to
cater for pilot head movement.

This method of optical combining and a field lens was selected against other techniques such as
the rear port tube because of a number of significant advantages. Ambient light cannot fall on the CRT or
map images because to do so, it must pass through the exit pupil, which is almost completely filled by the
pilot's head. The brightness of the primary image approaches the brightness of the full size image and is
almost five times brighter than if a full size image screen were used. For an equivalent drive power,
twice the brightness of @ full size (i.e. six inch diameter) tube is achieved and four times the
brightness of a rear port tube.

The use of a smaller CRT makes the electron geometry easier, resulting in a smaller spot size.
The tube and its associated drive circuits can be made compatible with cursive or raster writing techniques
and raster information from sensors so that the display can be integrated into any probable configuration.

The manner in which the film is handled has resulted from long term development. A relatively low
powered 50 watt projection lamp is used and three are carried together with an automatic change mechanism.
The film transport is highly accurate and has a high slewing rate so that changes taking place when 2
film strip boundary is approached appear near instantaneous to the pilot. A glassless film gate deals with
the problems of film damage experienced with some earlier displays. The display is aimed at high
maintainability and is completely modular.

35mm film is a most cost effective means of storing full colour map information. A typical unit
can accommodate 57 feet of film at a map scale of %M and a reduction factor of 15. This is equivalent to
an area of 2000 by 2000 nautical miles, in excess of the whole of North America. Since the mean film speed
is 5.7 feet per second, the maximum access time is 10 seconds.

The earliest combined displays were relatively bulky and were tailored individually to aircraft
cockpits. The latest version shown in Figure 2 has improved optics giving a near rectangular screen and
an installation outline aimed at single-seat cockpit.

4. PLANNING SYSTEM

A comprehensive mission planning system has also been developed. It is described here in
conjunction with the display but it is in fact suitable for use with any digital navigation system.

Autoplan consists of a table on which a paper map or chart can be placed in the briefing room.
A hand-held cursor can be placed anywhere on the map and is connected by a single table to the electronics,
which include a processor and a small printer.

The pilot places his map on the table and initialises the digitising system by inserting the
coordina tes of two known points. He then uses his tactical judgement and the best available briefing
information to choose a best route, which he marks in pencil on the map as a series of straight line
sectors. The cursor is then moved through the profile from one turning point to another, a button being
pressed at each to cause its coordinates to be transferred to the processor. Keyboard entry of fixed
parameters/...
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parameters such as ground speed and fuel load is provided. As the route is entered, the printer prints
out the various sectors and gradually accumulates a complete flight plan including times and fuel. The
gystem is extremely accurate and a 20 turning point flight can be programmed in less than 5 minutes,
including separate treatment of IPs and targets. Automatic conversion from the UTM grid to lat/long
coordinates or vice versa is possible and additional copies of the printout can be generated on demand.
An overlap profile from one map sheet to another can be handled.

This system has gained rapid pilot acceptance in its trials. Tactical choices can be made
because the time to compute a single route is so short that alternatives can be compared for timing and
fuel implications. Further copies of the flight plan can be printed out if a number of aircraft are to
operate in a group.

The PODS (Portable Data Store) facility is a further system refinement. The small circular
store contains a self-supporting memory and is plugged in to the ground equipment so that the flight plan
can be recorded in it. The pilot then carries the store out to the aircraft together with his map and
other briefing information where he inserts it into a special fixture so that the airborne computer is
loaded automatically. Where the combined display is fitted, the pilot can call up the route in the form
of a full colour topographical map with his planned tracks over-written electronically. Where he has
stored optional tracks for use in a mission or in the case of a diversion, he can recall and examine these
options in the cockpit before committing them to the guidance computer. Clearly, any other information
which can be expressed as lines or electronic symbols can be stored as part of the briefing process and
retrieved on the display. If the aircraft is fitted with forward sensors, points at which there are
features particularly suitable for checking progress can be included in the plan.

The essence of the Autoplan/PODS concept is to enable more sophisticated planning of missions
while reducing the workload by a system of automation which extends from briefing through to touch-down.

5. CONCLUSIONS

The optically combined CRT/Moving Map display is now a well developed technology and highly
suitable for providing a Horizontal Situation or Navigation Display in either a two-seat or single-seat
cockpit.

Electronically generated information including information from sensors or computer symbology can
be overlaid over the map. Alternatively, the display can be used as a full electronic multi-mode display.
It is therefore suitable for integration into a weapon system.

The display uses a field lens viewing system which is a highly successful means of offsetting the
effects of ambient light and optimising brightness and contrast as required in this type of cockpit. It
has been shown to be a satisfactory means of displaying information at very low light levels for night
flying and its intrinsic qualities make it generally superior to a pure CRT display.

The addition of a planning aid can automate the complete process from briefing to touch down by
using automatic digitising and data processing on the ground together with the transfer of briefing
information to the aircraft using PODS. There are many advantages in more sophisticated mission planning
including the ability to exploit the terrain fully and a reduction in cockpit workload in the air.

A display technology has developed on the basis of a combined map/radar display which is now
in production. Further development has produced versions aimed at advanced single-seat applications in which
the electronic component of the display is used multi-mode and forms part of an integrated display system.

The Author wishes to thank those colleagues who have assisted in the preparation of this paper,
particularly Mr. W.M. Aspin, who is the Chief Engineer of the Group responsible for these developments.
He wishes to note the part played in these developments by officials of the UK Ministry of Defence and the
Royal Aircraft Establishment. Thanks are due to the Management of Ferranti Limited for permission to
publish this paper.
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SUMMARY

To validate the information content of synthetic visual flight simulation,
objectively based methods and criteria are necessary which can show the influence
of a variety of visual cues on pilots’ perception. 56 pilots and 28 non-pilot en-
listed men made height and distance judgements from landing approach scenes with
different levels of detail. Some judgements of height and distance were made in
relation to a previously shown standard scene. Other judgements (absolute) were
given in ft or m . To evaluate the influence of scene information simplification
on subjects’ perception of height and distance, a number of measures were made
including judgement time, error and the exponent of the stimulus-response rela-
tionship R ~ S". Judgement error and the exponent of fitted power=-functions both
were significantly influenced by scene stylization. The increase of judgement error
and the decrease of power-function exponent respectively are more distinct when
making absolute judgements than relative ones. Because results for pilots are quite
different, non-pilots should not be used as subjects for visual research work with
landing scenes.

1. INTRODUCTION

The advantages of using simulators in the field of vehicle guidance and control are unquestionable. For cost and
safety reasons simulators are increasingly used for education and training, especiolly for pilot training. With both
whole and part-task simulators a realistic full simulation is frequently necessary for the correct performance of complex
operations. In addition to a realistic cockpit and realistic motion and noise simulation the simulation of a relevant
outside view is frequently necessary for good flight simulation.

The demand for a wide range of simulation applications together with continuous advances in engineering has
led to the development of Computer-Generated-image Systems (CGl) [ 1] which have certain advantages in visual
simulation over the well known film and model systems. Despite these advantages CGl systems suffer from the dis~
advantage of limited capacity and computing speed which severely restrict the amount of visual information which
can be simulated and displayed. Since there is no possibility at present to fully simulate the natural outside view
with these limitations the problem becomes one of selecting only that visual information which o pilot actually needs
to perform his special tasks, i.e. which visual cues must be presented to obtain a good visual flight simulation.

Previous research in visual perception, has in most cases, used subjective methods. It has been tried, for ex-
ample, by questioning pilots to reveal which of the external cockpit visual cues provide them with distinct informa-
tion about distance, attitude, altitude, velocity and so on. Apparently such an approach will be somewhat inaccurate
because the perception of most experienced pilots and the performance of many aspects of their tasks are unconscious.
Therefore it would be impossible for them to give precise answer about the influence of special objects or elements in
their visual perception on their visual judgement performance. That is the reason why scientifically correct statements
about the requirements of visual scenes in flight simulation can not yet be made [ 2, 3].

2, RESEARCH OBJECTIVES AND VARIABLES

Because of an increase in the use of computer generated image systems for flight simulation there rises the
question if such a stylized outside scene, which has limited visual information content, is sufficient for flying an
aircraft. To answer this question it will be necessary - if possible - to separate out the influence of the visual in-
formation provided by the different objects, details and structures. For this purpose one needs appropriate objective
methods which allow specific conclusions about the influence of visual information on pilot’s perception.

Because of the large amount and variety of visual cues in a real environment, which increase in significance
with vehicle motion (motion~parallax, streaming~patterns) first experiments dealt only with static external scenes. The
information requirements of external visual scenes are strongly dependant on the specific task to be performed. Since
pilots during the landing approach depend heavily on the use of visual information in the external scene, this flying
phase was chosen for research purposes.
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During the landing approach the pilot’s peiception of height and distance is of great importance. Our goal was
to measure the influence of image stylization of landing approach scenes on pilot’s perception of height and distance
by means of two different estimation tasks,

An evaluation of the results should give hints to how useful these tasks are when testing visual simulation systems
for various tasks or missions.

One estimation task was the making of "relative judgements" of the presented stimuli which seemed to be a
straight forward task appropriate to a landing approach where the pilot in most coses checks his position in relation
to the required glide-slope on the basis of a well learned model of runway shapes corresponding to various above,
correct, and below positions at different relative distances ' 61.

Since it is likely that some pilots in certain situations, especially military pilots, may have to make "absolute
judgements" (although not necessary of height and distance), it was decided to ask subjects to make absolute estimates
during the second part of the program.

A comparison of research results between the two types of estimates may help to answer the question which task
and which of the measures (explained later) will show the influence of scene stylization on judgement peiformance
best.

3. EXPERIMENTS
3.1 RESEARCH METHODS

it was the aim of the research work to find objective methods by means of which the influence of image styli-
zation of landing approach scenes on height and distance perception could be evaluated,

As visual space perception depends strongly on the information content of the external scene, a relation be-
tween a visual stimulus and the resulting response (perception) of an observer has to be established

S - stimulus
R = f(S)

R - response
and the change of this relaticn with changes in stimuli has to be evalvated.

A relationship where a subjective reaction depends on an objective stimulus can be described as a psychophys-
ical function. These psychophysical relationships have often been written as power functions 4

R=al(s-5)"
(o]

With suitable dimensions and a big stimulus area in relation to the perception threshold constunts may be neg-

lected :
n

R~ S

There exist a number of different psychophysical measurement techniques which differ in the level of measurement
scale which can be used, i.e. ordinal, interval or ratio scale 57

The rotio scale is characterized by equidistant steps and the use of the zero as the origin. It is the most prefer-
red type of scale in psychophysics because one can use all of the parametric statistics with it. Measuring methods
which yield ratio scales include the magnitude estimation methods which have their origin in the work of STEVENS, S.S.

Relative estimates made during the first part of the program were estimates of height and distance fiom presen-
ted slides as percentages of "standard" height or distance from a "standard" slide scene shown before.

The absolute estimates made during the second part of the program were estimates of height or distance in ft or
meter (as each subject preferred).

The "standard" slide was shown before each slide presentation in the first of the two runs which ecach subject
made. During the second run the standard slide was only shown in the beginning of the run itself. This was done to
reduce the running time of the experiments since the subjects were fomiliar with the standard slide after the first run.

3.2 MATERIAL (APPROACH SCENES USED AS STIMULI)

For our research we used colored slides, representing external visual scenes of o landing approach. As subjects
were to make judgements from these pictures, height and distance had to be well known to the experimenter. Because
of the great difficulties and costs of taking exact position pictures from the real world, slides were photographed
from the LUFTHANSA model simulation system in Frankfurt/M. The TV camera could manually be driven at ditferent
positions in accordance with specific values of height and distance. The corresponding pictures of the outside scenes
were taken from a color TV monitor.

In this way, slides of 21 positions were produced, of which 12 scenes represented 12 different distances from
the runway threshold on a 3~ glide-slope and 9 scenes represented 9 heights with a fixed distance from the runway
threshold (Fig. 1).

| , I



1T
X,/

Standard

500 10001250 | 1660 2000 | 3200 8000 10000 (11)
mo %30 2500
Fig. T Positions representing the different approach scenes

Because there was no CGl system at our disposal at the beginning of the research work, stylized scenes were
produced on a drawing board. This was done by rear projection of the full scenes onto a translucent glass from which
the visual elements were abstracted by stepwise selecting and coloring with translucent color sheets only the desired
scene elements. Synthesized pictures were produced in five steps or degrees of stylization with the simplest ones
consisting only of the trapezoidal looking runway and horizon (see table 1 and figure 2).

There were not raster points in the colored slides presented for judgement. The raster points on the runway in
figure 2 were only used for printing to show the levels of contrast and detail respectively as they existed by color.

Table 1  Steps of Stylization

Step reduction of scene elements

| texture, small objects, simple structure

I all 3-dimensional objects

11 all structure without runway and approach lights
v approach fights and runway threshold

Vv runway centerline and border

3.3 EXPERIMENTAL APPARATUS

Selected color landing approach slides were projected on a rear translucent projection screen with a Leitz
Pradovit S projector. Duration of slide presentation and changing of slides was regulated by an electromechanical
circuit. When slides were changed the projector was darkened by a shutter.

Subjects sat in front of an acryl-plastic FRESNEL lens at a focal length distance which was equal to the dis-
tance between the lens and the projection screen (Fig. 3).

Sereun FRESNEL -
lens
projector
I —— e t =3 ' -

I T
A&

experimental
timing

Fig. 3  Experimental apparatus
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Figure 2 Slides representing the "full scene" (0) and the five steps of stylization (I ~ V)




By so doing, the visual angle subtended by objects in the slides would remain constant even if the subject —
moved his head in the direction of the optical axis of the system (i.e. closer or further oway). /3 72
Use of the FRESNEL lens and a surrounding frame resulted in a depth impression similar to a real world scene
looked at through a cockpit window.
Subjects sat on a chair which could be changed in height so that their eyes were coincident with the centre of
the lens and the horizon of the projected scenes. The screen size of 40 x 60 cm provided a viewing situation to sub-
jects with the same 48~ horizontal and 36~ vertical visual angle used in the Lufthansa model TV system.

3.4 SUBJECTS

For the relative estimate series of experiments there were 3 groups of subjects with 2 in each group. These
were cargo (Transall) pilot, jet (Starfighter) pilot and non-pilot enlisted men groups.

For the absolute estimate series of experiments there were 3 seperate groups of subjects with 16 in each group.
These were helicopter (Bell UH-1D) pilot, jet (Phantom) pilot and non-pilot enlisted men groups.

Pilot age ranged between 24 and 44 years with a median of 29 years.

Their flight hours were between 270 and 4000 with a median of 1300 hours.

The age of non-pilot enlisted men was between 19 and 25 years with o median of 20 years.

3.5 PROCEDURE

A general introduction of the purpose of our research was first given to all our subjects followed by more detailed
information which was recorded to minimize variations in experimenter influence resulting from inconsistent presentations.
Subjects were then familiarized with our automatic slide presentation procedure ond given some practice in making
"relative" or "absolute estimates". The approach scene slides were not used for practice, instead a substitute series of
practice slides involving judgement of the length of various horizontal lines were used so thot no training in height
or distance judgement was given,

Right ofter familiarization with procedure and estimate practice, data collection began with the presentation of
a group of slides. With the exception of half of the non-pilot subjects making relative estimates subject groups made
height judgements first, and ofter a break of 20 minutes to 2 hours made distance judgements.

The slides representing various combinations of variables were arranged in a random sequence as determined by
drawing numbers out of a hat. Experimental variables used were the degree of stylization, judgement height, and
judgement distance. The "standard" slide was a "full scene" slide which was taken at a position corresponding to a
height of 100 ft and a distance of 2000 ft from runway threshold, This slide was shown prior to every slide to be
judged for the relative and the absolute estimation during the first run. The entire group of slides was presented twice
to subjects. But because of the great number and variety as well as the random order of the slides, subjects did not
realize that they judged the same slides twice.

Slide presentation duration was 5 seconds for the stondard scene and 8 seconds for other slides.

4. DATA TREATMENT AND RESULTS

To measure the influence of image stylization on height and distance perception from landing approach scenes,
the exponent (n) of fitted power-functions, the absolute value of the relative estimation error (ERA) and the estimation
time () were calculated.

The values of the exponents of the stimulus-response relotionship express a tendency of under or overestimation
of great stimuli in the range used. When calculating the absolute value of relative estimation error there is the possi-
bility of determining the amount of the error for each stimulus separately os well as the over-all error.

Calculation of the research data was done by means of ANOVA 45, o computer progrom for onalysis of variance
[ 8]. Basically a multi-factor plan was selected, and the variances of the dependent variables were proved against
their interaction with subjects | 97.

For comparison of the two different tasks used and the different measures selected, with regard to reliability,
rank-correlations were calculated [ 117.

It was examined for which judgement task and which measure there was the best correlation between an increase
in scene stylization and a change in the value of the specific measure.

For this purpose rank numbers were assigned to the mean estimafion errors and the cafcufated power-function
exponents of each subject for the six succeeding degrees of stylization with regard to their magnitude. By means of
this procedure coefficients can be calculated representing a measure of correlation between two rank-orders.

4.1 POWER-FUNCTION
The first measure used was the exponent n of the psychophysical relationship R ~ <3 By means of fitted power-

functions of subjects’ height or distance judgements a systematic change of the psychophysical relationship as a result
of scene stylization was determined.
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From the data for each subject whichwere in the form of (Si, R);i1,2, ..., m) power-functions were calcu-
lated for height as well as for distance judgements for each degree of stylization,
/)’-‘ By transformation the problem can be reduced to solving a lineare regression 10

n

R S
In R n.InS+k

and the exponents can be computed by means of a program.
Figure 4 gives the power-function exponent for height judgements. For each degree of stylization the exponent n

has been calculated for all pilots as a group as well as for non-pilot subjects for both relative and absclute estimo-

tion tasks.

. RS0

by
- absolute

ras

pilots
ros relative

absolute
+ (e

non - pilots
L0%

relative

-

degree of stylization

Fig. 4 Power-function exponent of height judgement

There is an over-all tendency for power-function exponent to decrease with scene simplification which will lead
to a larger amount of underestimation of height from more stylized scenes.

But there are clear differences between the exponents of pilots and non-pilots respectively.

For both relative and absolute height judgements the values of n are smaller for non-pilots than for pilots.

The differences ore smoller for unstylized scenes than for stylized or simplified scenes.

The influence of image stylization is agreater for absolute estimates than for relative estimates. Analysis of
variance shows that there are significant differences between relative and absolute results as well as between results

of pilots and non=-pilots.

In figure 5 the power-function exponent n of distance judgements by pilots and non-pilots with both estimation
tasks are shown.
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Fig. 5 Power=function exponent of distance judgement




As seen in figute 4 for distance judgement too there is the tendency of power-function exponent to decrease
with scene simplification. 15"
While the values of n in the two tasks are significantly different the differences between pilots and non-pilots
within each task were not significant.
The stronger decrease of the exponent for absolute distance judgements than for relative estimates indicates a
clearer influence of scene stylization with the absolute task. This is verified by an analysis of variance which shows
more significant differences between degrees of stylization with the absolute distance judgements by pilots than for
relative judgements. For non-pilots a clearer influence of scene stylization with absolute distance estimates was not
shown by analysis of variance.

4.2 ESTIMATION ERROR

Another measure for calculating the influence of scene stylization on visual space perception was the error made
by subjects in making height or distance judgements. To get this measure the difference between each subjects’ res-
ponse and the actual correct height or distance was calculated. The absolute omount of this difference was divided
by the correct height or distance value in order to obtain relative estimation errors, i.e. errors normalized relative
to the magnitude of the height or distance judged.

Figure 6 gives the relative estimation error for height judgements.
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Fig. 6 Height judgement error

As can be seen in figure 6, for both estimation tasks and both subject groups there was an over-all tendency
for estimation error to increase with increased degrees of scene stylization.

The differences in errors between pilots and non-pilots for both estimation tasks are quite large. There are
smaller errors for pilots than for non-pilots when making relative estimates, but there are larger errors for pilots than
for non-pilots with the absolute judgements.

There are no significant differences between tasks with non~pilots.

The error differences between tasks with pilots are very large and very significant.

There are no significant differences between estimation errors for different degrees of stylization with absolute
height judgements by non-pilots and only few significant differences with relative estimates by non-pilots and pilots.

Error differences between successive degrees of stylization were not significant for all conditions except the
absolute judgement by pilots, where there are most significant differences between degrees of stylization at all.

There were generally significant differences between unstylized scenes and stylized scenes for both subject
groups and both tasks.

Figure 7 gives the distance judgement error for both estimation tasks and for pilots as well as for non-pilots.
For both subject groups and tasks there is an over-all tendency for error to increase with stylization step increases.
This general tendency is significant in all four cases.

The large differences seen between pilots and non-pilots with height judgements do not occur with distance
judgements. Mean error for pilofs with absolute judgements was significantly larger than for all other cases.

There were no significant differences between any of the other cases.

Results from the analysis of variance program showed that with distance judgements there were significant differ-
ences between stylized and unstylized scenes but no significant differences between the degrees of stylization except
for two steps with the absolute task for pilots.
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Fig. 7 Distance judgement error

4.3 REACTION TIME

The third measure used to evaluate the information content of outside scenes for visual space perception was the
reaction time of subjects when making height or distance judgements.

Because subjects were asked by instructions to answer exactly and quickly as possible, calculating the reaction
time seems convenient. "Reaction time" was the time from presentotion of the scenes on the screen, marked by an
acoustic signal, until the verbal estimation response by the subjects. It was supposed that stylization of the outside
scene, becouse of the decrease in visual intormation, would reduce the power of judgement 77 . Therefore subjects
may deliberate longer which would produce an increase of reaction time.

Figure 8 shows the reaction time and the standard deviations for estimating height and distance for the different
degrees of stylization.
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Fig. 8 Reaction time of height and distance judgement

The mean reaction time of 3.6 sec is the same for height as well as tor distance judgement. No significant
differences in reaction time between different degrees of stylization were found. There were also no significant dif-
ferences between subject groups or between height or distance judgement reaction times.

The calculated standard deviations for both height and distance judgement reaction times were nearly equal for
all degrees of stylization. The standard deviation for each stylization step was rather large, being around 1.3 seconds
on the average which indicated large individual differences between subjects. On the other hand, variations in




reaction time for each subject across the stylization steps was very small, indicating that subjects’ reaction time was
rather consistent regardless of the degree of stylization.

No correlations between estimation error and reaction time or between flying experience and estimation error
or flying experience and reaction time were found. Results indicate that judgement reaction time do not represent
the time required for height or distance judgement but rather the longer time for transforming this judgement into
numerical data and verbal reactions.

Therefore reaction time may not be an appropriate measure for evaluating scene stylization influences on visual
space perception.

4.4 SUMMARY AND DISCUSSION OF RESULTS

Six groups of military pilots and non-pilot enlisted men made height and distance judgements from landing
approach scenes.

Two tasks were used to get subject responses from static image stimuli.

One haif of the subject groups made height and distance estimation in relation to a stondard approach scene
whercas the other groups made absolute judgements in ft or meter.

To measure the influence of image simplification, estimation error (ERA), the exponent of psychophysical power-
functions (n) and judgement reaction time (t) were calculated.

Results with relutive as well as with absolute judgements of height and distance were quite different between
the vorious measures.

Judgement reaction times did not show any significant differences between stylization steps. Therefore reaction
time probably is not an appropriate measure to validate synthesized scenes for simulation.

For comparison of estimation error and power-function exponent with both judgement tasks with regard to relia-
bility, rank-correlations were calculated. Table 2 gives the means of correlation coefficients for height and distance
judgements with both research tasks (relative and absolute) and for both measures (error and exponent).

Table 2 Coefficients of rank-order correlations

method measure . (height) o (distance)
error ERA 0.18 0.28
relative
exponent n 0.21 0.26
error ERA 0.37 0.33
absolute
exponent n 0.37 0.32

Calculution of rank-correlation coefficients shows higher values with the absolute than with the relotive task
for height and distance judgement as well as for the measures error and exponent respectively.

This indicates, that with the absolute estimation method the influence of scene stylization is demonstrated more
distinct than with the relative method. Between coefficients for astimation error and power-function exponent there
is no remarkable difference. Both measures seem to be equivalent for demonstrating the intluence of scene stylization.

But power~function exponents are rather erratic, giving highly different values as a consequence of a large num-
ber of variobles (e.g. stimulus range, spacing of standard, naming of standard etc. [ 12, 13, 14]). Furthermore power-
function exponents are not a measure of specific stimulus-response events but are rather arbitrary descriptions of groups
of events. Therefore power-function exponents seem to be less dependable and less appropriate as a measure than
estimation errors. On the other hand estimation errors seem to have a direct relevance to the task of flying the land-
ing approach because height and distance estimates by the pilot are directly involved in the task of flying the ap-
proach and making a landing. Consequently estimation errors seem to be the more appropriate and credible measure.

During calculation of estimation errors from subject responses of height judgement an effect was obtained, which
might lead to another possible research method : For only three distinct images at step IV of stylization some pilot
subjects made estimation errors up to 700 % which were unequal to errors for other scenes of the same degree of
stylization.

An exact examination of these approach scenes led to the assumption that the reason for this misjudgement was

a shortcoming in producing the stylized approach scenes. By the appearance of a contrast threshold at the color TV-
monitor where the slides of the stylized approach scenes were taken from the left side of the white runway surround=-
ing was broadened and became parallel instead of being perspectively reduced. This led to an overestimation of height
by some military subjects because from very high positions these lines seem to be nearly parallel. For the subjects
concerned the remaining information content in the scenes of stylization step IV was not sufficient to get the correct
perception of height but was concealed by the geometric error. This indicates that there will be the possibility to
produce geometric or perspective errors on purpose and to evaluate up to which extent of stylization subjects get
correct visual space perception, By this method there will be the possibility to find cues supporting correct visual
perception or others being of no influence.
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Though there had been used static landing approach scenes as stimuli for our research, it should be possible to
use methods and criteria for dynamic research too. One can expect that there will be more visual information by the
additional cues of motion (e.g. parallax, streaming patterns, etc.) for perception of height and distance too. By
that an improvement of visval perception will be obtainable.

It should be verified however whether there will be a fundamental change in the tendency of error or power-
function exponent data by dynamic experiments compared to the results of our previous static experiments. Further
research will have to be conducted in order to show in how far static data is transferable to dynamic situations,

Besides the intention to produce appropriate research methods there was the question whether non-pilots could be
used as subjects for visual research with flight scenes. The reason is the well known need tor pilot subjects and the
better availability of non-pilots as well as a simplification of research progran and performance if the procedure
could be done in the laboratory.

Though there were no general differences in the tendency of the results between pilots and non-pilot subjects
the analysis showed that there were significant differences between the two subject groups at least for height judge-
ments. These differences depend on different experience and therefore on the use of different visual cues of external

scenes in visual space perception.

This is a reason while non-pilots should not be used as subjects for visual research work with landing scenes.
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Figure 10 is a plot of pipper position during the Handling Qu:
(HQDT) task. All pilots found M.E. to improve their
gust alleviation feature was also found to reduce
reduction in gust re 1se during low<level operations. ' (
was also ldentified beneflt due to quickening o L up recovery.

alr-to-air

s|roun

itivity
pecially at low alt
icated. For examg

noted
1C oa

The gain/response of M.E. did not suit all pllots. Over
the uncommanded gust alleviation was at times disconcerting,
The need for task orfented control law tailoring of M.E. was
minimum gust response of a weapon line stabllization (g and attitude) mode for air
and alr-to-ground tasks may require different talloring than for a low-level ride improve-
ment feature.

force 1

Direct Lift and Modes = These manual control modes were found to
for air-to-alir tr Ing. Since flight path changes could be made directly
ing or rolling=-to-turn, quick and precise responses were obtained. D
obtained without objJectionable pipper transients, A ¢ ind immediat
position; remove the command and the pipper remains where locate Th
tion allowed the pilot to "beep" direct force inputs for precise ¢

tion. Single axis flight path corrections were easlly accompl

the tracking Improvement one pilot achieved by using Direct

Alr-to=-ground tasks showed sipgnificant payofr for forace le. we flight
path could be driven laterally, dlrectly to the target Ve 2), quicker
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Except for "beep" inputs, the pillots preferred using the rudder pedals for precise

lateral inputs. Again, a task oriented design is needed. GQGair set for alr-to-air tasks /‘{/
were too sensitive and l(.".\'x.l the required control precision for alr-to-ground tasks.
Dual gradients to \ll‘*"'l*vﬂl small inputs are also desirable. Alr data scheduling 1is

eded, particularly for !\’.}h angle dive bomb deliveries, The pilots projected payof

i ive tactics. Force
rels of 2-3 g were desired; however, the CCV YF-10 capability was limited to a
£ level.

Direct Lift and Stdeforce in alr combat maneuvering and for

ng Modes - Rapid changes in pipper position were possible with the Fuselage
Alming However, manual implementation of these modes severely limited their prac-
ticality. Real utility may be limited to automatic applications such as Integrated Flight
Fire Control where a director fire control system would provide the pointing commands.

Deficlencies in the test implementation of this mode were found in control laws, control-

lers and displays.

The proportional button controller on the sidestick controller was judged unsatisfac-
tory. Tt was impractical and unnatural to fly flight path with sidestick controller and
the thumb to point off from the flight path. Cross coupling of axis inputs also gave
poor response. In the tracking task, pipper positioning could be attained but since
flight path was not changed by these mode inputs, saturation of pointing ability was

1 tdly reached and pipper position lost. A HUD presentation showing velocity vector

: ~h‘t‘ authority may be required. Also, closed loop mechanization where a "trim
follower" corrects flight path to the weapon line could be useful. Additionally, integ:
"luv;.-" type pointing control inputs are desired.

Another problem was authority misme al pointing capability was about *60
mils and longitudinal 30 mils. Equalizing authorities and dv:-ux.ul{ ing {nputs could
improve the manual use of these modes,

One useful application of pitch pointing was in alr-to-ground straffing. By pointing
nose-down, minimum altitude could be raised, achleving the straffing solution at 400-500
feet as compared to 250 feet with the baseline system.

atlon Modes - The Vertical and Lateral Translation modes were found suitable for
positfon changes during formation flight, and for crosswind drift correction and
ching ground target motion. Simulated landing approaches showed a crosswind trim

c.\p.ll‘.‘-.lt_v of 13 '.\x\n!::. In a gunnery pass, the translati{on capability was sufflcient
to track targets, moving over 30 knots normal to the flight path.

Deficlencies were found iIn the translation mode control laws and controller des
The translation veloclty bulldup was too slow and overall response time characteris
were poor. Translatlon is achieved by an initial acceleration that washes out as steady
tate velocity 1is reached and 1s stopped in a reverse manner; some pilots complained of an
uncomfortable "feel™ to the lateral mode. Use of the modes was restricted to small bank
angles (less than 10°) and was locked to a heading hold. These restrictions limited
ul application of these modes. Control law changes and

AR
1o
H

¢
.

usef further evaluation is required.
Controller deficlencles were also found. Integral command iputs or a closed loop velo-
city command system should be evaluated.
Pighter CCV Concluslions
AR LA 2

The Fighter CCV program has demonstrated that \m\-nnplxd o DOF ntrol can be effectively
ised to provide innovative capabilities and improved mlssion effect !\(--n off fighter

However, this program was certainly but a first step in fully ing the
y. The design was intended for a capabllity demonstration and &
v wI"”n the alrcraft's constraints. Specific task orientation was outs
scope of ¢t s initlal work. It was found that the use of the different modes, c¢ "'!:'cl
preference, control gradients, mode authorities and dynamic characteristics were highly
dependent upon the specific task., Task-tatlored multimode control law Implementatlon and
selection capability is clearly required In future applications. While pillots qulekly
‘1 lapted to the new control modes, continued work towards simplified switchology a

rollers is necessary. Another area of urgent need is the development of appropri:
n.\mil'.n,. qualities criteria.

4, MULTIMODE CONTROL LAW DEVELOPMENT

The baslis for consideration of mission-tatlored or t
lles In the abllity of the FBW flight control system to tatl
characteristics and flying qualitles to meet a wlde range of dependent requirements.
Figure 12 1llustrates a classical variation in longlitudinal re 1ge characteristics
achievab le through approprilate tatloring of the flight control laws using the t
C* flying qualities criteria.

tmized control mode concepts
> afreraft response

domain

The non~crosshatched area represents the C* boundary of acceptable normalized longitu-
dinal response characterlstics (blended pitch rate and normal acceleration). The \1.;. ,

line response (baslce F=4E with Stability Augmentation System (SA8)) falls outalde the
boundary, Hn'r eby Indlcating oblJectionable flying qualitles at this flight condition.
solld line response (SFCS YF-4E) on the other hand lles well within the C® boundary
achievab le fhl'\‘ll}',h appropriate blending of feedback parameters, gain eduling ang
signal filtering. It should be noted that many of the ¢ ical flying qualities pa

meters are not completely appllcable to multimode FBW systems, since the forced
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Examination of these data reveals significant reductions in tracking error for the
fzed mission-tallored combat modes when compared to the baseline DigiPact mode, whic
employed only conventionally optimized control laws. The baseline aircraft configuration
used in this particular simulation study was a FBW YF-U4E modified with differentially
controlled horizontal canards.

An example where the multimode deslgn approach offers unique advantages, in terms of
simpliclity and effectiveness is a modern high performance fighter, which is designed and
optimized for an alr superiority mission. Such a system generally dictates a low wing
loading design to achleve maximum maneuverability. 1In adapting thls type of vehicle for
an alr-to-ground role, one must consider the potentially adverse effect of low wing load-~
ing on gust sensitivity during low altitude, high speed operations. Typlcally, air-to-
ground tracking 1s somewhat compromised because the low wing loading vehicle is more
sensitive to gust disturbances. The closed loop maneuver enhancement mode (balanced
maneuvering flap and horizontal tall) currently implemented in the CCV YF-16 offers the
potential for not only improving alr-to-alr trackling performance through tighter g and
attitude control, (Figures 9 and 10), but also enhances air-to-ground tracking performance
by reducing gust sensitivity (Filgure 11) assocfated with a low wing loading design. In
a multimode application, this feature would be implemented within the flight control com-
puter, contalning separate task optimized control laws for achieving desired weapon line
stabilization characteristics for both air-to-air and alr-to-ground operations and would
not require extensive structural or aerodynamic changes/compromises.
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Reliability

l'o a large extent, the level of redundancy requireqg to satisfy a specified mission /é A;
reliability requirement (typically on the order of 10~/ catastrophic failures per flight
hour) 1is dependent on the type of failure monitoring scheme (in-line and/or cross-channel
comparison), component fallure probabilities, desired fall-operational capability and
overall confidence in achieving the desired reliability. Existing full-authority three-
axls analog FBW mechanizations employ quadruplex redundancy to achieve the desired mission
rellability; however, with digital implementation schemes it 1s feasible to consider

triply redundant systems which can be mechanized to confidently satisfy mission reliability
requirements. Reduction in the level of redundancy not only reduces overall system com-
plexity, but also has an appreciable impact on weight and volume savings, along with
reduced acquisition and 1ife cycle costs. From a design standpoint and based on state-
of-the-art In electronics, redundancy management and implementation schemes can have the
largest single impact on overall integrity, reliability and cost of ownership of a FBW
system.

In a triplex digital mechanization adequate second fault coverage is the primary con-
cern. Probability of first fault coverage 1s essentially 1.0 using cross channel compar-
ison monitoring. Coverage in this case 1s defined as the probability of detecting,
isolating and recovering from an internal system failure. Typical second fault coverage
and fallure rates for critical system elements are shown in Figure 17.

XgAs + XcAc + Xara
gyt e =0.944

X2 5
I——Covengo = Xs Coverage = XC Coverage = XA—i
Failure Rate = \g Failure Rate = \c Failure Rate = Ap
Xg =0.77 Xc =0.95 Xa =0.9996

xs=70x10-6 | A\c=570x10"8 | xp=-160x10-6

l Failures | | I
Hour l lﬁ lﬁ
Channe) l Comput S dary
I Secsars l and 1/0 I Actuators l
Channel i | | _.‘.
B | i ‘

1~ Total Coverage = X2
' Channel Failure Rate = X = \g + A\c + Az = 800 x 108 |

Two-Channel DFCS with Lumped Elements Subject to In-Line Monitoring
Figure 17 Second Fault Coverage (X;) in a Triplex System

Figure 18 1llustrates the relationship between second fault coverage, single channel
failure rate and mission rellability, i.e., probability of loss of control. From these
figures it is evident that one can achieve an overall mission reliability of 10-/ failures
per operating hour for a triplex digital system, which has a secogd fault coverage of at
least .944 and single channel failure rate not exceeding 800 x 10~° failures per hour.

A group of generic quadruplex and triplex systems are compared in Figure 19. Quadru-
plex system Q-1 has a third fault coverage of 0.95. Achleving this level of coverage
requires the same in-line monitoring techniques used in the triplex system. System Q-2,
on the other hand, requires only a simple "heads-or-tails" test for third fault coverage.
Triplex system T-1 has a second fault coverage of 0.95 which is conservative and readily
achievable with known in-line monitoring technigues. It is theoretically possible to
achileve a second~fault coverage of 0.99 and the probablility of loss of control shown by
T-2. For any triplex system to have as low a probability of loss of control as quadruplex
system Q-2 requires a second fault coverage of 0,9996 (system T-3) which is extremely
unlikely. Based on studlies and analyses condycted to date, it 1is considered feasible to
achleve satisfactory mission reliability (10-/) with a triplex digital configuration
employing a combinatlion of cross channel comparison and in-line monitoring schemes.

Software

The need for effective software management cannot be overemphasized. Experience
indicates that software can be a major source of problems in the development and operation
of digital systems. Adequate software planning during the initlal system definition phase
1s essential. As a minimum, the plan should address design specifications, system inter-
faces, configuration control, documentation procedures, modular coding and testing, support
software, module integration, hardware and software integration and verification.
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One of the major advantages of a digital architecture Is the ability
extensive self-test features required for Implementing reliable in-lin
After one fallure In a triplex system and two fallures In a quadruple
monitoring must be used to resolve any channel differences, 1 the tl
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Fallure of these basle portlons must be detected by hardware. With thes por 3
of the computer operating, self-testing of the computer can begmin. The £ th .
self-test program is based on the Inverted pyramid test philosophy. I'hat bt progrea i
first tests the instructions that require minimum of logmic for thelr exec . ot

memory locatlions that contaln the selr-test program. These verified Instructions and

memory locatlons are then used to test fnstructions and memory on the next higher level
This process ls contlnued until all of the Instructlions, memory and 1/0 have been veritied.

Bullt-in~Test (BIT) as distinguished from In-Flight Monftorlng (IFM) and [ta assocliated
self-test features is a term used to deseribe a sequence of Internal Wlware ¢o
tests conducted on the ground, to valldate system Integrity and/or troubleshoot
fflight control system. It 1s generally desirable to Incorporate two levels
to be used for pre-flight checkout and the other for organizational maintena .
without the need for speclalized external test equipment and/or highly killed technical
personnel. Implement ing BIT and ITFM functions willl require basic dect regarding
hardware vs. software mechanizatlon. Tmplementatlon of monltoring tas hardware rather
than software generally results in a higher channel fallure rate due to the added
part count. For this reason, software monitors should be used where performance can
met .

The variation in control laws needed to establish a full-up mission=tallored m
control system, incorporating CCV features requires sophlsticated fnner loop
provide the necessary mode swlitching logle, feedback blending, sipnal shaping
schedules, filters, compensation networka, ete, The simplifled Iateral=direct
block dlagram of Figure 21 {llustrates an example of the level of switchling requlred
alter the basic Normal mode to a speclallzed Alr Combht mode.
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Figure 21 Alr-to-Alr Combat Mode Lateral-Directional Axes Block Diagram

Implementation of multimode functions places tremendous demands on the computational
elements of the flight control system and 1s a major factor in driving the technology
towards a digital mechanization. In mechanizing these multimode control laws, one must
consider two fundamentally different design approaches. The first approach and perhaps
the most widely accepted is digitization of continuous analog transfer functions. This
approach uses a transformation method which transforms the continuous filters (analog)
that comprise the control laws into difference equations which are solved by the digital
computer. The resulting difference equation mimics the contiruous filter in the frequency
domain. The quality of the digital transformation is judged on the ability to match the
analog filter without consideration of the original performance specification. The second
approach, direct digital design, presumably overcomes this restriction by allowing direct
digital synthesis in either the W or Z planes. The issue of direct digital design versus
the transformation approach tends to be somewhat of a moot point, since any Z transfer
function has an analog counterpart for a given conversion technique. Given sufficient
understanding of the distortion produced by a particular conversion, proper adjustments
in the analog form can be made for compensation. In most cases, either technique can
provide a satisfactory digital implementation with little effect on required computer
resources.

Computational Element

Digital computers must be selected with sufficient instruction repertoire, throughput,
memory and Input/output provisions to accommodate sophisticated inner-loop multimode con-
trol laws and also provide adequate dynamic performance in the control system frequency
range. Of particular concern are the effects of aliasing and output granularity in rela-
tionship to system iteration rates. Another somewhat controversial area in the design of
digital flight control systems is the need for synchronous versus asynchronous operation
of redundant digital computers. Frame synchronization is desirable for a number of reasons.
First, near time identical samples of redundant sensor signals can be taken, processed,
equalized, voted and a common signal selected for use in subsequent computations in all
computers, thereby minimizing tracking errors, preventing channel divergence, and facili-
tating the detection of failed computers and sensors. Additionally, near simultaneous
mode selection can occur in all computers. Asynchronous operation on the other hand also
offers some unique advantages by simplifying the computer/sensor interface and eliminating
the need for synchronizing algorithms and highly reliable external clocks. This approach
also minimizes the possibility of introducing single failure point failures. However,
disadvantages of asynchronous operation are significant. Specifically, large time skews
in sensor data sampling can occur, which could result in an unacceptable balance between i
large disengage transients and frequent nuisance disconnects. Another drawback is the
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TARGET MARKER PLACEMENT FOR DIVE-TOSS DELIVERIES
WITH WINGS NON-LEVEL

Dr. J. Stanley Ausman
Chief Scientist
LITTON GUIDANCE AND CONTROL SYSTEMS DIVISION
5500 Canoga Avenue
Woodland Hills, California 91364

SUMMARY

In a dive-toss, air-to-ground weapon delivery, the pilot steers a target marker symbol or sight
reticle (pipper) so as to overlay the target with that symbol. He then depresses a target designation
(pickle) switch which commands the computer to record all available target sensor data. From these
data the weapon delivery computer first calculates the location of the target and then generates steering
signals to guide the pilot in steering the calcuiated weapon impact point onto the target whereupon the
computer automatically issues the weapon release signal.

This paper contains an analysis of the motion of the calculated impact point during a banked pullup
or climbing turn. The objective of this analysis is to determine the path followed by the calculated
impact point during such a maneuver. Placement of the sight reticle along this path allows the pilot to
pull straight back on the stick after designating the target without first unrolling to a wings level attitude.

NOMENCLATURE
AN Normal acceleration of the aircraft
CCIP Continuously computed impact point, same as manual release

CCRP  Continuously computed release point, same as automatic or dive-toss release
F The dimensionless quantity, sin 6 cos y (tany + ctn YI)
g Gravitational acceleration

HUD Head up display

RB Ballistic range of the weapon
l:f Time-of-fall (release to impact)
tPR Parameter nominally equal to 2.5 sec for dive-toss and level laydown deliveries and equal to

zero for CCIP deliveries

’1"R Bomb trail

\'x Down track component of weapon velocity at release or computed release point
VY Cross track component of weapon velocity at release or computed release point
VZ Downward component of weapon velocity at release or computed release point
Vzl Downward component of weapon velocity at (computed) impact

X-Y-Z Down track, cross track, and downward, respectively; a right-handed, earth-fixed, Cartesian
coordinate set; the X-axis is parallel to the aircraft's ground velocity at the target designation
time; the Y-axis is positive to the right facing down track

X Down track position coordinate of weapon at (computed) release

XI Down track position coordinate of the (computed) impact point

Y Cross track position coordinate of weapon at (computed) release

YI Cross track position coordinate of the (computed) impact point

Z Altitude of weapon above target at (computed) release

Y Weapon flight path angle, the angle between the weapon's velocity vector and the horizontal

plane (positive in a dive), at the (computed) release point.

Flight path angle of weapon at (computed) impact
V1

In the design of this system, the cost and computer avallability to a falrly large degree determined

the functional partitioning of the svatem and to a certain extent the complexity of the algorithms used. [t

L

Intovontine to note that Che use of the computer to perform the baste tracker alegor{ithms led to the

/Y-




& Drift angle, the angle between the X-axis and the horizontal component of the weapon's airspeed

/?‘} vector at (computed) release.
) Angle between the horizontal plane and the line-of-sight to the computed impact point
%] r Angle between the line-of-sight to the computed impact point and the line-of-sight through the
target marker symbol at or before target designation
¢ Aircraft roll angle (positive with right wing down)
@l Projection onto the sight plane of the angle between the X-axis and the direction of motion of the

computed impact point
(") Time derivative of the quantity ( ).
l. INTRODUCTION

Most computerized air-to~ground weapon delivery systems have at least two delivery modes.  One
is manual release or continuously computed impact point (CCIP) mode. The other is an automatic
release mode, also referred to as dive-toss or continuously computed release point (CCREY).

In the manual or CCIP mode, the computer displays the resulting impact point if weapon release
were to occur at the present time. The pilot steers the aircraft so as to overlay the target with this
impact point symbol. He then depresses the weapon release button which manually triggers the weapon
release.

In the dive-toss or automatic mode, the computer displays a target marker symbol (pipper) which
is elevated above the computed impact point.  This elevation or lead angle is necessary so that the target
marker symbol will pass the target in advance of the release time.  The pilot steers the aircraft so as to
overlay the target with the pipper and then depresses a "target designation’ or "pickle' switch.,  This
action signals the computer to record all available target sensor information such as the line-of-sight
azimuth and depression angles, slant range, and altitude. From these data the computer calculates the
target location and generates steering signals which direct the pilot to steer the computed impact point
toward the target. As the computed impact point crosses the computed target position, the computer
automatically issues a weapon release signal,

The term "dive-toss' as applied to this delivery mode comes about because the pilot, after pickling
(designating) the target in a dive, usually pulls back hard on the control stick to initiate a high g pullup.
By this pullup manecuver the pilot gets rid of the bomb as soon as possible. He can then initiate evasive
action to avoid antiaircraft fire.

The subject of this paper is the proper placement of the target marker symbol (pipper) prior to
target designation (pickle). If the pipper position is short of the computed impact point (negative lead
angle), the aircraft would already be past the release point when the pilot designated the target.  On the
other hand, if the pipper position is above the horizon, the pilot cannot position it over the target, which
is presumably on the ground. By this line of reasoning, the weapon delivery system must position the
target marker somewhere between the impact point and the horizon, but where is the best place to put it
within these limits?

Some currently operational weapon delivery systems set the elevation coordinate of the target mar-
ker to zero depression. Others match the depression angle of the target marker to that of the aircraft's
velocity vector. As for the azimuth coordinate, most of these current systems employ a drift stabilized
sight. That is, the target marker symbol lies in the azimuthal plane of the aircraft's ground velocity
vector.

The effect of drift stabilizing the sight is to place the target marker symbol in the path of the com-
puted impact point (neglecting cross trail) provided the aircraft's ground velocity does not change direction
between pickle and release. In other words, the steering signals generated by the computer, after the
pilot designates the target, will call for wings level flight. The pilot can still pull up, but he must do so
with wings level.

Because the pilot is usually working very hard to steer the target marker symbol over the target,
the aircraft is often in a bank at the time of pickle. In such a case the pilot must first unroll to a wings
level attitude before initiating his pullup maneuver. The natural tendency of pilots, however, is to pull
straight back on the stick after pickling the target, ignoring the wings level steering commands.,

The cause of this mismatch between system operation and the pilot's instinctive reaction is the sys
tem design decision to drift stabilize the sight. The system designer can achieve a better mateh hetween
pilot and system by having the system anticipate the wings nonlevel pullup and position the target marker
accordingly. Such anticipation is achievable, for example, by positioning the target marker to the left of
the aircraft velocity vector, when the aircraft is in a bank to the left, and to the right of the aircraft
velocity vector, when the aircraft is in a bank to the right.

throughput rate than an AC, As seen {n Table 4, the simplest TMC's operate at about the throughput rate of
(Iw mwu advanced AC while the more pnw. rful custom designed missile computers require a throughput rate four
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The left-right displacement of the target marker as a function of roll angle provides an auxiliary
benefit which may prove to be more significant than the elimination of the wings level pullup requirement.
This feature gives the pilot direct control of the left-right motion of the target symbol. He simply has
to roll the aircraft left or right. The sight pipper moves accordingly, and the response is immediate.
This greatly simplifies the pilot's task of steering the target marker onto the target, and hence will
result in better aiming (closer coincidence of target and target marker symbol at pickle) by the pilot and

more accurate weapon deliveries.

To better appreciate the advantage of this direct control of the sight reticle, consider the aiming
task of the pilot when using the drift stabilized sight. In this case, the pilot must move the velocity
vector of the aircraft in order to move the target marker. The velocity vector, however, is one integral
removed, in a dynamic sense, from the attitude of the aircraft, which is what the pilot controls. Conse-
quently, the velocity vector and the target marker lag the pilot's control actions, and it takes a consider-
able degree of pilot skill and training to steer the target marker into coincidence with the target.

The foregoing discussion establishes the desirability of having the target marker symbol, in a
dive-toss weapon delivery mode, move laterally across the sight in response to the roll attitude of the
delivery aircraft. The principle objective of this paper is to determine the proper amount of sight pipper
displacement as a function of the aircraft's roll angle. The next section attacks this problem by analyzing
the motion of the impact point during a constant bank angle, turning pullup. Placement of the pipper
along this line will achieve the desired result. Namely, it will permit the pilot to pickle the target and
pull straight back on the stick without changing his bank angle.

II. ANALYSIS OF IMPACT MOTION

The first objective of the analysis is to determine the relationship between aircraft acceleration
and the apparent motion of the impact point on the sight or HUD against the target background. Egquation
(1) is the general impact equation which expresses the position (X], YI) of the bomb's impact point in
terms of the position (X, Y) and ground velocity (\"x, \'y) of the bomb at release.

X =X+V.t -T

1 X xtf IRcosé

Y. = Y4V t -T sinb
I v R

where tg is the time-of-fall, TR is the bomb trail, and & is the drift angle.

The analytical procedure will be to differentiate Eq. (1) with respect to time to obtain a relationship
between the impact point motion, )\l and YI, and the aircraft acceleration. It will gieatly simplify the
analysis to neglect the T terms, in effect restricting the analysis to the zero drag case. This is not so
restrictive as it might seem at first, because the dive-toss mode is usually employed with low drag bombs
anyway, and such bombs approximate a zero drag bomh reasonably well. Furthermore, the purpose of
this analysis is to determine the most convenient placement of the target designating pipper. If, due to
approximations in the analysis, the pipper location is not quite in line with the impact point motion as
the pilot pulls up, the computer will command a small compensatory steering correction. If the pilot
follows this steering command he will avoid the bombing error which otherwise would have occurred.

Neglecting TR in Eq. (1) based on the foregoing rationale, we proceed to differentiate Eq. (1) with
respect to time as follows.

By definition, the cross track velocity \'y is zero at the target designation point. At this time,
therefore, Eq. (2) reduces to

X, =V +V L.tV ¢ (down track) I
I X x f xf (3)

=V t (cross track)‘
1 yf
Equation (3) shows us that, at target designation time, the cross track velocity of the computed
impact point is directly proportional to cross track acceleration with t¢ being the constant of proportion-
ality. Further reduction of the along track impact motion equation requires an expression for tg. For
the zero drag bomb approximation, the time-of-fall is a function only of altitude above target and vertical
velocity. Hence,

- P W e i, W,
t, == Zt=~—= V = .— V 4% / y
f A ~\‘/ z \Z\z WV \1 s,
F z

The partial derivatives 't/ VN7 and i tg/ -\‘7 can be expressed analytically (for a zero drag bomb) as
follows. ;
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where V4 Vo, + gte \j V o+ 2pd . Substituting Eqs. (5) and (6) into Eq. (4) gives us

(\" + l[\.‘/)

t, = - — 2] (7)

In a constant speed, coordinated mancuver the along track, cross track, and vertical accelerations
are all related to the aircraft's normatl acceleration, r\\;, as follows.

\ " .‘\N cos ¢ siny
\ = A sin ¢ 8)
v N (
N -:\N cos & cosy + g
Substitution of Eqs. (7) and (8) into Eq. (3) and use of the identity, V gQ'_ = ¥V T yields
z
v ¥
. . X z
X[ \ < t "\I\'(f cos & siny - \T +
2l
Vot (9)
~\,' (AN cos & cosy - g)
zl
X At cos & (siny t cosy ctny. ) (down track)
I N f 1
Yl A le sin ¢ (cross track)
where ¢tn vy Vi V1 and represents the slope of the (computed) impact trajectory with respect to the

vertical.

The apparent down track motion X in the plane of the sight will appear to be foreshortened by the
sine of the depression angle 8 to the (computed) impact point. Hence the tangent of the direction of
apparent motion of the impact point in the sight plane is

I tan ¢
tan ¢ R (O s 0)
né - r (1

X, sin 0
1
where F sin ¢ cos y (tany + ctn \1\.

If the quantity I in the denominator of Eq. (10} were equal to unity, then tan &p would equal tan &,
and the apparent motion of the impact point would be "straight up the sight, ' parallel to the ordinate or
normal axis of the sight. Actually, the quantity I is always less than unity (see Appendix A for proof) for
any dive angle less than 90 degrees. Because F is less than unity, Eq. (10) tells us that the angle ¢ will
be greater than the angle ¢. This means that the impact point will track off at an angle slightly to the

right of the sight's ordinate axis in a right-hand bank or slightly to the left of that axis in a left-hand bank.

Equation (11) expresses the amount of this angular deviation mathematically.

tan |.“1 -~ tan ¢

é hoo- b)) o e e }
ESE 1 1 + tan .:vl tan & (L
Using q. (10) to eliminate tan n:‘l from the right-hand side of Eq. (11), we have
)
(l- - l) tan &
tan (.:~‘ - &) S e (12)
I+ ¥ tan” o
or
1 - F) tan &
tan (¢ - @) L*'——"—‘,“-‘~ (13)
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Equation (13) is the desired relationship which describes the track or direction of motion of the .
computed impact point across the sight during a banked but coordinated, turning pullup. Figure 1 is a // 5
graphical plot of Eq. (13) for several values of the quantity F'. Figure 2 shows the quantity F plotted for
various dive angles, altitudes and air speeds. This figure indicates that 0.70 < F < 0.95 for dive angles
of 20 to 40 degrees, air speeds between 400 and 600 kts, and altitudes up to 2000 m. Because F is

generally greater than 0. 70, we see that c-l - ¢ is generally less than 10 deg (175 milliradians).

Figure 3 illustrates how the sight might look while pickling in a 20 degree bank to the right in a
20 degree dive at 400 kt from an altitude of 610 m above ground level. The sight screen is shown rolled
20 degrees to the right., The computed impact point is shown displaced slightly to the right of the ground
track plane to represent the cross trail effect of a left to right crosswind.
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Figure 3. Sight Geometry in a 20 Degree Roll

From this computed impact point, displace the target marker symbol up the sight (parallel to the
sight ordinate axis) by an amount 8 1 (to be determined shortly) and to the right (parallel to the sight
abscissa axis) by an amount 8 1 tan (é1 - ®). This places the target marker symbol approximately in line
with the track of the computed impact point if the pilot pulls straight back on the stick without unrolling.

III. ANGULAR DISPLACEMENT BETWEEN COMPUTED IMPACT POINT AND TARGET MARKER

The last question to be resolved is, "How large should we make & T?" The choice of 8 7 is some-
what arbitrary, because it, together with the magnitude of the pull up acceleration, merely determines
the time between pickle and release. Most pilots prefer to make this time as short as possible so that
they can get rid of the bomb and begin their evasive escape maneuver as soon as possible. However, it
still has to be long enough to allow time for making at least small steering corrections.

The only absolutely necessary constraints on 8 p are that it be neither negative nor so large as to
point the target designating pipper at or above the horizon. If 8 were negative, the release point would
already be passed when the pilot pickles the target. If the pipper is above the horizon, the pilot can not
place the pipper on the target. One way to insure that the pipper will always lead the computed impact
point and still be directed toward the ground is to compute 8 1 according to the expression derived in
Figure 4. That is,
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This method succeeds in pointing the target designating symbol at a point on the ground which is
beyond the impact point by an amount approximately equal to Vit PR: The parameter t pR represents

the time interval between pickle and release for an aircraft in straight and level flight.

Selection of a

value for tpg which is between 1 and 4 seconds should result in an operationally acceptable time between

pickle and release.

For example, let us compute @ T from Eq. (14) for the following typical set of CCRP pickle

conditions.

A RELIABLE AND SURVIVABLE DATA TRANSMISSION

SYSTEM FOR AVIONICS PROCESSING

BY




Dive Angle 30 deg )

/7’ i True Air Speed 450 kts ‘

(v = 231.5 m/s)
X

Altitude, Z 1117 m
(8 = 37.65 deg)
Bomb Range, RB 1448 m ‘

For a value of t 2.5 sec, we compute the following value of 8 T for this case.

PR

> 2.2 TR
(J»l.‘%sccx«_. Mc)(l“7m)

448 448
tane.l, g 144¢ m) 1448 m/ _ 0. 1546
1117)“ 231.5 x 2.5 (15)
1448 1448
t'v,r = 153.4 milliradians = 8.79 degrees

Note that use of the parametric value of 2.5 sec for tpp vields a pipper placement which is 1. 14
degrees (8 - 8 = 28. 86 deg) above the flight path angle (y = 30 deg). This is between the two popular
pipper placement schemes which place the target marker (1) in the pitch plane of the velocity vector or
(2) on the aircraft boresight.

The parameter tpRr in Eq. (14) provides a degree of software control over the characteristic time
between pickle and release in the dive-toss mode. It can be adjusted to suit pilot preference.

Equations (13) and (14) are the mechanization equations which satisfy the stated purpose of placing
the target designating symbol (see Figure 3) in such a position that, after pickling the target, the pilot
can pull straight back on the stick without first unrolling to a wings level attitude.

IV. DISCUSSION

4.1 Validity of Assumptions and Approximations

The foregoing derivation of the target pipper placement equations depended on two approximations.
The first is that pipper motion during pullup is independent of bomb drag. The second is that the pipper
moves in a straight line during a coordinated, turning pullup.

The zero bomb drag approximation really introduces no new pipper placement errors beyond those
already present in current pipper placement schemes. The cross trail actually does change during the
pullup in both the current schemes and in the scheme proposed herein, and the pilot must compensate
for this variation by making a small steering correction during the pullup maneuver in either case. The
new scheme is no worse than the present ones in this respect.

The second assumption, namely that the impact point moves in a straight line during the pullup
will be valid to the extent that F, the denominator of Eq. (10), remains constant during the pullup. Of
course, F does change during the pullup as the altitude and dive angle of the aircraft change. This alters
the slope of the path of the impact point in the sight or HUD causing the impact point to move in a curved
instead of in a straight line path.

To estimate the magnitude of this slope change, let us calculate the value of F both at pickle and
again at release during a typical dive~toss delivery. The following statements sumimarize the pickle and
release conditions.

Pickle: 450 kt speed, 1000 m altitude, 30 deg dive
Release: 450 kt speed, 863 m altitude, 19.7 deg dive

Using the figures from the above example to calculate F as in Figure 2, we find that

0.867 at pickle

F'= sin 8 cos y (tany + ctn y (16)

) =
’ l 0. 788 at release

The corresponding values of tan (l:‘I - ¢) for a 20 degree roll are, from Eq. (13)
‘0. 0484 at pickle

tan ((:v[ - 20 deg) = (M
‘0. 0838 at release

The tasks resulting from a functional decomposition of the system may be

allocated according to two philosophies




I'he maximum change in slope from pickle to release is 0.0354 radians in this example. The mean
change in slope is 0.0177 radians. This will multiply by the angular difference, 8., between the impact );1 */
point and the target designating symbol at pickle to cause a lateral pipper placement error. Once again,
this is not necessarily a bombing error because the pilot can still compensate for it by nulling the steer-

ing signal during pullup. The whole point of this exercise is to see how big a compensatory steering
correction he has to make.

I'he magnitude of & ., if computed according to Eq. (14) with tpp = 2.5 sec and with the foregoing
conditions at pickle, is 171 milliradians. This angle when multiplied by the mean change in slope
between pickle and release would result in a lateral pipper placement error of about 3 milliradians. We
can conclude from this example that the straight line impact point motion assumption results in an

acceptably small if not negligible steering error signal.

In summary, the pilot steering corrections needed to compensate for pipper placement errors
caused by the zero bomb drag and straight line impact path assumptions are no larger than those steering
corrections needed in the current pipper placement schemes.

4.2 Additional Pilot Control Over Prepickle Pipper Motion

As mentioned earlier, the pipper placement scheme proposed herein gives the pilot a positive,
direct azimuthal control over the pipper position, contrary to the currently operational pipper placement
mechanizations which are keyed to the aircraft velocity vector. In order to change the azimuth orienta-
tion of a drift stabilized pipper, the pilot has to change the azimuth direction of the aircraft's velocity
vector. This is an integration process with an inherent time lag. The pilot first has to roll the aircraft
toward the direction in which he wants to move the pipper and pull back on the control stick. The pipper
then gradually moves toward the desired azimuth.

In contrast, with the proposed mechanization, the pipper immediately rotates about the computed
impact point on a lever arm equal to 8 T as the pilot rolls the aircraft (see Figure 3). The angle of
rotation, ¢y, of the pipper is slightly greater than the roll angle, o, itself. The pipper is stabilized
against pitching and yawing motion, because (except for the small cross trail term and ejection velocity
direction corrections in the impact point computation), 8.., tan (¢, - ¢), and the computéd impact point
are all independent of the pitch and yaw attitude of the aircraft. However, the pilot can make a last
second azimuth adjustment to place the pipper over the target simply by changing the roll angle of the
aircraft.

The sensitivity of this pipper response to roll control action is proportional to the lever arm, 8.
By increasing or decreasing &, (through variation of the parameter tg) one can adjust the pipper roll

sensitivity to match the amount desired by the pilots.

4.3 Adaptability to CCIP and Level Laydown Modes

The primary objective of this study was to devise a pipper placement scheme for dive-toss weapon
deliveries which would not require the pilot, after designating the target, to unroll into a wings level
attitude before pulling up to release. However, upon reviewing the resulting mechanization, one sees
that it can be generalized to include CCIP and level laydown weapon deliveries as well. Traditional
weapon delivery systems treat these as separate modes. Combining them essentially into a single mode
would both simplify the software and decrease the number of mode selection decisions and actions
imposed on the pilot.

A glance at Figure 3 shows that if 8 1 equals zero, we have a CCIP weapon delivery mode. Hence,
one can view the parameter tpg in Eq. (14) as providing a continuum of weapon delivery modes with
CCIP being one extreme, namely tpr = 0. In other words, the same software that is used for the dive-
toss mode could also provide the CCIP mode simply by setting tpg = 0.

The level laydown mode is also akin to the dive-toss mode in that it requires the target designating
symbol to be above the currently computed impact point by some amount 8. The chief difference is that
8 7 must also be less than the angular distance between the line-of-sight to the impact point and the air-
craft velocity vector, because with the aircraft in level flight, the velocity vector is already above the
target. The second difference is that the level laydown delivery uses high drag bombs instead of low
drag bombs.

E quation (14) for OT satisfies all of the above conditions. Its derivation (Figure 4) is applicable to
both high and low drag bombs, and it directs the target designating symbol toward a point on the ground
which is beyond the impact point. In fact, in level laydown the time between pickle and release is
exactly equal to tPR'

4.4 Incorporation Into An Operational Weapon Delivery System

The Litton LW 33B air-to-ground weapon delivery system includes the wings nonlevel pullup
capability described herein. First operational deployment of these systems is on the McDonnell Douglas
F4E's being delivered to Turkey and to Greece.

This figure merits two comments
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The natural reluctance on the part of users to place complete reliance on a new, untried innovation
inhibited full utilization of the beneficial simplifications potentially achievable by combining weapon
delivery modes. [nstead, the "CCRP' mode still retains the traditional drift stabilized sight mechaniza-
tion. }«iowever. the "LAYDOWN'" mode does employ the target marker placement algorithm which per-
mits wings nonlevel pullups.

As discussed in the preceding sections, the software for the algorithm is the same for level lay-
down deliveries as it is for dive-toss deliveries. Hence the pilot can perform a dive-toss delivery using
the LW 33B even though the mode switch is in the "LAYDOWN" position. This dual mode mechanization
offers pilots the unique opportunity to try out and compare both dive-toss mechanizations, wings level
pullup versus wings nonlevel pullup, on successive passes simply by changing the mode switch from
"CCRP" to "LAYDOWN"'.

V. CONCLUSIONS

5.1 Algorithm for Wings Non- Level Pullup

Displacement of the target marker symbol from the computed impact point by an amount 8T paral-
lel to the sight's ordinate axis and by an amount 8 T tan (¢; - ¢) parallel to the sight's abscissa will per-
mit the pilot to designate (pickle) in a roll and pull straight back on the stick without first unrolling into
a wings level attitude. The equations for computing the quantities GT and tan (C’I - ¢) are

(\ x PR )(L)
R, )R,

! - +(_/.“)“ Vi'pr
R
B RB
(1. b
tan (o] -é) = ___j’_‘i’l_‘i
F +tan” ¢
where
F = sin 8 cosy (tany + ctn "I‘
RB = ground range to computed impact point
tPR = arbitrary parameter nominally equal to 2.5 sec for dive-toss and level laydown

deliveries or equal to zero for CCIP deliveries

V_ = ground speed

Z = altitude above target

Yy = flight path angle relative to the horizontal (positive in a dive)

Vg = impact angle of computed trajectory with respect to the horizontal

8 = depression angle (below the horizon) of the line-of-sight to the computed impact point

]

aircraft roll angle (positive for right wing down)

5.2 [Effect of Approximations

Approximations employed in deriving the foregoing equations introduce acceptably small pipper
placement errors for which the pilot can compensate by following the steering commands indicated by the
computer during the wings nonlevel pullup.

5.3 Pipper Response to Rolling Motion

The foregoing pipper placement algorithm provides the pilot with a direct, positive control over the
azimuth location of the pipper prior to pickle. By rolling the aircraft one way or the other he can move
the pipper back and forth across the sight.

bers from a central point [l'; and 1t is no use providing a highly-secure damage-proof

In reality, especialy in on-board system, power is distributed to subscri-
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5.4 Adaptation to CCIP and LAYDOWN Modes

I'hrough variation of the parameter tpgr, the foregoing pipper placement algorithm can also
accommodate CCIP and level laydown deliveries in addition to the banked pullup, dive-toss delivery for
which it was designed.

APPENDIX A. PROOF THAT THE PARAMETER F IS LESS THAN UNITY
By definition

F = sin 8 cos y (tany + ctn\]\ (A-1)
where the three angles, 6, y, and Y| are, respectively, the angles between the horizontal plane and
(1) the line-of-sight from the aircraft to the computed impact point, (2) the weapon's velocity vector at
the computed release point, and (3) the weapon's velocity vector at the computed impact point. The
downward trajectory curvature caused by gravity guarantees the following inequalities for all dive angles
less than 90 degrees.

y <8« ¥y (A-2)

By virtue of the above inequalities

ctny1< ctn 8 (A-3)

Substitution of (A-3) into Eq. (A-1) yields

F< sin§ cosy (tany + ctn 8) = cos (8 -vy) (A-4)

According to (A-2), 8 # y for any dive angle less than 90 deg, and (A-4) thus reduces to

F<l QK. D, (A-5)

However, if a higher

connectivity 1is required .
modular ; two four-port nodes may i + the

be connected together to form a

nodes are completely
single six-port node.
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Computers are shown to be an eftectfve way of achieving lower cost and
tmproved pertormance tn tactical gufded misstles, Within the cont fnes of
cutrently avattable semicondactor techinelopy a tact fcal mi:
shown to be best applied (noa central processor architecture. I this tvpe
of aystem a single compoter pertorms the computat fonal tasks of each of the
puddance untes' subtunetlons and also serves as (he overall svatem (ntegrator.
Two examples of this structure are given,

b le computer s

The complestty of the yequired tactfcal misstle computer depends on the
complextty ot the missile to which (0 fs applied.  Thiee classes of misufle
complextty and tour classes of computers are fdentitied,  Which computer ts
tequired tor cach of the mfasile complextoy classes (s chen demonsteated.
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In fact, the ostensive purpose
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stems have
ile Integrat fon
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&
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and show how these tequitements have led to the cont fpurat fons that ate preseatly betng

sned toy

ton ot what tx catrently befng fmplement od will he tollowed by oa descernip
tlon of how these present day desipn dectafons will be changed by the technologies that are now begfnniug
to emerge.

productfon avatemn., The dincu

Advantages of Computers in Miusflen

In Light ot the cutrent fndustrtal trends, (0 almost seems supett luous to just ity the fncorpotat fon

of a computer o any svatem, Nonetheless, (f fs fastiuctive to review the actual benef (s that ave
obtatned from the use ot a computer, partieularly when, as will be seen, many ol the benet Uy can he
obtatned for some svatems with methods morve cont effect fve than the use of o tall ale computer.  Foi

the purposes of (hits discossfon, a computer will be det fned as oa digttal programable processor consist ing
of both a program semooy (M aad an operand memory (OM operat dng by conjunct fon with a central processing
undt (O which has the o
arithmet o operat fons,

actty to generate memory addyess
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Reasons tor using a computer are gencrated from two baste sources the advantages of a digital
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Targe market produced (o this way lowers the component cost to each (ondividual svatem,
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A Operate with pertect repeatab il ey and predietabil ey,

Voo Intvinatcally pertorm logfeal and avfthmet (¢ tanct (ons These are exactly the operat tons
tequitred by control and afgnal processtng algor e,




The basic computer structure adds to these advantages:

1. Programmability and reprogrammability ~ This allows a wide variety of functional changes to be
made in the system which in turn allows correction of errors even in production, and considerably
slows product obsolescence. Interestingly enough, this also makes possible the size and cost
reductions that can be obtained with LSI. Normally, the greater the level of integration, the
more complex the circuit and hence the more specific it is to its application. Most sophisticatal
applications, in advanced military systems, have [imited markets and hence limited production
quantities, making it difficult to recoup the large non-recurring cost of LS1. However,
computers are highly complex elements with their system specifity in their program not thei
circuit structure. This allows LS1 computers to enjoy a large production volume cven though
there may be only a limited demand for each of their individual system applications.

2. Intrinsically a time shared device - The basic nature of a Von Neumann type computer 1s to use a
single arithmetic element to perform a large number of possibly unrelated arithmetic computations.
This is "time sharing with a vengeance" and can save a good deal of hardware over a "dedicated
logic" digital approach*.

A key point in the above discussion is the emphasis on cost and performance benefits. It is not
anticipated that tactical missile computers (IMC's) will be frequently reprogrammed nor that they will be
expected to perform any extensive interfacing with human operators. They are incorporated in a guidance
unit only because they are the most cost effective way of obtaining the required performance in the miscile's
single flight,

Computer Utilization in Present Missile Designs

Recognizing the advantages that computers have to offer, this section will show how these advantages
are being harvested in present missile designs. Because of the dynamic nature of recent technological
advancement, the time frame in question must be carefully noted. The discussion here is of existing rather
than future designs.

As defined here, missile guidance units are composed of a number of distinct functional processes.
While there is a wide variety in the content of each of the members of the guidance family, a list of the
most common subfunctions would include the:

target tracking seeker

rear data link

target detection device (fuze)
launcher interface

navigation

flight control

Each of the processors performing these subfunctions is realized with a mix of analog and digital
circuitry with the digital circuitry performing lower speed signal and data processing functions. The
digital functions may themselves be partitioned on the basis of speed. Most subfunctions have a require-
ment for some high speed (real time) computational logic. Examples are digital spectrum analysis, demod-
ulation and decoding. These functions require speeds in excess of that available from computers and are
performed with specialized dedicated logic. Following the high speed digital computation are a series of
functions which tolerate slower speed numerical calculation and use a large amount of logical interpretation.
Examples of these functions are threshold calculations, parameter estimation and most post-detection pro-
cessing. These functions not only can be performed by a computer, but also make the most effective use of
a computer's logical capabilities.

Figure 1 exemplifies the approach Hughes' current designs have taken in applying computers to missile
guidance. This is a central processor system where a single computer services each of the subsystems.
The purpose of the computer is to perform those parts of the subfunction calculations that are most amenable
to computer implementation and at the same time serve as the integrating element between all the subtunction
processors.

The alternative to the Central Processor is a Distributed Processor. This would dedicate an individual
computer to each of the subsystems with a communications network connecting them. The author's choice ot a
centralized system is based on an evaluation of presently available technology (with the derinition of
"available" as derived from the committment phase of the project in question). Currently there appear to be
four types of computers that are applicable to tactical missile systems. They are described {n Table #1.
The first two computers in the table are based on commercially available microprocessors such as the Intel
8080 and the Texas Instruments 9940. These computers are quite low in recurring cost, but are also quite
slow. The basic structure of these NMOS devices allows little flexibility in either their architecture or
their instruction set. The next computer type in the table is realized with bipolar LS1 techaology. Examples
of these computers are fabricated from the Intel 3000 and the American Microdevice 2900 fami'ies. The
bipolar logic allows relatively high speed operation while the use of LSI techniques results in tairly high
densities at low cost. Further, they are microprogrammable which permits the tailoring of their instruction
sets and their architectures to the specific applications at hand.

*Some of the recent researchers in distributed computer systems have facetiously referred to this single
Arithmetic Unit approach as one of the greatest setbacks to computer architecture. However, if early svstems
had been based on a more operatfonally parallel structure, the Von Nenmann svstem would have been fnvented
anyway, just to save hardware. As will be seen, this is the key to an economically expendable computer.




The fourth alternative in Table 1 is a tally custom mintcomputer using mostly MS1 logic. This machine
uses very high speed bipolar devices and allows complete freedom in its architectural design.  The result is
a very high throughput rate, and unfortunately, a high cost and fairly large power dissipation.

A detatled study ot the requirements of each ot the subtunction processor shows that they call tor the
throughput capabilities ot a bipolar computer. Consequently, if a distributed computer system were proposed
tor a tactical missile it would torce the designer to distribute the more expensive computers shown in the
last two entries of Table [. Trade off studies have shown this type of system to be less cost etfective than
a central high speed computer.

These trade off studies are contirmed by a traditional method of estimating computer co Kknown
Grosche's law. Crosche's Law is an empirically derived rule which states that a computer's o is
proportional to the square root of its throughput. In other words, the throughput of a single computer can
be doubled by architectural moditications for a 40 percent incre:
than using two computers.

> in cost.  This is obviously less expensive

Grosche's Law was formulated in terms of the early maintrame computers, but it has been shown to be
relatively accurate in predicting costs within a given modern semfconductor technology. 1t should be noted,
however, that the rule does not appear valid in comparing computer systems realized in ditterent technologies.
Several, say, NMOS computers may findeed represent a lower cost solution than a single bipolar computer. The
majority of the subfunction speed requirements do not allow this to be a valid missile computer alternative
within currently avaflable technology.

Which of the last two entries in Table 1 are chosen for a given missile depends on the complexity ot that

missile. One may postulate three classes ot complexity in modern tactical missiles. They are outlined in
Table 2. The first (Class A) is a very complex and hence very expensive missile manufactured in low
quantities. Missiles of this type provide high performance and require extremely sophisticated electronics.
While cost is always a concern, the primary design criterion is performance with reliability. The second
missile (Class B) is a medium cost, medium performance configuration. [ts mission requirements do not demand
the ultimate in guidance sophistication. On the other hand, production is relatively large and cost becones

) a design constraint as fmportant as performance. The third category of missile (Class €) has a relatively
simple guidance structure and is produced in massive quantities. Mission vequirements are less demanding,
but recurring cost is of extreme importance.

In general, the more complex the missile's function, the more powerful a computer it will require. This
is largely due to the extensive amount of logical operations needed in the post detection sfgnal processiag
of the more sophisticated missile seeker and rear links. As a consequence, MSI minicomputers are used in
class A complexity missiles while bipolar chip sets are found in class B missiles. The high production
class C missiles do not yet use computers. This is largely due to the simplicity of their on board pro-
ces=ing. While the required functions must be performed in real time, they are not complex enough to justity
the cost of an embedded expendable computer. Actually the class C production volumes in the hundreds ot
thousands justify the development of custom LSI devices (which were not in existance when the present  gen-
eration of missiles was developed) for the specific tunctions tound in these missiles

Table 3 summarizes the observations that have been made on computer selection tor the various complex-
ities of tactical missiles. Some typical memory requirements have also been included to give an indication
of the program sizes that are being discussed.

The concepts that have been presented may become clearer atter investigation of some examples.  The tirst
example will be a class B missile used in an air to ground mission and emploving an [R {maging gufdance
system. A block diagram is shown in Figure 2. In operation, the secker output signals are tirst sent to an
avionics display. The pilot slews the missile secker head until the target image fs centered in the tield of
view (FOV). At this time, the missile will begin automatic tracking. As soon as the missile acquires the
designated target it will be launched and begin to home on the target by using signals derived trom the
target's image parameters.

From the perspective of this paper, the guidance unit contains four major components: the sceeker
electronics, the avionics interface, the autopilot and the computer. (Fuzing and power regulation tunctions
may use the computer but are not discussed here).

The sensing element of the seeker Is an IR imager mounted on a gimbaled plattorm. This unit generates
video signals which are first processed by analog circuitry. The analog section provides amplitication, AGC
control, prefiltering and coarse gating. Following this is a digital scan converter which outputs display
compatible composite video and provides A/D conversion and buffering into the computer. The computer uses the
scan converter data to maintain target discrimination against background, calculate target gate sizing, and
compute target angular displacements which are used to provide seeker serve and autopilot commands. The
remaining major component of the seeker {s a dedicated logic frame to frame correlator which reduces the
gystem blind range in the terminal phase of the missfon and assists in overcoming temporary loss of target lock
due to imperfect sensor stabilizatfon. Outputs from the frame to frame correlator veplace those of the scan
converter at the command of the computer.

Target angle signals are used to calculate seeker servo and autopilot control commands. The computer
also performs some slow speed calculatfons for these servo loops. Examples of these are the g-bias gimbal
restorat{on computations for the secker servo and the lead and lag computations for the autopilot.  The
majority of the higher speed stablilization filtering is left to conventional analog circuitry.,

All mode changes and system control functions are resevved tor the computer. Avicnics slewing commands
are passed through the computer, while high speed video data is passed divectly through the wmbilical to the
display.




Y Weapon flight path angle, the angle between the weapon's vEIOTIlYy VELLUL amu s siars s osneee o
plane (positive in a dive), at the (computed) release point.

Yq Flight path angle of weapon at (computed) impact

In the design of this system, the cost and computer availability to a fairly large degree determined
the tunctional partitioning ot the stem and to a certain extent the complexity of the algorithms used. 1t
is interesting to note that the use of the computer to perform the basic tracker algorithms led to the

Q' 'L’ relegation of most of the high speed servo control logic to analog cirvcuitry. This was neces
the computer speed limitations. The particalar partitioning wsed is based on the belief that while the servo
loops are easily performed by analog methods, and are not likely to change during the lite of the missile
type, the tracker logic is most efticiently performed with the logical and computational resources ot a
computer and is likely to change with new mission requirements or understanding.

sary because of

Figure 3 shows a second example of computer utilization in tactical missiles. This system is a class A

missile using dual mode radar guidance to intercept a highly mancuvering target in an air-to-air encounter.

lThis system contains tive major subsvstems: the seeker, the rear receiver, the autopilot, the avionics inter-
face and the computer. (Fuzing and power regulatfon again will not be discussed).

In a typical operation this system utilizes a semiactive midcourse and an active terminal guidance with
the same secker receiver used in both modes. Radio frequency (RF) signals are received by the monopulse-
antenna, converted to IF and then to video after pre-amplification and filtering. The signals are then A/D
converted and passed through a dedicated logic Fast Foarier Transtform processor which performs doppler
tiltering and detection. The detected intormation is now sent to the computer which performs target
discrimination (against clutter) and tracking functions to extract target angle information. These data are
used to calculate seeker autopilot steering commands, and system mode control parameters and to control the
seeker receiver.

In addition to generating steering commands to the autopilot and secker servo control systems, the
computer also performs all of the stabilization computations. This essentially reduces the autopilot and
secker servo circuitry to A/D and D/A converters.

The computer also receives data from the rear veceiver., This is an essentially analog receiver with a
digital message demodulation circuit. Messages are decoded and applied to the other systems by the computer
itself.

Again it can be seen that the computer performs an integration function between the major subsystems ot
the guidance unit and simultancously performs many of the real time computational and logical functions
required by these subsvstems. The difference between class A and class B mis

siles is the amount of comput ing
power available and the degree of computer involvement in the subsystem functions. The more complex the
guidance the more powertul the computer aad the more functions the computer must perform. Hughes has found
the seeker signal processing functions to require the most speed and computational complexity. Consequently,
these are the functions that normally set the requirements for the missile computer. Once a match to the
seeker requirements has been made, the other, slower functional blocks are fitted into the program time
loading of the computer.

ics

of Tactical Mi

ile Computers

Two types of available computer have been identitied as being applicable to tactical missiles. One is
based on a bipolar LST chip set and the other is a custom high speed MST design. In both cases the ordnance
designer is given a good deal of flexibility. This is fortunate for the tactical missile environment
generates a set of unique requirements.  The military svstem which comes closest in structure to the tactical
missile computer (TMC) is the avionics computer (AC). The two types of TMC are compared with a typical AC in
Table 4. In this table the first entries are essentially physical parameters. The most apparent difference
between a TMC and an AC is that the former is an embedded unit while the latter is a replaceable subassembly.

Avionics systems are in essentially continuous operation and must be constructed in such a way that they
can be continuously maintained and repaired quickly in the field. Conversely, missiles are used only once
and will not encounter anywhere near the failure rate that avionics syvstems encounter.  For this reason the
TMC can be totally embedded in the missile; using the missile power supply and a hardwired system interface.
The AC must on the other hand, be casily accessible and replaceable. It must have its own power form generat-
ing circuitry and interface with the rest of the avionfcs system through a set of standard connectors The
missile's simple system interface is one of the tactors that helps reduce the size and power dissipation ot
the TMC. Any improvement in these areas is crucial as the volume and power supply capabilities of a missile
are severely constrained when compared to those of an Avionics system.

Another major difference between Avionics and Missile Systems is the thermal environment. An Avionics
system must operate continuously for an indetfinite time. Consequently, it requires an efficient, usually
active, cooling system such as forced air. lIgnoring flight and ground testing, a missile need only operate
over the duration of its flight; a time that rarely exceeds a minute in tactical systems. Conscequentlyv,
operat ional cooling is only required during this period of time. Usually a TMC operates with a passive
cooling or heat sinking system that is designed to be only etfective during the flight of the missile and is
therefore less costly, smaller and lighter than that required in avionics. An external auxiliary cooling
system is provided for system testing.

A TMC differs from an AC in functional configuration as much as it does in physical configuration. For
instance, while both types of computers require 16 bit data words, Avionics systems are gradually evolving
toward 32 bit word lengths while it is unlikely that the TMC will ever need this added precision. It is true
that some missile functions require double precision operations, but these functions are usually found in the
less time consuming portions of servo control loops and do not represent a signiticant time load on the
computer.

Both types of computers require efficient addressing structures, hardware multiplication and division
instructions and efficfent branching capabilities. However, T™C's are not reprogrammed with the same
frequency as AC's. For this reason they do not require manv of the programming conveniences found in AC's or
general purpose computers.  For instance, floating point hardware and program relocatability have little
utility in the T™C. This decrease In complexity is balanced by the fact that a TMC must operate at a higher
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throughput rate than an AC. As seen in Table 4, the simplest TMC's operate at about the throughput rate of
the most advanced AC while the more powerful custom designed missile computers require a throughput rate four
times that of a typical Avionics processor. (Special applications such as Real Synthetic Array mapping can
require a typically high throughput rate in some advanced avionics).

Perhaps the greatest difference between an Avionics and a Missile Computer is in their memory structure.
To begin with, the simpler tasks of the TMC require far less total memory than found in the AC. In addition,
the structure of this memory is different. A missile computer is a black box, it is programmed once and
always executes this program (except for design changes that must be incorporated at a factory or depot
level). The typical AC, on the other hand, is reprogrammed often. Different programs are used for different
mission and encounter situations, instrumentation runs, training exercises, etc. Consequently, a TMC's
program is normally stored in hardware Read Only Memories (ROMs) whereas an AC's program is stored in magnetic
core memories which are programmed from magnetic tape at the beginning of each missfon. The capability of
using fast, dense ROM program memory is one of the principal ways by which the TMC achieves its high speed.

The embedded nature ot the missile computer also yields some functional simplicity. Because the input/
output interfaces may be hardwired and specially designed, it is not necessary for the TMC to communicate
through a generalized interface. This saves both hardware logic and interfacing time.

The last differences shown in Table 4 are probably the most obvious. A tactical guided missile is a
piece of expendable ordnance, an aircraft is not. Consequently, missile components must be lower in cost and

produced in larger quantities than those for aircraft.

Programming the Tactical Missile Computer

The previous section has shown that the special requirements of the tactical missile application yield a
unique computer structure. These same requirements reverse some of the current trends in the way in which
computers are used. Throughout most of the computer industry there has arisen a consciousness of the extreme
cost of software. Computer programming is very labor intensive. Moreover, modern computer programs have
become highly complex. This complexity has led to systems which are extremely difficult to validate or even
verify. Further, most computer controlled systems are constantly being revised, updated or improved. This«
results in the high cost of software becoming a recurring one. As a result almost any price will be paid to
simplify the preparation, documentation and maintenance of software. High Order Language (HOL's) are
becoming mandatory for most military systems and in addition, there are several on~going efforts to develop a
single standard HOL for all military applications. Coupled with the increasing cost of software is the
declining cost of hardware. This has [ed many system designers to use hardware mechanisms to absorb software
functions. An example of this trend is the growing popularity of hardware based floating point arithmetic
elements.

In most military systems these trends are completely justified. However, in current tactical missiles,
they are not. The use of a HOL can incur a significant penalty in execution speed and program memory size
over assembly language programs. These in turn result in increased hardware complexity and cost.

As described in the previous section, a missile computer is an embedded "black box". It is reprogrammed
very infrequently and then only at the factory or depot level. Consequently, software costs are nonrecurring.
Hardware costs, however, are still recurring. Further the large production quantities involved with most
missile systems generate a large multiplying factor for the cost of any hardware addition. Missile systems
simply cannot affort to use a HOL and all programming is done in Assembly Language. Further, the decision to
add ahardware element such as a floating point arithmetic element is made on the basis of its impact on
system performance and life cycle cost; not on its effect on simplifying the programming task.

This does not mean that software costs are ignored in the development of TMC systems. Even if it is
nonrecurring, the high cost of program development cannot be ignored, c¢specially when development is bid in a
competitive environment. As a consequence most of the modern software development methodologies are applied
to missile design. These include the use of "top-down" programming with "chief programmer" type teams and
the use of structured programming.

The TMC's software, like the TMC itself is an embedded part of the missile. Cost trade-offs involving
this missile component must be made on the basis of overall system life cycle cost rather than just the cost

of the software or hardware alone.

Future Tactical Missile Computer Designs

To this point the discussion has centered on the trends and trade-offs involved in present TMC design.
The central processing approach using one of two generic types of computers has been chosen based on existing
technology and the examples used have been of systems that are currently in prototyping or production. This
section will present the authors' projections on how future requirements and technologies will effect the next
generatfon of TMC's.

The current trend in missile design {s to demand more functions in a smaller sized and a lower cost
structure. The next generation missile will require the complexity of a class A missile (see Table 1) with
the price of a class B missile. Further it can be expected that these functions will be performed in a 5" -
8" diameter airframe as opposed to the 12" - 15" diameters in today's missiles. Some of the driving forces
for the increased guidance complexity are the desire for multimode missiles which might contain both IR and
radar (millimeter wave) guidance capability. Further, in the interest of lower cost systems there is a strong
desire to decrease the allowable guidance error budget and hence allow smaller warhead sizes. All these
added complexfties will have the net effect of increasing the amount of function performed by the tactical
missile computer system.

Future semiconductor device technology will offer two alternatives to meeting the demanding requirements
of new tactical missiles. The architecture of the future TMC will depend on which type of semiconductor
technology is chosen. The first of the technology types is very high speed logic. Included in this option
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are Gallium Arsenide Field Effect Transistor (GASFET) logic, ansverse Electron Devices (TEDs), Josephson
junction logic and Dielectrically Isolated Emitter Coupled Logic (DECL). These technologies will offer
subnanosecond propagation delays and with the potential of speeds almost an order to magnitude better than
today's components. A TMC based on these super fast devices would again be a central processor. The
increased functional capabilities would be obtained through the increased speeds and extended time sharing
available. Unfortunately, the future high speed technologies will, at best, and the same densities and power
dissipations of the present high speed logic families. Further, he motivating force behind their development
is the mainframe computer market. It is unlikely that they will ever be available at low functional cost or
be produced for a large commercial market. The super fast devices are currently in research laboratories and
their availability to missile computer design is at least five years in the future.

The second new technology tvpe the very dense LSt logic. Included in this option are Integrated
Injection Logic (I'L), Silicon on Saphire Complementary Metal Oxide Semiconductor (S0S CMOS) logic, and High
Performance Metal Oxide Semiconductor (HMOS) logic. These tamilies will probably never exce the speed of
present bipolar logic families but will offer higher density, lower power dissipation, and lower cost
functions, The basic driving force behind these technologies is the commerical market and such devices are
already becoming available.

Applying the high density LSI families to the more demanding requirements of future missiles will require
systems that contain several parallel computers. This distributed processing approach has up to now been
found inferior to central processing (single high speed computer). The penalties that have reduced its
acceptance are primarily due to interprocess communication and synchronization. 1t is the author's opinion,
however, that the nature the TMC's application will ameliorate manv of these difficulties. As w
previcusly, the TMC is used to perform the computational and logical tasks of the various subsystems of the
missile guidance unit and at the same time integrate the functions of these tasks. If one or perhaps two
microcomputers are dedicated to each subfunction and if another microcomputer is dedicated to the integrating
function, each of the microcomputers would operate relatively independent of each other with the intercomputer
communications being relatively slow. The reason a distributed system of this sort is not used now is that a
certain minimum speed is required of the subsvstem dedicated computers. Currently this speed is available
only in the bipolar chip sets which arce too expensive to proliferate through the system. The new technologies
will make this speed available in single chip processors at a low cost and thus lead to a cost effective
structure.

18 described

The distributed computer approach to the TMC is shown in Figure 4. This is the anthors' prediction of
the next generation of TMC. In addition to being cost effective, such a system will lead to a more modular
system and will probably eliminate the two tier approach to design. Both class A and class B missiles will
use the same type of microcomputer components shown in the figure, the difference being in the number of
processors and the level of integration.

Conc lusion

Tactical missile computers are already used to or proposed tor many of the computational and logical
processes tor many of the subfunctions found in tactical missile guidance units. 1In addition they perform
the overall integration and control of these subfunctions. Presently, TMC's require throughput rates that
are only available in computers based on bipolar technology. There are two tvpes of such computers available,
one based on LSI bipolar chip sets and che other based on a custom MSI design. The bipolar chip sets offers
a relatively low cost, consume very little volume, and have medium power requirements. Unfortunately their
instruction throughput rate is only on the order of 400 - 500 KIPs. Computers of this type are used in medium
complexity missiles having production quantities up to 30,000. For higher complexity, lower production
missiles, the custom architectures based on available MST devices are used. These computers feature very high
througoiput rates but also incur additional volume, power and cost pepalties. Cost tradeoffs have shown that a
central processing system architecture is the most efficient in the light of available technology.

Missile computers are considerably different from those found in avionics systems. In general, they must
be faster, lower cost and smaller than avionics computers. Fortunately, proper utilization of the TMC's
embedded nature, shorter operating time and infrequent reprogramming allows the meeting of its rather
demanding performance objectives and physical constraints.

It is expected that the new semiconductor technologies will have a dramatic effect on tactical missile
computer architecture. High density, low cost processors with the speeds of currently available in bipolar
device technology will make LSI microprocessors cost effective in distributed svstem architectures in
tactical guided missiles.

This new distributed structure will reduce the computer hardware differences between the complexity
classes of missiles and will in addition expand the functional utilization of computers. Such improvements
are mandatory if the conflict between the increasing missfon demands and the decreasing volume resources of
future guided missiles is to be resolved.
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1 cPu PC BOARD
; . THRU PUT POWER o
CLASS/DESCRIPTION T OISSIPATION | COSTUNIT AREA
IWATTS) M
88T MOS 25 2 % 160
4 PROCESSOR
16 BIT MOS 170 2 200 160
4 PROCESSOR
BIPOLAR LSI 500 20 1000 400
CHIPSET
MSI CUSTOM 2100 60 2000 600
MINICOMPUTER
1 16 BIT OPERATIONS
21000 QUANTITY
3 COST FIGURES ARE FOR RELATIVE
COMPARISON ONLY
TABLE 1. MISSILE COMPUTER CLASSES
2 APPROX | APPROX APPROX
CLASS | EXAMPLE MISSION/GUIDANCE oot eROO ot L RraD HATE
A | PHOENIX AIR TO AIR HIGH 1.000 55/MO
RADAR
SEMIACTIVE/ACTIVE
GUIDANCE
8 | MAVERICK | AIR TO GROUND/ MEDIUM 30,000 300/MO
TV OR IR IMAGING
c | row SURFACE TO SURFACE/ | LOW 300,000 3.000/MO
WIRE GUIDED
TABLE 2 MISSILE CLASSES
MisSILE | comPuTER Type | proGRAM | QRERAND
CLASS USED WORDS e
A ms! 16K X
MINICOMPUTER
8 BIPOLAR ax 256
CHIP SET
c NONE

TABLE 3. COMPUTER UTILIZATION IN MISSILES

CHARACTERISTIC

BIPOLAR LSI CHIP SET MISSILE
COMPUTER

MS| CUSTOM MISSILE
MINICOMPUTER

TYPICAL AVIONICS COMPUTER

FORM FACTOR

EMBEDDED COMPUTER
FORM FACTOR TAILORED TO
MISSILE

EMBEDDED COMPUTER
FORM FACTOR TAILORED TO
MISSILE

REPLACABLE UNIT
FORM FACTOR ATR BOX

TOTAL COMPUTER 570 CM2 1200 cM2 5600 CM2
CIRCUIT BOARD

AREA

POWER DISSIPATION | 25 W 130w 500 W
THERMAL PASSIVE HEAT SINK PASSIVE HEAT SINK FORCED AIR
ENVIRONMENT

DATA PRECISION 16 BITS 16 BITS 16 32BI1TS
THRU PUT 440 KIPS 21 MIPS 500 KIPS

WHEN AT FACTORY OR DEPOT ONLY | AT FACTORY OR DEPOT ONLY | FIELD REPROGRAMMING ON A
REPROGRAMMED DAILY BASIS
MEMORY SIZE 4.25K WORDS 19K WORDS 32K 64K WORDS
PROGRAM MEMORY | ROM ROM MAGNETIC

TYPE

INPUT/OUTPUT SPECIALIZED SPECIALIZED GENERAL
STRUCTURE

COST OF $2K $7K $70K

COMPUTER

PRODUCTION 25,000 ~ 1,000 « 1,000

VOLUME

TABLE 4. COMPARATIVE COMPUTER CHARACTERISTICS
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Figure 2, Plot of F vs Release Altitude for Various Dive Angles and Air Speeds
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SUMMARY

This paper describes a reliable and survivable system (RHEA) for intercon-
necting real-time processing elements. Motivations are given for the choice of the two-
level RHEA structure : a distributed "irregular network" and a set of local "star struc-
tures”. The irregular network has active nodes that carry out automatic signal routing
whereas the star structure has a passive central node based on a loosely-coupled pulse
transformer. Two types of communication control are presently under analysis : "conten-
tion control" and a "decentralized daisy chain" ; the final choice will be based on se-
curity and modularity criteria.

INTRODUCTION

The last few years have been marked by a spectacular progression in the
complexity of the systems tackled by automatic control and computer science. This is due
to the evolution of the missions assigned to Man which reach and often pass the limits
of his possibilities. This is particularly so in aeronautics as a consequence of the
missions that are assigned to him : transport, interception, ground attack,... This pro-
gression has been made possible thanks to the technological revolution which has led to
the availability of highly-integrated and modestly-priced processing and memory ele-
ments.

When one adds to this the criteria of operating costs and versatility, one
is naturally led to the notion of decentralization of the processing related to the
different functions to be carried out and the notion of the integrated system.

However, a significant factor slowing down the progression of system auto-
mation and integration has been the lack of confidence in distributed computing systems
regarding their aptitude to satisfy the operational security criteria : reliability,
availability, survivability (invulnerability), maintainability,...

The security objectives of a distributed computing system must be satisfied
at two levels :

- resource management level : measurement of the state of the resources, resource
allocation in function of the system obiectives,

- communication level : realization of an operationaly secure system for transmit-
ting data between the computing elements.

This paper presents a study concerning the latter level.

In distributed real-time computing, the global real-time control process is
divided into tasks that may be executed in parallel. Such a decomposition is attractive
for several reasons :

- from an application viewpoint ; partitioning the system into tasks is conceptualy
simple, this is especialy so since systems are frequently defined on a subsystem
by subsystem basis,

- from a technological viewpoint ; if sufficiently simple, tasks may be executed by
computing elements realized with a relatively slow technology whereas the overall
system throughput may be increased,

- from an operational security viewpoint ; tasks may mutualy survey each other and
initiate task reconfiguration upon detection of an anomaly or malfunction.

This work was supported by the Direction des Recherches, Etudes et Tcchniques, under
contract N° 76/274
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The tasks resulting from a functional decomposition of the system may be
allocated according to two philosophies :

- physical centralization : the tasks _are functionaly distributed on a single
parallel processing machine El] f2] ‘

- physical distribution : the tasks are functionaly and physicaly distributed on
distinct machines ) 3 .

The first approach leads to the realization of a fault-tolerant multipro-
cessing machine that communicates with the system sensors and actuators over one or se-
veral fast input-output channel(s).

The second approach means that the tasks are executed by a set of physicaly
distributed computing elements. These computing elements, together with sets of sensors
and actuators, form a set of loosely-coupled "subscribers" that must communicate with
each other in order to co-ordinate their actions so as to achieve the global system
objective.

The study presented in this paper adopts the second approach in order to
realize a system that is completely distributed, both functionaly and physicaly.

The RHEA system, which signifies "Béseau Hiérarchisé pour Environnements
Agressifs" ("Hierarchical Network for Agressive Environments") is thus aimed at the
reliable and survivable interconnection of relatively autonomous subscribers (sensors,
computing elements, actuators), in an enlargened set of failure hypotheses which are
characteristic of real-time and on-board systems : component failure mechanical damage,
electromagnetic perturbations.

A reliable and survivable interconnection system must feature a good opera-
tional security at three levels :

- the architectural or structural level,
- the physical implementation level,
- the communication control level.

The first part of the paper thus gives the motivations for the choice of
the RHEA structure which consists of two levels :

- a distributed "irregular network",
- a set of local "star structures".

The second part of the paper describes the physical implementation and the
operating principles of the RHEA structure.

The third and last part of this paper deals with reliable communication
control which is an essential part of any operationaly secure data transmission system.

I. DEFINITION OF THE RHEA STRUCTURE

I.1. The data processing structure

Current distributed control systems are normaly realized according to one
of four data processing structures [4] . These structures are shown in figure 1. It
should be underlined that these structures are defined according to a data processing
definition that results from the way messages are vehiculed between computing elements
and does not necessarily infer a physical implementation of that structure. An example
of a structure whose physical implementation is fundamentaly different from its data
processing definition is OSIRIS (ﬂ (5] . In this system a central fault-tolerant multi-
processor communicates with input-output organs on a master-slave basis, messages are
either master to all slaves or slave to master. The data processing definition is thus
that of a global bus with a central switch (see figure 1). However, the physical imple-
mentation of the OSIRIS system is not at all a bus structure but takes the form of an
irregular network.

As described in the introduction, we are interested in realizing a highly
secure loosely-coupled system. Consequently, the global bus structure would seem a like-
ly candidate since all the subscribers are connected together homogeneously and there
is no central point susceptible to failure other than the "bus" or communication medium.

In reality, the subdivision of a control system into tasks often leads to
groups of physicaly localized tasks that communicate more frequently among themselves
than to other tasks in the system. For this reason, a hierarchical structure such as the
bus window approach would seem interesting.

The RHEA system consists of a two-level hierarchical bus window structure
and can be represented schematically as shown in figure 2.




4.4 Incorporation Into An Operational Weapon Delivery System

The Litton LW 33B air-to-ground weapon delivery system includes the wings nonlevel pullup
capability described herein. First operational deployment of these systems is on the McDonnell Douglas
F4E's being delivered to Turkey and to Greece.
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This figure merits two comments

/
- the bus window or inter~level interfaces may be considered as a simple subscri- JZ;?'j
ber when viewed from either level,

~ the information 1s transfered through blocks ;urposely labeled as communication
media since the latter may be realized in several different physical implementa-

tions (bus, network, star,...)

1.2, The communication media

The two different levels of communication media defined in paragraph I.1.
may be studied as independant global "bus" structures for which the physical implemen-
tation must be chosSen in order to obtain a high operational security.

With this aim in mind, we have carried out an analysis of several hypothe~
tical physical structures realizing the global bus data processing function. These
structures are defined and commented in the table of figure 3.

A complete comparative study of these structures must take account of di-
verse criteria related to operational security, operating costs and versatility.

The initial study that we have carried out is a qualitative analysis in-
volving mainly two components Oof the operational security : reliability and survivabi-
lity.

This will later be completed by a gquantitative study including other cri-
teria such as maintainability, cost, versatility, etc...This guantitative study will be
carried out according to two hypotheses :

- an unmaintainable environment : repair during the mission is impossible and suc-
cessive failures must be envisaged ; this study makes use of both the MARKOV and
the minimal path apprcaches [lﬂ [lﬂ &

- a maintainable environment : repair during the mission is possible and the cor-
responding reliability models may be simplified by assuming that no further fai-
lure occurs during the repair periods {14 .

The gualitative analysis enables the choice of one of the six structures
defined in figure 3 in function of the environment and the geographical distribution of
the subscribers.

When the subscribers are geographicaly distributed, the star structure may
be eliminated due to the high implied wiring costs.

Also, a non-hostile environment means a very low probability of multiple
localized failure : we need only account for single random failures. Consegquently, all
those structures intended to provide multiple paths (network structures) are needlessly
complicated.

Thus, the structure most capable of tolerating random single fajlures
is the protected bus structure, the node bus brings unnecessary complication only in
order to tolerate bus section short circuits.

The star structure may be eliminated for the same reasons as above.

A hostile environment means that we must account for multiple localized
failures due to physical damage (accident or agression) or electrical perturbation.

Consequently, all the bus structures must be eliminated since the busses
must all meet in certain places such as the actual connections to the subscribers.

The only structure permitting multiple local feilures without total dis-
ruption of communication is the network structure. Due to the constraints imposed by the

geographical location of the subscribers the topology of the network is usually irregu-~
lar.

However, when active nodes are considered the problem of supplying them
with electrical power is posed. It is often supposed that the subscribers are indepen-
dently powered and the choice of an irregular network is justified by the fact that the
nodes may be powered from the same source as corresponding subscriber.
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azimuth location of the pipper prior to pickle. By rolling the aircraft one way or the other he can move
the pipper back and forth across the sight.

In reality, especialy 1n on-board system, power is distributed to subscri-~
bers from a central point 5 and it is no use providing a highly-secure damage-proof
JZQ_ data communication structure 1f the power distribution system does not present the same
G qualities

- 1f power is distributed by a cable harness then the equivalent data communica-
tion structure 1s the star structurﬁ,

- 1f power 1is distributed by bus-bars then the equivalent data communication
structure is a bus structure.

Consequently, if subscriber electrical power is not idependently provided
the irregular data communication network may only be justified if it is accompanied by
an irregular network for power distribution.

1.2.3. Geographicaly localized subscribers

In the case of geographicaly localized subscribers, the fact as to whether
or not the environment be hostile 1s irrelevant since an external perturbation could
affect all of the system as easily as a part of it.

Also, the star structure no longer presents any wiring problems and it is
in fact this structure that seems the best if the central node can be designed in sucha
way that no single failure leads to total loss of communication.

1.3. Final choice
The RHEA system is intended to operate in an environment where physical
damage is a possibility and as a result of the above analysis the physical structures
chosen for the two levels are :
- Level 1 (geographicaly distributed) : Irregular network,
- Level 2 (geographicaly localized) : Star structure.

An example topology is given in figure 4.

II. DESCRIPTION OF THE RHEA STRUCTURE

Ir1.1. Level 1 : an irregular network

The heart of the RHEA system is the geographicaly distributed irregular
network providing fault and damage tolerance.

In such a network, the nodes must be active in order to prevent pulse dis~
persion due to multiple signal paths and, in non fiber-optic systems, to isolate link
short-circuit failures. As a consequence of the former point, each node must choose one
port at a time as an input port. One way of achieving this is to control the directivity
of the node by a control algorithm [5] .

The method used in RHEA is to carry out signal-routing automatically by
"electing" an input port by arbitration of the received signals and retransmitting the
elected input out of the remaining ports.

The block diagram and the timing diagram of a self-routing node is given
in figure 5.

The output signal X of the detector circuit is such that it rises just
after reception of the first received signal and falls a time &; after the end of the
last received signal. The rising edge clocks a pair of latches whose outputs G. G, se-
lect the appropriate "elected" input of the multiplexer. In the event of simultaneous
arrivals at the node, the encoder circuit chooses one of the inputs on a priority basis,

an independent choice is unnecessary because the inputs signals are copies of the same
signal (we assume in this section that only one subscriber at a time may transmit).

The guard time 3; ensures that signals to not propagate unendingly around
the network and the delay 4 in the multiplexer input paths avoids shortening of the
first pulse due to the input selection delay.

To give an idea of the simplicity of the node, a functional circuit
without autotest has been realized using eleven ordinary SSI-MSI TTL circuits.

IT1.1.2. Connectivity and modularity

As shown in figure 5, the nodes have been provided with four 1/0 ports.
This figure was chosen so that a subscriber (connected to one of the four ports) may
have three connections to the network. The network so obtained may thus be three-connec-
ted resulting in a sufficient connection reliability for most applications [16 .




However, 1f a higher connectivity is required, the nodes are completely
modular ; two four-port nodes may be connected together to form a single six-port node
three four-port nodes form an eight-port node, etc.

’

I1.1.3. Node operational security

Tolerance of faults and damage is inherent to a network structure but the
basic node concept given above is insufficient for three reasons

- failure of a node leads to the loss of a subscriber : this may not be acceptable
for the more critical subscribers,

- system reconfiguration will be more efficient if the total system status may be
observed at any instant,

- the nodes must not feature failure modes that are catastrophic to overall
network communication.

Two levels of operational security thus appear

- knowledge of the state of the network which can be achieved with self-checking
nodes,

- fault-tolerant nodes for connection of critical subscribers (which could them-
selves be fault-tolerant).

The second level is obtained simply from the first by virtue of the con-
nectivity modularity of the nodes : associating two self-checking nodes (with self-
disconnection in case of failure) leads to a fault-tolerant node with one degree of re-
dundancy.

This solution, which enables a graduation of fault-tolerance via ideantical
elements, was thus prefered to the TMR solution which has also been considered.

The chosen fault-detection method is a duplication and comparison struc-
ture. Two elementary nodes as defined in figure 5 are connected in parallel and their
outputs are compared with a self-checking comparator using morphic boolean logic [17]

fte) [19) [20] (figure 6).

The output signal of the self-checking comparator is processed in order to
filter out parasitic errors and upon detection of an out-of-code signal, power to the
node is removed.

An original aspect of the self-checking comparator is the method used for
ensuring error-detection in the comparator.

The problem is due to the fact that the four outputs Si,i€[0,3]of Ny
which are compared with the complemented output W of Nz, are in fact four copies of the
same signal. Consequently, if two pairsjWw S. {w S_‘are compared by a l-out-of-2 compa-
rator, the 1input signals only_ describe one-half of the comparator input space ({Od {Od
and {10 {101). The outputs f.g thus remain fixed at 01 and the comparator is no
longer self-checking.

The solution to this problem is to provide another pair of inputs to the
comparator which is obtained by a simple division by two of the node output signals. The
first comparator thus recejves signals that describe all of its input space ( {011{01

ilO}iOl} ; {O@ (10} i {lOI{lO} ) and the effect is cascaded to the other comparators
(figure 7).

The outputs of the comparator stages are no longer constant, their com-
plete input space is described and self-checking is thus maintained.

T letl sagnal path

When these self-routing nodes are connected together to form a network,
signals are propagated from a transmitting subscriber along a tree-like path to every
other subscriber in the network (figure 8).

In such a network, signals arriving on the input ports of a particular
node may originate from either a subscriber or a neighboring node. Consequently, the
maximum delay between the first and last received signals is equal to 2T where T _is
the maximum node plus link propagation delay. This is due to the fact thit the wo?st
case delay corresponds to the "echo" of the "elected" input signal from a neighboring
node.
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As indicated in paragraph 1.2.2., the damage-proof irregular network struc-
ture may only be justitied i1t the power distribution system also possesses the same
multiple-path properties. Current research is atmed at the solution to this problem with
the development of a power distribution node that disconnects short-circutted links.
I1.2. Level 2 : a star structure
As monttoned tn paragraph 1...3., the star structure is interesting tor
interconnecting geographicaly localized subscribers it the central node does not cons-
titute a hard-coro.

The realization that we are envisaging ts shown in figure 9. It is
the use of a loosely-coupled pulse transtormer.

The aim of the loosely-coupled transformer (s to provide a central node
that teatures no tatlure mode leading to total communication black-out. The transtormery
ts atr-cored and due to the low coupling, the short circuit of a winding does not
atfect communication between the other windings. The star structure so0 realized may be

. considered as a protected bus structure where the bus is concentrated at a single point.

The short-circuit independence has been veritied both theoretically
and in practice. Figure 10 shows the pulse response between two windings ot a three-
winding loosely=coupled transtormer when the third winding i1s respectively normaly
loaded and short-circuttod.

in practice, very low coupling coefficients may be obtained and the eftect
Of ghort-circuits i ¢, the signal attenuation 1is inversely pro-
portional to the coupling coefttictent and the output signal must be amplitied and re-

imperceptible. 0f cours

constituted, The circuits nece vy tor this may be powered from the same source as the

tmilated to

subscriber and a a consequence, any winding or intertace failure may be &

a subscriber tatlure ; there is thus no single-point failure leading to total communt-

cation disruption.

) .
«EMARK : The star structure may also be realized asing fiber-optic tec hnology using
wirror coupling L1 CEtgure EE).

Such a realization is interesting from the fiber-optic viewpoint since all
subscriber-subscriber paths feature the same optical attenuation. However, stuck-at-one
fatlures of the subscriber light emitters are not tolerated as in the loosely-coupled
transformer.

Ill. COMMUNICATION CONTROL,

In order to avoid any centralization {n our global bus data proce

ing
system, 1t is logical that communication control should also be completely distributed.
It the full benefits of decentralit
to the recoverability and the modularity ot the control method.

ation are to be obtained much attention must be paid

The two wmost likely candidates tor an operationaly secure and modular Y
communication control arve 3

ontention control [1] [ﬁ) (E€igure L),

- decentralized daisay chain [.‘.‘] (figure 1J).

TIl.l. Communication control on the irregular network

Trr.t. 1. Eftect of conflict on_the network
Consider the event of twoe subscribers starting transmi tons at times O
and u.S respectively. Figure 14 gives an example of such a situation ; the times marked
n the node ports are the times at which signals arvre rveceived where T is the node plus
to the elected

Fink propagation time (supposed constant), the dotted port corvespond:

nput
Since the nodes are locked onto the elected input trom the beginning ot the
t tgnal received to the end of the last signal received, all those subscribers to
et f the dotted line receive the me age emanating trom node | and those to the

t trom node 10, Neitther subscribey conscious that contlict 8 occuring. Thus,

f the envisaged communication control systems, roemote contlict detection is

ntention control

tention control system, contlicts must be detected in ovder to

There are two mays to detect conflicts.




Firstly, an acknowledge message may be sent by the destination subscriber.
Lack of receipt of an acknowledgement message would mean that the transmission has been
perturbed and the message must be retransmitted. This method for contention detection
has two disadvantages :

~ conflicts are detected only after the end of a message,
~ an acknowledgement message means that a broadcast mode 1s not feasible.

The second way to detect conflicts implies a modification to the nodes in
order to detect the fact that different pessages are belag received (nodes 2, 6, 7 and
8 in figure 14). This may be achieved either by decoding the messages or by simply
comparing the inputs of each node with their outputs. The first method leads to consi-
derable complication of the node and the second tmplies restrictions as to the maximum
delay permitted for an inter-node link. A node that detects contention sends a pulse on
its ouputs in order that neighboring nodes may also detect the contention. The conflict
signal thus "bubbles" out to the sources of the conflicting transmissions.

In a daisy chain control system, conflicts must be detected in order to
detect disynchronization and to initiate an initialization procedure.

With the irregular network, one way of achieving conflict detection ts to
include the contents of the counter as a word in each message transmitted (including
the synchronization message) If a subscriber detects a difference between its counter
and the corresponding word in a received message, it takes the responsability of re-
initializing the system. This may be done by sending a signal at a different frequency
which the nodes detect as a priority signal that interrupts the elected input and is
retransmitted over the ouput ports.

I11.2. Communication control on the star structure

In the star structure, conflicts may be detected by a listen-while-talk
device that delivers an interrupt to the subscriber if the received and transmitted
signals do not concord.

Thus, either of the two envisaged communication control methods 1is equally
applicable.

I11.3. Choice of a control method

The choice between contention control and a decentralized daisy chain will
be made after a study weighing the advantages and disadvantages of both methods. This
study is presently being carried out with the aid of a discrete time simulation using
the IBM GPSS simulation program. This simulation will highlight the properties of the
control methods concerning :

- their aptitude for real-time control (transmission blocking times),

- their behavior in the presence of subscriber failures (the re-synchronization
problem),

- their possibilities for carrying out system reconfiguration (redistribution of
system tasks).

CONCLUSTON

In this paper, we have given the reasons for the choice of a two-level
hierarchical structure for communication between relatively autonomous subscribers car-
rying out real-time control in an environment where physical damage is a possibility.

The structure chosen for the lower level is a star structure that in our
opinion provides the highest security for communication between subscribers in a geo-
graphicaly localized cluster.

Geographicaly seperated subscribers or clusters may communicate via an ir-
regular network that tolerates physical damage. The nodes of this network are very
simple and carry out signal routing automaticaly. A network structure is also very sui-
table for fiber-optic technology since all links are point-to-point with no power divi-
sion.

The very principle of input port election together with node self-checka-
bility leads to a high modularity on both the functional level (connectivity) and the
operational security level (fault tolerance) by simple paralleling of the nodes.
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The choice of a communication control method and the validation of the
are being carried out at several levels

by a discrete-time simulation,
by the construction of a prototype system,

by the application of the system to a typical avionic integrated_data processing
structure carrying out the navigation and guidance functions [23 -
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SUMMARY :

COMMANDS is a COMMunication And Navigation Dynamic Simulator. This simulator is |
being used to develop and validate the avionic software contained in Singer-Kearfott's
Class II Joint Tactical Information Distribution System (JTIDS) terminals.

Multi-Sensor Communication and Navigation System avionic software is comprised of
a real-time airborne operating system (RTAOS), a communication subsystem based on the
time division muxiplexed access (TDMA) method, a tactical navigation (TACAN) subsystem,
and a relative navigation (REL NAV) subsystem.

Since this avionic software was written in assembly language there existed a
very stringent requirement for a dynamic simulator for both development and validation
of the avionic software. COMMANDS was developed to meet this requirement for an
economical tool that would support the test requirements of both the communication
(TDMA) subsystem's high data rates, and the complex computational requirement of the
Relative Navigation System. The COMMANDS simulator is resident on a mini-computer,
and is physically connected to the JTIDS Class I1 Operational Flight Program terminal
through the operational input/output I/0 devices. This allows the simulation of the
avionic box which is receiving the same inputs in the laboratory test as it will under
flight conditions.

A trajectory is a prescribed sequence of input data which will cause the avionic
software to perform the desired function and issue specific responses. Validation
of the airborne software consists of exercising a set of trajectories we designed to
completely encompass the operational functions deemed testable.

The limitations of the mini-computer are removed by dividing trajectories into
a baseline portion, and a real-time closed loop portion. The baseline portion is
that unaffected by the response of the airborne software. The baseline trajectory
is generated off-~line and input to the COMMANDS via magnetic tape. The real-time
closed loop portion is dependent on data from the OFP airborne computer. Data
transmission acknowledge, built-in test (BIT) wraparound, range error modules, and
status processing are examples of items in this class. With the division of trajectory
generation responsibility, the mini-computer can readily process the dynamic simulator
requirements of COMMANDS.

Most of the data output from the avionic system is accepted by COMMANDS. Some
data is processed immediately, but all data is recorded in real time for future data
reduction. Data correlation is performed wherein each item from the output tape is
compared parameter by parameter to the corresponding item in the "true-world" tape.

This permits a trajectory to be exercised which produces many thousands of data
points. These data can subsequently be compared to acceptable limits, and only data
exceeding these limits will be typed for analytical investigation. Additionally,
the COMMANDS has tested the complex I/0 of this terminal since all trajectories
transmit and receive data over the operational devices.

The automatic features of this development and validation tool further enhance
software reliability. Validation depends on automatic acceptance of data and
identification for analysis of all data exceeding the established error bounds.
Pre-defined trajectories are certified by the requirement personnel to foster
complete testing and assure that trajectories are developed which encompass all
functional requirements.

Since the actual 1/0 is exercised during these tests, software performance in
field tests will be the same as in the dynamic simulator. Finally, this method is
inexpensive to generate, exercise, and maintain. The combined effort yields a very
powerful, real-time dynamic simulator for communication navigation systems.
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INTRODUCTION:

COMMANDS is a Communication and Navigation Dynamic Simulator. This simulator
has been used to develop and validate the Avionic Software contained in Singer-Kearfott's
Class II Joint Tactical Information Distribution System (JTIDS) terminals.

Multi-Sensor Communication and Navigation Avionic Software is comprised of
four subsystems. A Real-Time Airborne Operating System (RTAOS), a communication
subsystem based on the Time Division Muxiplexed Access (TDMA) method, a TACtical
Navigation (TACAN) subsystem, and a Relative Navigation (REL NAV) subsystem. The
flight software executes on an SKC3120 which is a 16-bit fractional computer capable
of supporting 64K words of instruction/data memory.

Since this avionic software was written in Assembly Language there existed a
very stringent requirement for a dynamic simulator for both development and validation
of the avionic software. COMMANDS was developed to meet this requirement as an
economical tool that would support the test requirements of both the communication
(TDMA) subsystem's high data rates, and the complex computational requirement of
the Relative Navigation Subsystem.

The COMMANDS simulator is resident on a mini-computer and is physically connected
to the JTIDS Class II Operational Flight Program (OFP) terminal software through the
operational Input/Output (I/0) devices. This allows the simulation of the avionic
box which is receiving the same inputs in the laboratory test as it will under flight
conditions. The decision to host COMMANDS on a mini-computer has both advantages and
disadvantages. The principal advantage is that the simulator is connected to the
software via the operational flight hardware. Effects contributed by delays in
transmission of data through the hardware, noise errors in I/0 devices, Airborne
Computer roundoff and truncation errors are all simultaneously tested within this
simulation approach. The sole disadvantage of hosting the simulator on a mini-
computer is that the mini-computer is not capable of performing the required
computations in real time.

A trajectory is a prescribed sequence of input data which will cause the avionic
software to perform the desired function and issue specific responses. Validation of
the airborne software consists of exercising a set of trajectories we designed to
completely encompass the operational functions deemed testable. Some software is
explicitly tested by a trajectory; e.g., the Relay Message function of the Communi-
cation subsystem is tested by inputting Relay Messages. Other functions are tested
implicitly by this dynamic simulator; e.g., the matrix multiply routine must be
correct if the REL NAV trajectories are to be successfully executed, even though the
matrix multiply itself is never explicitly tested.

The limitations of the mini-computer are removed by dividing trajectories into
a baseline portion, and a real-time closed loop portion. The baseline portion of
the trajectory is that portion unaffected by the response of the airborne software.
The baseline trajectory is generated off-line and input to the COMMANDS via a 1600bpi
9-track magnetic tape. The real-time closed loop portion consists of the functional
capability that is dependent on data from the OFP Airborne Computer. Data trans-
mission acknowledge, built-in test (BIT) wraparound, range error modules, and status
processing are examples of items in this class. With the division of trajectory
generation responsibility, the mini-computer can readily process the dynamic
simulator requirements of COMMANDS.

In addition to off-line baseline trajectory generation, a "true-world” magnetic
tape is created. The "true-world" tape is a frame-by-frame prediction of what the
correct airborne flight software should generate. The "true-world" tape is the
standard to which the output of the OFP software is compared.

Every item of data output from the avionic system is accepted by COMMANDS.
Some data is processed immediately, but all data is recorded in real-time for future
data reduction. This data reduction consists of two phases. First, the content of
messages is printed, status data displayed, and relative navigation information
presented in engineering units. Output can be a printout, or a plot of the data.
DATA Correlation is the second phase wherein each item from the output tape is
compared parameter by parameter to the corresponding item in the "true-world" tape.
Associated with each parameter is an expected error range. Parameters which exceed
the allowed error range are identified by parameter, frame, and error value. Output
of the data correlation phase of this simulator can be a printout, or a plot of the
errors discovered. This permits a trajectory to be exercised which produces many
thousands of data points while all are thoroughly examined and compared to acceptable
limits. Only data exceeding these limits will be typed for analytical investigation.

COMMANDS has been used to develop and validate Multi-Sensor software at
Singer-Kearfott which is currently in Advanced Development and Prototype testing.
The separation of trajectories into baseline, and real-time functions was previously
developed but was not fully applied to communication systems until this project.




Additionally, the COMMANDS has tested the complex 1/0 of this terminal since all
trajectories transmit and receive data over the operational devices.

The COMMANDS simulator will be expanded concurrently with refinements in the
functions of the operational flight software. This tool will also be expanded to
have additional guasi-real-time data reduction features, that is, expanded ability
to display reduced data during quiescent portions of a trajectory.

The automatic features of this development and validation tool further enhance
software reliability. Validation depends on automatic acceptance of data and
identification for analysis of all data exceeding the established error bounds.
Pre-defined trajectories are certified by the requirement personnel to foster complete
testing and assure that trajectories are developed which encompass all functional
requirements.

Since the actual I/0 is exercised during these tests, software performance in
field tests will be the same as in the dynamic simulator. Finally, this method
1s inexpensive to generate, exercise, and maintain. The combined effort vields a
very powerful, low cost, real time dynamic simulator for Communication and Naviagation
systems.

OVERVIEW
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SPECIAL PURPOSE
MAIN COMPUTER FACILITY MINI-COMPUTER ATRBORNF COMPUTER
—_—_—
DOES OFFLINE GENERATION CLOSED LOOP PORTION
OF INPUT TRAJECTORY DATA
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FLIGHT SOFTWARE
DOES OFFLINE DATA INTERFACES

REDUCTION AND CORRELATION I/0 MODELS




RELATIVE NAVIGATION SUBSYSTEM

The Relative Navigation (REL NAV) subsystem in the Multi-Sensor Operational
Flight Program has been designed to provide the capability for each member of a
cooperative community to derive the benefits afforded by a sensor at any other
member's location. This is accomplished through the use of a dual-grid navigation
technique. 1In addition to navigation in the conventional geodetic frame, a relative
grid is established. The key element in the dual grid concept is the Time Division
Multiple Access (TDMA) ranging and communication system. Its member-to-member distance
measuring capability provides the precise ranging information necessary to lock each
member in a common yet arbitrary relative navigation grid, while its communication
capability provides the means for dissemination of sensor data.

The Relative Navigation (REL NAV) capability affords members of the same
community the ability to acquire targets and share the target sensor data for all
grid members, effect rendezvous, exchange position data and deliver weapons effectively
and accurately. Accurate relative navigation within a community implies that there
exists azimuthal as well as position and time correlation among the community members.
That is, any member possesses the navigation accuracy to touch any other member with
an imaginary stick, or perhaps more significantly to touch any arbitrary point in the
tactical region that another member is touching. Each member positions himself in
the relative grid as well as aligning the axes of the relative grid to a common azimuth.

No community member represents an independent entity, but rather is an integral
part of a network of users linked together by the precise RF ranging system. Relative
position is known so well that this network of members can be thought of as one hybrid
navigation/weapon delivery system with distributed sensors. The single relative
grid provides a measurement base in which the precise exchange of target sensor data
occurs (e.g., radar target data). For combat considerations this means that target
positions as well as navigation sensor data and other points of interest can be
exchanged among members of the community without significant loss of precision. This
same relative grid which links all cooperative members allows for the distribution of
precise geographic position data (e.g., GPS data) as well as the mutual augmentation
of different distributed geographic navigation sensors, just as if they were located
on the same vehicle (e.g., a doppler on one vehicle being utilized with an inertial
system in a second vehicle to provide a hybrid doppler inertial capability). Members
carrying different sensors and sensor types, with different error signatures, augment
each other to provide a hybrid system which is more accurate than any single system
element alone.

The software mechanization for the dual grid navigation consists of a Kalman
filter which models those independent states necessary to develop two complete sets
of navigation parameters; a relative set and a geographic set. Of utmost importance
here is the fact that the pilot does not become involved with any of this data. The
seemingly complex decision as to which grid to use for any given problem is transparent
to the pilot. He is not required to make real-time selections of position or any
other data. The system is programmed to address “"e selection of which grid information
should be utilized. The relative navigation coordinates which are available as filter
outputs are utilized for relatively derived target data, whereas the geographic
position outputs are used for geographically designated targets.

The concept of having to select from two different sources of position is not
new to the weapon delivery software designer. Most tactical aircraft are equipped
with both a radar altimeter and a baro-altimeter, one providing relative (ground
referenced) altitude, the other providing a measurement of absolute (sea level
referenced) altitude. The use of two altimeters with the associated question of
which to use at any given time is well understood and the application-related
solution taken for granted. Use of the dual grid data is no more complex than this.
In a direct air-to-ground attack of a target acquired by the aircraft's own radar,
the software establishes its own local relative grid for navigation to determine when
to release the weapon. Since it is a relative problem use of geographic position
directly is meaningless. In addition, any updates to the geodetic system received
during that time would be ignored insofar as the position computation is concerned.
Over the short period of time (approximately 5 to 10 seconds) from target designation
to weapon release, the integral of dead-reckoner velocity, with its inherent short
term stability, represents the best estimate of position change.

This single aircraft example is analogous to the community problem where the
target is acquired using the radar on one member's aircraft, and this target must
subsequently be attacked by another member aircraft. Using the relative grid
coordinates, the first aircraft can accurately transmit the location of the target
to the second aircraft, just as though the radar had been mounted on that second
aircraft. The second aircraft can then attack the target continuing to navigate
using the same common relative grid. Any geodetic navigation position observations
processed during this time will not impact the relative navigation solution. This
is accomplished by the dual grid capability afforded by the terminal where navigation
is essentially independent between the two coordinate frames or grids. Updates to




the geographic system will correct the geographic position, but will not cause short
term decorrelation of position data in the relative grid frame.

A second example, again beginning with the conventional single aircraft case,
can be utilized to demonstrate when position data from the geographic frame would
yield better results. A target is designated by a forward observer using geographic
map coordinates. An attack on such a geographically designated target should be
made based on the aircraft's best available geographic position. All geographic
position updates available prior to the attack would be utilized to improve his
estimate of geographic position and compute a more accurate weapon release point.

Similarly, if this forward observer information is received by a community member
equipped with the dual grid navigation capability of the communication (TDMA) terminal,
that member aircraft would also use his best estimate of geographic position. By
utilizing data from the geographic grid, he automatically receives the community's
best estimate of geographic position, which has been derived using essentially all
geographic update information available to each of the community members.

APPLICATIONS

The applications of the TDMA system take advantage of several distinct features
which are integral to the communication terminal. Certainly the relative navigation
capability, especially with the dual grid navigation just described, is extremely
versatile. This capability becomes even more powerful when utilized with the data
link of the TDMA system and the inherent time synchronization of all participating
community members. The following examples illustrate the use of several of these
features.

MISSILE GUIDANCE AND CONTROL

The utilization of a TDMA terminal for missile guidance and control is parti-
cularly efficient. There is a significant savings which results from the fact that
the basic TDMA link can provide the time of arrival (TOA) signals, which will allow
for computation of the target missile (SAM) relative position as well as being used
as the link for guidance commands.

A typical scenario is depicted in Figure 1 where the target missile 1is
detected by airborne and seaborne elements which are operating in the grid: 1) The
target position is fixed in the grid based on the detection elements, A, B, and C.
2) A TDMA command and control (C&C) member (C) is assigned. 3) Guidance plane
information may be developed based on the selected launcher position and an extra-
polated target position. 4) The SAM launcher vehicle (B) is selected. 5) Command
and guidance data may be transmitted to the SAM from the C& ship. 6) The SAM
will respond to these commands signals and provide TOA signals to the airborne
elements. 7) The TOA signals then may be retransmitted to the C&C ship. 8) Upon
reception of the SAM TOA signals, the C&C ship develops the SAM position in the
TDMA grid.

Based on the position in the grid, new guidance vector commands may be computed
and transmitted over the same data link for SAM guidance. If the SAM possesses a
terminal sensor, then TDMA guidance need only continue to place the SAM within the
acquisition "basket" of the terminal sensor.

Other SAM scenerios are somewhat similar and, in fact, may operate with a
passive system aboard the SAM. Then the SAM position may be established by tracking
by TDMA community members, as was the target for the scenario presented.
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INTELLIGENCE GATHERING AND DISSEMINATION

These activities can be described as requiring signal intercept, selection of
significant or correlated signals, providing emitter locations where possible,
identification of emitter type, correlating data and reporting to command.

As part of the emitter location process, it is advantageous to utilize the
high accuracy relative navigation capability provided by TDMA especially for
redundant reception of emitter transmissions and the subsequent correlation of the
data. Another extremely important feature in terms of data correlation is provided
by the ability to "time tag" data accurately for processing and correlation with
data from other sources. The secure data distribution capability of this system is,
of course, important for communications with other operational elements.

RPV/DRONE CONTROL AND GUIDANCE

Although missile guidance techniques utilizing Distance Measuring Equipment (DME)
and signal Time of Arrival (TOA) measurements are not new, a TDMA compatible terminal
offers great simplicity over current systems. Utilizing the TDMA tactical link, a
complete dedicated separate guidance link and system is not required.

A TDMA terminal 1is also applicable to Remotely Piloted Vehicles (RPV). A
simplified terminal would provide the A/J data link and relative navigation capability
for both the missile and RPV application.

There are a full range of terminal versions to meet a spectrum of vehicle
applications. For simple low-cost glide weapons, a basic terminal is ideal as it
exhibits a balance between basic guidance features and low cost. For more capable
glide weapons and air-to-ground missiles, additional terminal capabilities can be
added such as a terminal with an additional receiver, thereby enhancing the anti-jam
properties of the basic configuration.

Finally, for more sophisticated vehicles with the capability for self-contained
guidance, a different terminal is in order. This is a fully passive terminal
(without transmission capability). Since it does not transmit, it is a more secure
terminal but it must now synchronize itself passively into the TDMA slot structure.
Relative missile location is now computed on board the missile from the TDMA position
reports of the other tactical net members.

Typical operation of this terminal is as follows: (Figure 2) A message (for
example, an RPV command) is transmitted over a predetermined missile slot. This
message, complete with synchronization and header information, is received and
recognized by the terminal. A reply signal is assembled containing externally
supplied data (targetting, etc.) or a fixed ranging reply. This reply message is
then transmitted to the command ship either directly or through a relay aircraft
or RPV after a fixed time delay. On the command ship, relative navigation computa-
tions are performed upon the receipt of TOA data, thereby placing the RPV in a
relative grid. Command information is then uplinked to the RPV in the next chosen
TDMA time slot and the process repeated. Note that for navigation, two other net
members are shown (Helos). They are not required, however, if relative navigation
is not to be performed by TDMA equipment. Also, they are not required if relative
navigation is to be performed in a single update mode.

OTHER POSSIBLE NET MEMBERS

TDMA EQUIPPED
RPV

UP LINK

TARGET

RPV SCENARIO

FIGURE 2
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AUTONOMOUS OPTION FOR NAVIGATION

For certain mission applications it may be desirable for the RPV to remain silent
until reaching the terminal area. This requirement can be met by utilizing autonomous
navigation capability with the TDMA terminal. This is a feature which already exists
in the Class 2 terminal, which has been developed by the Singer-Kearfott Division.

A form of relative navigation is performed by the RPV terminal. Once the terminal
is synchronized into the TDMA slot structure accurate range measurements are performed
in the RPV terminal (passively). Relative navigation processing of these measurements
permits the RPV to place itself in a relative tactical grid continuously during flight.
Navigation and hence guidance computations are performed in the RPV in a completely
self-contained fashion.

There are several reasons, however, why this capability may not be worth the extra
complexity. First, the ship must periodically radiate a transmission to the RPV for
relative navigation. This radiation may be detected by unfriendly vehicles (provided
they are within line-of-sight range). 1In the simpler active terminal, the RPV must
radiate to the ship which then performs the guidance computations. However, this
radiation is aimed toward friendly forces and away from unfriendly forces. Since the
ship retains the command function and has greater data processing capability, it makes
sense to place the navigation and guidance authority here as well.

For comparative purposes, Figure 3 indicates the data flow in an autonomous
mode. As shown in this figure, one way transmissions are made from one or more TDMA
net members to the RPV. These transmissions consist of normal TDMA Position messages
(containing position, velocity, heading, information). The RPV accepts these messages
by listening and decoding the data in each assigned vehicle slot, then performs relative
navigation computations and locates itself in a relative grid. This location technique
is superior to simple multilateration techniques as it is based upon optimally
filtering both range (TDMA derived) and dead reckoning derived data. Furthermore,
with this technique (unlike multilateration), TDMA range measurements can be processed
at various non-synchronous times. It is this fact that permits relative navigation
to operate on a "single range update" basis, i.e., updated navigation between only
two TDMA net members. With the singular, non-autonomous RPV terminal previously
described, navigation and guidance computations are performed aboard the command ship
and are based upon TOA multilateration computations.

POSITION MESSAGE

OPTIONAL i 9 s i === passtve
NET MEMBERS pOSITION MESSIZD RELATIVE
e NAVIGATION

COMMAND
SHIP

AUTONOMOUS NAVIGATION FOR THE RPV

FIGURE 3
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RELAY OPERATION

Each airborne terminal contains the provision for relay operation. At TDMA
frequencies, transmission is solely by line-of-sight. To achieve over-the-horizon
operation with a low tlying RPV, a relay operation is probably required. Figure 4
demonstrates this type of operation.

Ranging and sensor data transmitted by the RPV are received by the relay terminal.
This data may then be re-transmitted as shown in Figure 4 in a pre-determined relay
slot for reception by the command ship. By the same token, a TDMA terminal (e.g.,
in another RPV) also can be used as a relay.

For the over-the-horizon RPV, TDMA capabilities supplying secure data transmission
and navigatica seem to be a natural choice. The ability to handle high data rates,
multiple users, and supply an inherent flexibility adaptable to different mission
scenarios, all seem to enhance TDMA applicability to this problem.
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FIGURE 4

SEARCH AND RESCUE OPERATIONS

The Search and Rescue Operation, although involving two segments to the operation,
requires a high degree of coordination, data transfer and common navigator accuracy
for the fulfillment of the mission. It is, in many respects, quite similar to an ASW
mission which requires SEARCH and then handoff of a target, for ASW, or of friendly
and enemy personnel for RESCUE. It is extremely important for the search vehicles to
be able to lock a rescue target in the same grid as that used by the rescue vehicle,
1f 1t 15 not on search during the search operation.

The TDMA ecquipment may be used to advantage tor this mission in that different
terminals on various types of vehicles or terminals used in conjunction with a
sonobouy will all be inter-operable. This inter-operability of terminals is important
and fortuitous since the tvpe of different vehicles used for search and rescue
operations may be quite varied depending on the nature of the operation and the
availability of vehicles on location.

TARGETTING USING DISTRIBUTED SENSORS
Targetting may be accomplished using the TDMA terminal by either passive monitoring
of an emitter or by active radar threat verification.

Figure 5 depicts a Target emitting energy in search of a task force (or ground
installation). Airborne TDMA community members receive this energy transmission and
time tag 1t using the TDMA synchronized time. A designated Command and Control unit
thus computes the emitter location,

Figure & shows a situation in which members may verify a threat by illuminatinag a
target. The ret ection may be utilized by the illuminating aircraft (A) as well and
by other passive clements (B and C) in order to provide emitter location information.

The utilization of the distributed sensor concept in conjunction with a precisely
defined relative grid and synchronized time from the TDMA system provides a wide ranage
of application oriented capabilities, heretofore not available to cooperative
community operation.

These concepts may be utilized to provide smaller target acquisition baskets while
providing increased survivability by decreasing radar on-time.
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A system of this sophistication with its high data rate communications and complex state-
of-the-art dual grid Kalman filter analytics requires dynamic, automated validation
techniques to assure the integrity of the software. This has motivated the development
of the COMMANDS facility.

The remainder of this paper details three aspects of the COMMANDS system. These
aspects are:

o Closed-lLoop Real Time Software
©0 Baseline Software
o Hardware Configuration

REAL TIME CLOSED LOOP SOFTWARE

The Real Time closed loop portion of the COMMANDS simulator has been designed to execute
on a Hewlett-Packard HP21IMX computer. The functions of this software are summarized
as follows:

a) Execution of Dead Reckoner (D/R) Navigation Model

b) Execution of TACAN Model

¢) Execution of TDMA and Radio Frequency (RF) Message Processing

d) Execution of Port Processing for the terminal's message
communication ports.

The Input-Output portion of the Real Time Closed Loop Software consists of buffers
whose functions are to initialize output to the flight computer; to act as interface
between the baseline generated magnetic tape and the flight computer; to record all
data for subsequent data reduction; to record the status of the COMMANDS simulator and
the Flight Software under test, and to contain error codes.

BASELINE SOFTWARE

The baseline programs are written in ANSI FORTRAN and are primarily designed to be
executed on the IBM370. Versions of the data reduction programs are written in Hewlett-
Packard FORTRAN to be exercised on the HP-21MX computer operating under the Hewlett-Packard
Real Time Executive (RTE-IIB) on the COMMANDS facility itself. The programs operating
on the HP-21MX are functionally equivalent to and conditionally portable with their
counterparts which operate on the IBM370.

The baseline programs generate a time associated data base for use as input to the
Closed Loop Software. The program calculates true geographic and relative grid positions
for the test vehicle and other community members. It provides ranges between the OFP
vehicle and the members including simulated slot jitter, TOA error and blackout conditions.
The program maintains the community time of day and provides for discrete step changes
in a large variety of parameters including coarse sync indicators, RTT range and SRN,
oscillator and power amplifier ready indicators, geographic update parameters, slot
jitter, TOA error, fixed format message headers, initialization data, message repetition
rates, internal message fields, polling and machine acknowledge events and fee text
message changes.

The program provides simulated fixed format position messages received from the
community members mentioned above in addition to fixed format messages from anv other
community member. In addition, it provides free text received messages. All emulated
received messages have associated with the messages error indications including code
error counts, erasure count and check on inner code parity. The received Position-
messages are also time synchronized as to internal position data, time slot number and
range. The program supplies simulated input data from both the fixed format and free
text portion including both control and message data, and simulated TACAN signal data
representing a range and bearing model implementation. It provides for periodic
signal blanking DC, AGC lock/unlock condition and valid/invalid indications. Also
implemented is a simulated co-channel signal interference mode. The program simulates
(in conjunction with the real time Closed lLoop Software) the inertial dead-reckoning
unit and provides data for the navigation port interface.

The baseline program generated data base is supplied to the Real Time Closed Loop
Software via a magnetic tape. Inputs to the Baseline program are via a standard IBM370
format card deck.

COMMANDS HARDWARE

This section describes the function and interrelation of the hardware components
in the COMMANDS simulator. Figure 7 is a diagram showing the interaction of these
components.

The COMMANDS system consists of a central computer and associated peripheral
equipment.

COMMANDS simulates, in real time, all the data normally received by the OFP under
actual flight conditions. 1In addition, the computer continuously checks the OFP output
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data and produces appropriate responses, and or adjusts the simulated data as requited.
Actual flight conditions are simulated by eleven test cases which are designed to check
all combinations of the major functions to be performed by the OFP. Thas, then, provides
a complete validation of the flight software in the laboratory prior to flight testing.
The trajectory driver tape 1s mounted on one tape drive while the other drive 1s used

for recording the OFP output. Other peripherals used are:

O CRT 10 Terminal - provides the means for entering some program
initialization data, as well as examining
data on the OFP output tape.

o Cartridge Disk Unit - stores the software needed in the operation
of the test station.

O Line Printer = produces a hard copy of the output trom
the flight computer.

The Operational Flight sSoftware Test Set handles the data flow between the OFP,
the COMMANDS simulator, and the Display Unit (DU). The Test Set controls the communi-
cations between the OFF and DU and allows them to operate independent of the external
test computer. In addition, the Test Set provides controls that simulate the Mode
Control Unit (MCU) functions. The Test Set provides all necessary clocks and a real-
time interrupt to all external devices.

In conclusion the COMMANDS system offers a reliable low cost mechanization that
provides for the thorough verification of the Airborne Flight Software.
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1.0 INTRODUCTION 93%-3

This paper describes the basic RF homing missile gquidance simulation problem and solutions
that have evolved over the past 20 years. Starting from simple component transfer
function measurements in the late 1940's and early 1950's, the evolution of RF homing
guidance simylation techniques is folluwed to present day hardware-in-the-loop facilities
at Boeing, the United States Army's Radio Frequency Simulation System (RFSS), and the
United States Navy's Central Target Simulator (CTS).

i Why Simulate?

Simulation is performed because it is an effective management and engineering tool for
analysis, development and test. Missile guidance systems have become too complex to be
adequately developed and evaluated by reliance on limited analytical simulations and
sparse flight test programs. Managers are expected to make difficult decisions with
increasing risk based upon decreasing technica) data at key program milestones. VYet
program costs continue to climb and accelerate, further complicating the manager's
decisions dilemma. Hardware-in-the-loop missile guidance simulations can provide
meaningful answers to tough system questions.

There is also a large financial advantage in using simulation over actual flight tests;
for example the Army recently performed 3000 simulated flights in three weeks at a cost
of $100,000. Comparable actual missile flights could have cost at least $140,000,000
for the missiles alone and taken at least two years to perform.

Technically such a simulation capability provides a means to perform; (1) a reduction
in development time and failures for new guidance and counter-qguidance system designs,
(2) preflight simulation to ensure that the proposed missile flight test is within the
capability of the weapon system, (3) post flight simulation to exactly characterize a
flight anomaly, and (4) simulate the effect of aging components to determine the per-
formance of the "wooden" missile as a function of storage time, (5) a thorough mapping
of the missile performance envelope in a controlled environment, (6) support throughout
the life cycle of the missile system. Significantly hareware-in-the-loop simulations
bridge the gap between analytical simulation and flight testing.

1.2 Major Rf Guidance Simulation Facilities

The RF homing missile guidance and control simulation problem is to realistically create
an RF target and background environment, subject the RF homer to this environment, close
a missile guidance loop around this RF homer, perform real-time hardware-in-the-loop
giudance tests which result in miss distances the same as actual missile test flights.

Early simulation techniques were done on a piecemeal basis. Tests were run on motors,
wind tunnel tests were performed for aerodynamic information, open loop RF homer tests
were performed, measurements were made of targets and all were then mathematically
modeled; these models were then put in an analog computer and a missile-target engagement
scenario flown. The primary output was the system. miss distance. This was characteristic
of the period up to the middle 1960's.

In the middle of the 1960's Boeing developed it's Terminal Guidance Laboratory (TGL).

This laboratory employs a 25' X 25' X 50' anechoic chamber, a 16' X 16' electronically
steerable target array at one end of the chamber and a full scale hydraulic flight

table to hold the missile homer at the other end of the chamber. This laboratory was

used to make direct comparisons between actual missile flights and simulated flights. The
results demonstrated the validity of this type of simulation.

In 1975 the U. S. Army's Radio Frequency Simulation System (RFSS) became operational,
and the characteristics of this facility are described along with some representative
tests. This facility is the most sophisticated of it's kind in the free world.

In 1980 the U. S. Naval Research Laboratory will bring on-line their Central Target
Simulator (CTS), and the general characteristics of this facility will be described.

Finally, a look will be taken at the future including the exciting new radiometric and
millimeter RF homing simulator area which is important for new applications such as 1
anti-tank missiles.

2.0 RF_HOMING MISSILE GUIDANCE AND CONTROL SIMULATION PROBLEMS
Modern day RF homing missiles must operate in an electromagnetic environment characteri-
zed by maneuvering targets, multiple targets, background clutter, multipath and ECM.
Figure 2.0-1 illustrates this for an active air-air RF homing missile.

2.1 Single Maneuvering Target

This target situation is characterized by rapidly changina target kinematics and radar
signature. As the target maneuvers prior to intercept, it will present a different
aspect to the RF homer and it's basic signature will change. The signature will underao
wide variations in amplitude due to the changing aspect of the target with respect to
the RF homer. Target angular glint, amplitude scintillation, and radar crosssection all
change in a dynamic manner during the target maneuver.
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. Multipath

A low altitude target gives rise to an image phenomena shown in Figure 2.2-1. Some of 24 <5
the RF guidance signal energy bounces off the target onto the sea (or ground) and gives

rise to an apparent target flying under the sea at a distance equal to the real aircraft's
distance above the sea. The guidance problem occurs when the missile has to choose

one target or the other, This transition occurs when the missile closes in range to

the point where both targets are no longer in the homer's antenna beam, and the missile

has to choose one target or the other. This is a very difficult choice and is frequently

made so late in the intercept that the miss distance is significantly greater than

that for a single target.

>

2.3 Multiple Targets

Two or more targets in close formation have a vastly different target signature than a
single target. At ranges where the two targets are not resolved by the homer's antenna
(Figure 2.3-1), the apparent target centroid or homing point can be well outside an
imaginary sphere containing both targets. This is due to the individual signals from each
target interfering with each other in the homer's signal processing system. As the targets
cannot keep perfect formation their return signals alternately add and subtract as the
targets “jockey". This gives rise to large angular glint and amplitude scintillation.

2.4 Clutter

Figure 2.4-1 shows both sidelobe clutter and main beam clutter. (lutter is a much
stronger signal than the target, and will mask the target unless some method of clutter
suppression is employed in the homer. Range, angle, and velocity gating are the common
methods employed. Thus the clutter environment has extensions in both space and time
which must be simulated.

2.5 ECM

-

Figure 2.5-1 shows the ECM situation typical of today's missile-target encounters.

The self-screening cf jammer (SSJ) is effective when the target is within the main beam
of the homer antenna. The target generates deceptive signals (by various means) which
make the homer believe there are other targets displaced in angle or range from the
actual target.

The self-screening jammer makes the deceptive targets stronger in signal amplitude than
the real target return and thus make them appear more attractive to the homer.

Another general type of ECM is denial ECM in which a standoff jammer (S0J) generates
signals which are much stronger than the real target return which hides the real target
from the homer.

In summary, the accurate dynamic simulation of these environments in space, time
and frequency is the central RF homer missile guidance and control problem. The next
section covers the early attempts at simulating these environments.

3.0 Early Simulation Techniques

Early simulation techniques (circa 1945 to 1965) are characterized by the methodology
depicted in Figure 3.0-1. Motor tests were run and from the test resutls mathematical
models were developed of the missile propulsion performance: wind tunnel tests were
performed and mathematical models were developed of the aerodynamic performance of the
missile; homer tests were performed against simulated targets and mathematical models
developed for the homer acquisition and homer tracking performance: and target radar
signatures were measured. All of these mathematical models were then programmed in an
analog computer. The primary result was miss distance and the sensitivity of miss
distance to various system performance parameters was measured.

To illustrate the development of the mathematical models and the techniques used in
experimental measurements, the following sections will cover the development of the
math models of the homer.

30 Single Non-Maneuvering Targets

Figure 3.1-1 shows the three stages in developing the mathematical models of the homer
during the early days of simulation. A scenario was postulated in which the missile
closes on the target in range. The missile homer's ability to acquire and track the
target were statistically measured and performance models developed from the data.

The stationary horn was placed in the far field of the homer's antenna, a transponder
connected to the horn, and adjustments made to the signal strengths so that specific
ranges could be simulated. The output of the homer was recorded, and the data analyzed.
The detection probability of the homer was then modeled as a function of the strength

of the signal return from the transponder to the homer as shown in the figure. In
addition, the ability of the homer to track the target was measured as a function of
range and a model developed. The dotted line in the figure indicates that this portion
of the model was based upon other experiments which measured the effective angular glint
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of the target. This technique proved to be adequate as long as the target was relatively

non-maneuvering. [f the target maneuvered, however, the data for the mathematical model

needed to be modified as shown in the following section. Y l‘
3.2 Maneuvering largets

tarly methods used to characterize maneuvering targets were very crude at best. Figure

3.2-1 shows how experimental data was gathered for this situation. A horn was mounted

on a boom and rotated at different velocities. The range to the target was changed by

means of the range adjustment shown. for specific rotational speeds of the horn, the

tracking errvor of the homer was measured, and the data plotted as shown in the figure.
This was a c¢rude simulation of a high-G escape maneuver but did indicate how well the
homer could track a moving target.

Other situations important to simulate arve the multipath and close spaced targets discussed
in the next section.

3.3 Multiple Targets

Figure 3.3-1 shows an early day dual-target simulation. The second target was simulated
by the addition of a fixed horn near the path of the moving horn. This simulated the
effect of the homer closing on two close spaced targets. As the homer closed on the

targets they approach the angular extent of the homer's antenna beam (Fiqure 2.3-1). This
effect was simulated by moving the targets apart rather than moving the homer in on

the targets. The specitic tracking error shown i1n the plot was a function ot how fast

the moving horn moved past the stationary horn (which simulated how fast the homer closed
on the targets), and the beamwidth ot the homer. The homer had a decision to make when
the horns approached the main beamwidth of the homer. Sometimes it would choose the

fixed horn, sometimes it would choose the moving horn. The resulting tracking errvor

then would depend on which one was chosen,and the resulting gyrations of the homer were
random and varied from flight to tlight.

If more than two targets were to be simulated, a technique called signal injection was

used which is shown in Figure 3.3-2. The homer is tracking a moving target while a signal
generator injects many targets or interfering signals into the homer. This was used to
measure the performance of the homer in a high signal density environment. Both target

acquisition probability and tracking error as functions of range were measured.

tarly simulation techniques were characterized by open-loop non-real time experimental
measurements; mathematical models were developed: trom the experimental data an analog
computer was then used to "fly" scenarios, and miss distance was computed.

With the development of large scale electronically controllable antenna arrvays and anechoic
chambers the situation radically changed about 1965,

4.0 BOEING'S TERMINAL GUIDANCE LABORATORY (TGL)

Figure 4.0-1 shows the terminal guidance laboratory (1GlL) developed by Boeing. This
laboratory was placed in use in 1967. It consists of a large anechoic material-lined
chamber with a large electronically steerable target array at one end of the chamber and
a hydraulic table ?onto which the actual missile homer 1s mounted) at the other end ot
the chamber. There is a separate shielded voom in which the Rb and ECM signals are
generated. These signals are coupled into the target arrvay which then broadcasts them
to the missile under test. The digital computer controls the position and amplitude

of the signals from the array. Tlarget, aero, and propulsion models are also resident

in the digital computer in addition to target scenario. The digital computer "tlys"

the missile and the targets in real-time while simultancously controlling the electronic
steerable array which broadcasts the RFE signals

Thus, for the first time a real-time-hardware-in-the-loop guidance simulation was
performed.

One of the key hardware items in this simulation is the electronic sterrable array
which will be described next.

4. Electronically Controllable Array

Figure 4.) shows two views of the terminal guidance laboratory (TGL) target array. It
consists of 256 antennas mounted on one foot centers in a 16' X 16" array. Solid state
switches are used to connect the RF signals to those antennas wiich are to broadcast

to the other end of the chamber. The RF signals from the RbE goaeration and ECM equip-
ment are conducted through semi-rigid coaxia)l waveguides to the individual antennas.
Figure 4.1-2 shows how the array is programmed. At any instant of time one target is
broadcast through four adjacent antennas. The computer uses look-up tables to determine
the control signals for the solid state switches so that the desived A, B, C, D antennas
radiate the target. This selection process provides coarse target positioning on the
array.

Figure 4.1-2(b) shows how the target is positioned within the quad of antennas. The
array is carefully phase-adjusted so that all the signals radiating from the antennas
are of equal phase as shown in the figure. Computer controlled attenuators are then
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adjusted to control the relative amplitude of the signals radiated from the four antennas,
and for the situation shown places the apparent phase center of the target in the center
of the quad of antennas. By properly adjusting the signal amplitudes, the target is

moved to any desired position within the quad of antennas at very fast update rates.

Table 4.1-1 gives the resulting characteristics of the array.

The basic accuracy of the system in angular position is & milliradians which is a func-
tion of the spacing of the antennas, the distance between the array and the homer, and
the accuracy of the relative signal amplitudes radiated from the antennas. The system
can generate two independent targets and the array can be updated every two milliseconds.
Since it is electronically controlled, the target's path on the array can be altered
extremely fast so there is actually no practical limit to the target's velocity and
maneuvering capability. The target size is a function of the power that can be generated
and broadcast from the array. The TGL can simulate targets from small missiles to B-%2
type bombers, and can generate the two basic types of ECM discussed previously. The
frequency coverage of the TGL is from 2 to 12 GHz. The field of view i1s 30 X 30 degrees.
The polarization is linearily fixed, but can be manually adjusted.

3.2 Closed Loop Real Time Guidance Simulation

Figure 4.2-1 shows how the TGL is used in a closed-loop quidance simuylation. The
guidance loop consists of the following elements: the target arrav, the signals broad-
cast from the array to the homer, the steering signal output of the homer, the auto-
pilot, the elevon servos (these twd blocks can either be in software Gr hardware depen-
ding on the requirements of the simulation and the status of the hardware)., the missile
propulsion, the missile aerodynamics, and the relative kinematics. These elements
comprise a closed-loop real-time hardware-in-the-loop digital quidance simulation

which operates from missile firing through the fuzing function.

This system was put together in 1968 and actual missile hardware brought in and tested
as discussed in the next section.

4.3 Simulation Verification

Verification of this type of simulation was performed with actual missile hardware

shown in Figure 4.3-1. Many tests were performed including maneuvering targets, multiple
targets, ECM'ing targets, etc. Figure 4.3-2 shows a compariscn between an actual missile
flight and a simulated flight for a high-G target escape maneuver. The top of the

figure shows the missile and target cross-range trajectory profiles in a plan view.

The profile view shows the missile and target elevation trajectories. The situation
depicted is a constant altitude target which pulls a 5.5 G escape maneuver 6.4 seconds
prior to intervcept. Typical data is shown comparing actual flight test data to simula-
ted data. The actual flight test data is the telemetered data from the missile, and the
simulated flight test data is from the equivalent outputs of the simulation. Notice

that the major characteristics of the simulated flight are remarkably similar to those

of the actual flight.

Another simulation verification test is shown in Figure 4.3-3. The targets are two
co-altitude afrcraft with constant separation. As the missile closes on the target
formation it has to make a decision as to which target to choose. In the actual flight
test, the missile first chose one, then the other and finally back to the first one.

The simulated data shows a similar situation occurred. No two runs appeared exactly the
same because of the dynamic interaction between the guidance system and the homer's
target choice. The homer did not always choose the same target. After several years

of using this simulation the Army decided to build the Radio Frequency Simulation

System (RFSS) which is discussed in the next section.

5.0 MIRADCOM'S RADLO FREQUENCY SIMULATION SYSTEM (RFSS)

Figure 5.0-1 shows the Army's Radio Frequency Simulation System (RFSS) which is larger
than the TGL. It consists of a larger anechoic chamber, a larger array. and capabilities
beyond those inherent in Boeing's TGL. It can simulate four simultaneous targets and it
has an ECM array embedded within the normal array which generates standoff jamming
signals. It has a large computer capability and a hydraulic table which can handle
missile up to and including the latest high performance missiles. The RF generation
equipment is much more sophisticated than the TGL.

The RFSS is located in building 5400, in the Francis J. McMorrow missile laboratory at
Redstone Arsenal, Huntsville, Alabama as shown in figure 5.0-..

5.1 RESS Characteristics

Figure 5.1-1 shows how the RFSS array components are mounted on a steel hemispherical
surface. Since there are four simultaneous targets there ave four independent RF paths
for the targets, and since it also employs polarization diversity, each path is again
doubled for a total of 8 independent RF signal paths. There is a total of 12,000 RF
components on the back of the array, 534 antennas, 16 ECM antennas. Table 5.1-1 gives
the characteristics of the system. The target accuracy is an order of magnitude better
than that of the TGL. It has the capability of four simultaneous targets that can each
be updated in one microsecond. The frequency coverage extends up to 18 GHz. The field
of view is a 459 solid cone. Polarization is a significant advancement over the TGL. It
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addition, the ability of the homer to track the target was measured as a function of
range and a model developed. The dotted line in the figure indicates that this portion
of the model was based upon other experiments which measured the effective angular glint
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it electronically controlled so that the target polarization can be programmed or
altered during the course of the simulation and therefore polarization diversity can

be simulated. }“f )3

The RFSS was designed to perform real time, hardware-in-the-loop simulations of active,
passive, semiactive, command, beam rider and track via missile quidance in surface-to-

air, air-to-air, air-to-surface or surface-to-surface modes. To date semiactive and
passive missile guidance simulations have been performed and the first active seeker
simulation will be accomplished during the summer and early fall of this year. In the

active missile simulation, the seeker will transmit RF signals through the anechoic
chamber to the array where they will be received. The RFSS RF generation system will
process these signals and provide desired target signals to the array for display and
retransmission down the chamber to the active seeker mounted on the three-axis flight
table. The flight table provides the dynamic rotational pitch, roll and yaw forces

on the seeker. The qguidance loop will be closed through the autopilot and control
systems modeled in the central hybrid computer complex. Open-loop simulation is an
important tool and always is a precursor of closed-loop simulation. In open-loop
simulation, the RF loop is closed through the target and seeker, but the guidance loop
is open. A static open-loop test example is determination of AGC or doppler tracking loop-
response. An example of a dynamic open-loop test would be a seeker head response test
with the seeker mounted on the flight table.

Since errors (associated with modeling nonlinear processes) and choices are avoided by
incorporating actual seeker hardware into the simulation, it becomes extremely important
that the RF environment be represented realistically as the seekers are stimulated at
their operating wavelengths. The RF environment is defined to include target cross-
section, glint, scintillation, ECM, clutter, multipath, and propagation anomalies. Con-
tinuous improvement in the ability of the RFSS to provide a high fidelity RF environment
is a priority endeavor. Degrees of freedom required include when and where signals
appear in the seeker field of view, frequency, power and polarization of the electromag-
netic wave. C(onsideration is given to high and low resolution target modeling.

Three kinds of target models have been employed in the RFSS to the present time. The
first target model is referred to as a point target or "flying sphere" model. In this
model the signature is constant and appears at the center of gravity along the target
trajectory. The power level is modulated only by range closure. This model is often
employed during the early stages of a simulation for integration and checkout purposes
and is used to establish baseline guidance performance data in a benign environment.

The second target model is called the empirical model because it is based upon measured
data (static or dynamic) of a scale or ful)l size target. The data are normally pre-
processed to characterize the "bright spot wander" of the target signature and is some-
times referred to as the low frequency model. Statistical fluctuations are applied to
the empirical model to incorporate fine detail or high frequency characterization of
the target signature. This action results in the empirical-statistical model. For
example, scintillation might be represented with a Rayleigh distribution and glint
might be described with a Gaussian distribution. The simulation designer is free to
characterize the fluctuations employing stochastic models of his choosing in accordance
with his insight and understanding of the target behavior.

There is a strong motivation to employ deterministic models to represent RF distributed
sources (time, space, frequency) such as extended targets, distributed clutter and
diffuse multipath. This follows from a lack of a technical consensus concerning the
statistical behavior and representation of these elements of the RF environment. Further-
more, it is very difficult for an analyst to pose a hypothesis, design and conduct an
experiment to test the hypothesis, and perform the analysis to verify or modify the
hypothesis without the means to probe the target characterization in a deterministic,
controlled fashion. The RFSS will have completed a major step in this direction when
its distributed source generator (DSGS) becomes operational late this fiscal year.

The DSGS will permit implementation of a fourth type of target model, the deterministic
multiple scatterer target model.

In this target model scatterers are located in target coordinates and are assigned
independent gain and phase values. In real time, individual range computations are made
for each scatterer and a vectoral combination is performed by range resolution cell. This
complex summation is employed to control the generation of RF signals and their place-
ment upon the target array. An extended target signal in angle and range is therefore
displayed to the seeker by creating power density spectra at the seeker aperture where

a realistic response will be provided by the missile hardware. By making changes to
scatterer values and placement, multiple runs can be performed to develop data for
statistical analysis. This approach allows an opportunity to gain new insight into the
nature and behavior of a particular target. Significantly also, verification of this
modeling technique enables relatively easy development of models for other target types
quickly without resorting to measurement programs or overly simplified statistical
models. Comparisons between empirical data and deterministic data provide an opportunity
to correlate the two models.

Modeling of distributed clutter and diffuse multipath employ similar software and hardware
techniques as the deterministic target model. Real world clutter and multipath create
asymmetrical power density spectra which do not conform to familiar probability density
functions. Tailored deterministic modeling techniques to provide control over the time,
spatial and frequency characterization of these distributed phenomena such as those

Unit A

bt banCac o which @8 driven from Unit 1 providing
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described in the extended target model can provide realistic seeker performance evaluation.
This approach is more desirable than the sampling approach whereby one or two "tones”

or lines are generated and modulated in frequency and amplitude to determine the seeker
response. The distributed source modeling approach is virtually required for high
resolution seekers.

Simulation in an electronic warfare environment has proven to be an important application
of the RFSS. A number of different jammers have been incorporated into the simulations
performed to date. These have included denial and deception jammers under development
and in operation. Use of real jammer hardware functioning in a realistic, dynamic
environment against real seeker hardware has added a new degree of credibility and utility
to hardware- jpn-the-loop simulations. Integration of the jammers into the simulation is
easily done. ECM techniques are quickly developed and optimized; operational techniques
are quickly verified or modified. ECCM needs are identified, defined, implemented and
verified effectively on a quick turnaround basis. Statistical simulation data are
collected to design ECM flight tests and serve as a guide during the flight test for
interpretation purposes. Flight test results are then used to validate the simulation
upon proper correlation.

Accomplishment of a simulation task occurs in five phases of activity. In sequence the
phases are: coordination and planning, development, integration and checkout, simulation,
and documentation and analysis. During the first phase agreement is reached on the simu-
lation requirements and objectives resulting in definition of the costs and schedules.
Thereupon development of the simulation is initiated where any required facility modifi-
cations are performed, the missile and RF environmental models are developed, software

is written, missile hardware interfaces are designed and fabricated, test plans and
procedures are prepared and the hardware systems are calibrated prior to delivery of

the missile hardware. Integration of the missile hardware with the RFSS subsystems is
then accomplished and checkout proceeds to verify everything is operating properly. At
this point the simulation is actually performed and data are collected. Finally the
results and data are processed, analyzed and documented in a simulation report. The
level of effort and time required to perform the development phase can vary greatly
depending upon a number of factors. Initial development of the missile models and the
missile hardware interfaces is a complex and time consuming effort. Depending upon the
simulation requirements, modifications to the facility can be involved. Development of
new RF environmental models can be an extensive task. Reactivation of a simulation for
additional test entries is usually characterized by a greatly reduced development effort
and schedule. The duration of the simulation phase is determined by the scope of the
requirements as defined in the test matrix.

B¢ Testing in RFSS

Since it was dedicated in November 1975 there have been extensive missile evaluations

performed. Some of the tests are shown in Table 5.2-1. Figure 5.2-1 shows a missile

in test. The RFSS has been used to evaluate the HAWK, Standard Arm, advanced sensors,
Navy systems, foreign systems. In all, at least 8,000 simulations have been performed
with a cost advantage of at least 1,000 to 1.

It is possible with this system to use the flight test to validate the simulation
rather than vice versa. This system can be used to explore all the performance
capability of the system and then use the actual flight tests to spot check the
simulation results.

6.0 NRL'S CENTRAL TARGET SIMULATOR (CTS)

Figure 6.0-1 shows an artist's view of the Central Target Simulator being developed by
the Naval Research Lab in Washington, D.C. This laboratory will be used to evaluate

EW systems effectiveness in defending carriers against enemy missiles. The simulator
generates carrier radar crosssection and EW signals, radiates these signals to a missile
homer and in a closed-loop real-time situation evaluates the miss distance for various
EW techniques.

6.1 CTS Characteristics

This system has a thousand antennas, and radiates signals over the 8 to 18 GHz band. One
of the most significant capabilities of this system is the ability to generate high
power. Several orders of magnitude higher power are being generated in this system to
simulate the effects of the much larger target radar crosssection and electronic warfare
signal powers.

Table 6.1-1 summarizes the general characteristics. The target accuracy is 1 milliradian
which is compatible with the state-of-the-art for generating these high powers. The
number of targets are 28 including ECM. Update rates of as fast as 1.5 microseconds are
provided. Notice that target sizes show a significant difference over previous systems.

6.2 Tests in CTS

The Navy plans to bring their system on-1ine in the 1978-1980 time period. Initial
testing will be done on high priority EW systems.
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Question 1. Did you find operation of these push buttons Difticulte?
Acceptable? or Fasy!



DATES SIMULATION NUMBER
NOV. 197§ [MPROVED HAWK DEMONSTRATION 100
IAN. 14976 STANDARD ARM/ARM DECOY 200
MAR. 1976 [BM ADVANCED SENSOR 150
JUNE 1976 IMPROVED HAWK NAVY/AFWL 350
0CT. 1976 IMPROVED HAWK ECM-1 50
OCT. 1976 IRI-FAST VERIFICATION —
NOV. 1976 GROUP WORK 2,000
FEB. 1977 IMPROVED HAWK ECM-2 1,000
MAR. 1977 BASIC HAWK 1,500
MAY 1977 WEAPON SYSTEM DEVELOPMENT 2,500
AUG. 1977 IMPROVED HAWK ECM-3 700
SEPT. 1977 IMPROVED HAWK-AIR FORCE 130

PATRIOT ARM &, 680

NISSELE TESTS

IRI-FASI

GENERIC ARM

TABLE 5.2-1 MISSILE TESTS IN RFSS
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TARGET ACCURACY — —e-oommmememcmmmccommmcmce e oo e 1 MILLIRADIAN

T R TS e e e i e e e 28 INCLUDING ECM
UPBRIE "BATE - oyt e it it e som s 1.75 MILLISECONDS
TARGET NELOCITIES ~~r—=sr=msrneimsmae s m o os 0 T0 MACH 50 i
TARGET MANEUVERING - - - oo mmomomoe 0 10 5,000 6's i
TABET STIES || v bttt s o i <o ne MISSILES TO CARRIERS {
T o W S S TN e DENIAL, DECEPTIVE, CHAFF
FREQUENCY COVERAGE ----=-==mmmmmmmmmmmmmmmmmm = 8 10 18 Gh
EEID BRI e e s 80 DEGREES AZIMUTH, 20 DEGREES

ELEVATION
AR TEATING & s e e Mot o o HORIZONTAL, VERTICAL,CIRCULAR

TABLE 6.1-1 CTS CHARACTERISTICS
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Boeing's Millimeter Wave tngagement Simulator (Mwts)

1 shaws an artist conception of the swmglator that is being

operate in the millimeter regfon of the RF spectrum The
missiles homing against tanks An electronically controllable
stgnals to an actual missile under test. Instead of an anechoiq

lined room will be used to reflect all the background radration
thence to the sky as a heat sink. The missile will be meounted

spot and will be looking at the array at the other end
model of this system was buitlt by Boeing in 1970 Some

radiometer looking at land/water areas in the Puget Sound
then placed in the simulator and the arrvay programmed to
comparison of the data 18 shown in ifigure 7.1-1 Excellent
thus proving the feasibility of the concept. During 1978
scale captital factlity with the characteristics shown in lable
again will be in the order of 1 millirvadtan with up to 100
an uypdate rate of 150 microseconds The targets encompass
deceptive tCM, The frequency coverage is from 18 to 300
provide a 30 deqree field of view In addition to the normal
such as smoke, haze, og, rain and dust can be programmed

actual battletield conditions

SUMMARY

has discussed the development of RE homing missile guidance
starting ftrom the early 1940's up to the present date covering
S to 300 GHz. This is an area that 1s expanding in importance
of missile flight tests 1s proving to be a very cost effective

develop new missile svstems The mtlitary agencies are recognizing

posturing
simulations
spectrum of battle scenarios.,
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TARGET ACCURACY

TARGETS

UPDATE RATE

TARGET VELOCITIES
TARGET MANEUVERING
TARGET SIZES

ECM

FREQUENCY COVERAGE
FIELD OF VIEW
POLARIZATION

ENVIRONMENTS

TABLE 7.1-1 MWES CHARACTERISTICS

1 MILLIRADIAN

100

150 MICROSECONDS

0 TO MACH 10
07056G’'s

MORTAR, TANKS, LAKES
DECEPTIVE

18 TO 300 GHz

30 DEGREES

RANDOM

SMOKE, HAZE, FOG, RAIN,
DUST, ETC.




MISSTON SIMULATION AS AN ALD 10 DISPLAY ASSESSMENT.

P. Beckett D.E.A. Houghton
Senior Engineer Senior Fngineen
British \erospace
Adrcratt Group
Warton Division
Warton \erodrome
Lancashive, PR% 1AX
Tnited Ningdom

Summary
B=doie i IB

Advances in computer and display technology have created a situation where
drastic changes in atrcraft cochpit lavout are possible.

In recent vears investigations have been undertaken at B.\e., at Warton
tnvolviang full mission simulation in an advanced cockpit envivonment . s
paper discusses the philosophies and methods adopted and the hardware regquired
for such simulation and also indicates areas where problems have been encountered.

'ntroduc tion

I recent vears constderable advances have been made in the miniaturisation of
computers and have led to a situation where a large amount of information could be
made avarlable to the prlot, firstly 1f 1t 15 shown to be usetul to the pilot, and
secondly, 1t space can be provided to display such extra information. I'he
pProvision of space tfor this extra information i1s a major problem as the physical
Stze of the cochpit nstrumentation panels, tn the new generation of high speed
military combat atrcrvatt 1s tending to be reduced rather than increased. s
reduction in panel size 1s particularly evident in aitrcraft which have reclining
seats (Fig. 1), This results in a need to re-assess the intormation traditionally
displaved, compare tts vaiue with intformation which could now be made vailable, and
consider 1n what wav the traditional cochpit concept can be moditied to
accommodate the extra information in the reduced area, e ground based research
simulator provides an excellent tool for such investigations, Firstly, the
simulator enables examination of potentially dangerous flight conditions in the
total satety of the simulator and, secondly, 1t allows the use of general purpose
digital computers, which offer great flexibility, and also the use of hardware of a
far less straingent standard than that required for intlight testing. The latter
results in considerable cost savings, We will describe the manner in which we have
approached this tform of simulation at British Aerospace Warton,

Requirements of a Simulation for the purpose of Displavs \ssessment

In order to enable a successful assessment to be made the simulation must
perform certair functions.  Basically 1t must ¢reate a representative environment
whether it be a low-level attack situation or a high altitude combat engagement .
'n order to achieve this it is necessary to have:-

- Handling and performance characteristics appropriatse to the type of aircratt
under consideration.

- Realistic cockpit geometry,
and  a resulting realistic level of pilot work load.

Having obtained a rvepresentive environment, provision must be made tor
examination of the displavs with regard to the following: -

- Physical positions of the displayvs within the cockpit.
- Fase of interaction between the pilot and the displav.
- Display content,

- Method of presentation.

- Interaction between displavs

and the effect of a display on the pilots performance,

0 s i




Philosophy Adopted

As we are concerned with basic rescarch we are 1n many instances taking a first
look at new concepts, some will show promise others will not. It 1s therefore
essential to approach such assessments in as tlexible a4 manner as possible, being
prepared to change both the direction of the investigations and/or the types of
display under assessment, as a result of initial testing, With this in mind it 1is
desirable to use high speed general purpose, digital computers wherever practical, and
provide sottware in a high level language whenever changes are thought likely.

This enables software moditication with mingmum delays.

While wishing to have flexibility we must nevitably tmpose some restrictions
upon ourselves, It can be tempting to construct a completely new cockpit totally

reliant on electronic displays but this t d step may well lead to a situation where,
cause and efrfect can no longer be readily itdentitfied because of the numerous
possibilities which are present, A further possibility 1s that pilots become over-
whelmed by the number of new concepts contronting them, and pilot alienation may
result., It appears tar more reasonable to consider a step by step approach by which
pilots are introduced to the change from electromechanical instruments to totally
electronic displays in certain areas ot the cockpit, while retaining traditional
instruments 1n the remainder. Fypically this would result in basic flyving instruments
heing unchanged, while systems information for engines/fuel/navigation., and weapons
atre presented electrontcally, by various methods,

Having imposed this restriction i1t would appear prudent to restrict the
dimensions of the new cockpit to that of an existing airframe so that the natural
progression from simufation to tull 1arlight testing can be achteved more readily,

The choice of suitable subjects 1s important, ldeally we require pilots who are
currently tlyving the partacular aircratt chosen for the simulation and who are
proficient in the operation of any actual airrcraft hardware, such as head up
displavs, or navigation syvstems which are included. Failure to obtain such subjects
leads to excessively long familiarisation periods being necessarvy priorv to
undertaking the intended display asscessments, Flving clothing is also importanty
This 1s generally cumbersome but must be worn 1t a realistic environment 1s to be ——
recreated, and 1f assessments of display management are to be meaningful. Possibly
the most important factor in relation to the subjects is that the simulation engineer
must develop a successtul rapport between himself and the subjects, <o as to encourage
the subject to become actively involved in the experiment, rather than merely
pertforming set tasks to order. Comment, criticism and suggestions should be
solicited at all times and carefully constructed gquestionnaires can provide an ideal
basis for this. [t 1s particulfariy convenient to have two subjects gqvatlable at the
same time since this allows each pilot to rest between missions without loss of
simulator utilisation. Subjects should be prevented from forming preconceptions
about the experiment by restricting the amount of information available before the
official briefing to a minimum,

Presentation of the brietfing material in written form ensures as far as
possible that each pilot receives an identical brief. During any verbal briefing it
1s important that the engineer involved avoirds any temptation to express his own
opinions on topics intended tor assessment,

\ssoctated with the brief 15 a period of familiarisation with both the
simulation and the displayvs. Halt a dayv could be sufficient in some cases although
this time must be extended if required in order that the effect of the learning
process on experimental results is minimised.

Fypically a program tor display assessments could be made up of the
following phases:

1. Initial detfinition during which time types of display, sizes of displav,
display content and scenarios are established. (6 months) .,

2. A Build program during which the integrated simulation is constructed
(9 months)

3. A\ series of Shakedown Fxperiments using test pilots from both the company
and the armed forces (2 months),

. \ modification period during which shortcomings itdentified 1n the
shakedown experiments are eliminated (2 months),

5. A formal experiment using front line Sgquadron pilots. (3 months).

6. \ reporting and presentation phase (2 months).,




Simulation Techniques tor a Particular Application

Having established our requirements and the philosophy with which to meet them
we are now in a position to consider a detailed breakdown of the simulation. Let
us assume the tollowing scenario which might apply to any typical low=level strike mission
Fig 2.

- Starting conditions - over base 1450 knots/500 f

1.

- Follow H.U.D, director to the first waypoint which is still within friendly
territory.

- Check position as required on the navigation displays.,
- Check fuel state and engine parameters on appropriate displays.

- Approaching first waypoint - check navigation system for drift and update
with correct position data if required.

- Contirm satisfactory timing and proceed to next waypoint accelerating to 550
Knots and settling to 200 feet as the FEBA is crossed,

- Fhe waypoint is a target, so arm the weapons system and select a suitable
weapon delivery display on the HUD.

- Deliver the weapons and make the remaining weapons safe.

- Carry out attacks on the two subsequent waypoints using appropriate weapon
delivery HUD modes.

Having completed the hostile phase of the mission:

- Return to friendly terrvitory crossing the FEBA at the correct position and time.
- Decellerate to 450 knots and take a navigation fix on the next waypoint .

- Update the system if necessary.

- Return to base after making the weapons system safe.

- Mission ends over base.

Probably the largest division which has to be resolved is that between hardware
and software. It has already been mentioned that flexibility must be maintained in
certain arcas and this implies software. [ndeed in our experiente, it requires
high level software written in a language such as FORTR if rapid and reliable changes
are to be etfected during the development phase., 1t is equally as important to avoid
a software overhead which could be resolved with havdware whilst taking into account

any software/harvdware interfacing which may be required. Based on the above mission
detinition, the tasks allocated to software could therefore consist of':

A Head down display generation

s Fhe aiverart simutation including engine pertormance and tuel consumption.
5 Navigation calculations.

h. Weapons system computations,

he remaining requirements listed below are largely met by dedicated hardware,

1. Cockpit instrumentation.
2 Outside world display
e Head-up display symbology generation.

It s clear that the software listed above could pose problems of compatibiiity
such as update rate and C.P. UL requirements i an attempt was made (o run it in a
single large processor. A more satistfactory solution is to employ more than one
small processor which can be allocated cach (o its specific task. Sub division of
software in this way also has advantages in program development and testing aspectg. --
it

A tinal point to consider when optimising softwar
of data transfer between processors associated with e

distribution i/wﬂ‘h’v quant ity

ach \"”/}”}* fot.

Let us now consider cach of the software tasks in tuary
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Head Down Display Generation This could be one of the following.

1. System Management displays - these will be manually selectable and can vary in
form from a simple system status presentation to a detai led subsystem analysis
of the form necessary in the event of a systems malfunction. These displays
are likely to be both alphanumeric and graphical in form.

t
.

2 Navigational displays - these can range from simple stylised moving map displays
to complex mission overviews overlaved with current status related to points
within the mission protfile.

lo exercise subselections of the system management displays it is pecessary to
include software for the simulation of non-catastrophic malfunctions during the

mission.

Aircraft Simulation

A re-appraisal of the mission detfinition implies the requirement tor an ailrcratt
simulation covering a considerable restricted flight envelope. Also the limited
aircraft manoeuvres encountered in such a mission as this allow the use of a simplitied
set of equations of motion. Both these consideratiorn alleviate to a large degree
the software eftort needed to achieve an adequate aircraft representation.

Navigation Calculations and Weapon System Computation

lhese are closely allied and generally favour inclusion within the same
processor. Calculations pertformed here have outlets in a number of other areas
notablys:

- Navigation display and weapons management displays which have already been
mentioned,

- 'he head up display in both navigation and weapon delivery modes.
- Il'he outside world display for feature representation on the ground.

Facilities can be included within this software for simulating dritt within the
navigation system and its removal by manual updates,

A typical hardware committment to meet these requirements is shown in tig 3.
Ilhe items can be grouped into four main units which are detailed as tollows:-

Unit 1

PDP15/76 Unichannel min-computer with

a) 32K words core, 20 A/D converters and 32 D/A converters,
b) PDP11/05 with 2 disk drives and 8K local memory.
c) VP15 Storage display and interface.

I'he PDP11/05 shares memory with the PDP15 and pertorms peripheral processing thus
freeing the PDP15 for user computations which are specifically navigation and weapon
aiming calculations as well as parameter calculations for supplying two displays
generated elsewhere. The Storage display is used for plotting mission parameters
e.g. fuel usage as a function of time into the mission for comparison on the same
set of axes with the predicted parameter behaviour. The display is directed to a scan
converter for conversion from a cursive signal to a raster video signal suitable for
introduction into the video mixer/switcher.

Unit 2

This consists of identical hardware to Unit 1 but its main tunction is the
simulation of the aircraft equations of motion and generation of analogue signals
for driving cockpit flying instrumentation. Interprocessor communication is provided
by a digital link between units 1 and 2. 'he PDP15 also produces analogue outputs
suitable for driving the outside wor!ld display. his display is a selt-contained
computer generated, six degrees of freedom synthetic terrain generator which produces
a display shown typically in fig 4 and consists of a matrix of 200 freet square
coloured fields. At appropriate times, conspicuously coloured squares are introduced
onto the terrain to coincide with targets or waypoint emergence as requived.  The
synthetic terrain is presented to the pilot via a suitably collimated colour monitor
situated in the cockpit.

Unit 3

POP-9 mini-computer system with 16K words of memory and 2t A/D converters, i
machine is interfaced to a cursive refresh display system and is used for drawing
the stylised moving map (fig 5) as well as all other dynamically updated displavs as
and when required. This cursive output is also converted to a raster signal via a
scan converter and fed to the mixer/switchev,
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techniques as the deterministic target model. Real ;o;lﬁ.iiuttvr and multipath create

asymmgtrical power density spectra which do not conform to familiar probability density
funcglons. Tailored determinisgic modeling techniques to provide control over the time,
spatial and frequency characterization of these distributed phenomena such as those

Unit A

Unit 4 is the sense/control intertace which is driven from Unit t providing
digital interfacing throughout the system as follows:-

ae Remote HUD mode selection as required e.g. tor automatic switching trom “general
navigat ion" mode to "close navigation” mode as a waypoint is approached.
this type of switching descrete is required since the HUD is an aircraft unit
which has to be driven via its airborne interface,

b. ALl cockpit switch and button selections ncluding weapons selections, weapon
releases, pilot display mode selection, switching sequences for failure rectification,
navigation control unit selections and manual head-up display selections,

Ce Remote video signal switching as required for display on the cockpit head-down
monitor. Switching is required since video signals  from more than one source
were available for this monitor.

Ihe remainder of the equipment consists largely of laboratory monitors to enable
the personnel conducting the experiment to remain informed as to the status of the
mission and aircratt, lhese displays are repeaters ot the cockpit head-down display,
the outside world display and the head-up display.

In the particular experiment described here, two cockpits were available one of
which had a conventional cockpit it typical of a current fighter aircraft while the
other was fitted with the displays layout described previously. FEither could be

linked to the computer system enabling piloting assessment to be made of a conventional
cockpit vs an advanced displavs cockpit in quick succession. 'his was a very desirable
sttuat. on.

Data Acquisition

In this type of experiment there are two main sources of measurcment : numerical
data and pilot opinion, With the advent of the digital computer, numerical data has
become casy to obtain and easy (o submit to detailed numerical analysis techniques,
this has had an untortunate effect in that betfore the digital computer era, recording
was expensive and engineers were severely restricted in the number of variables which
could be recorded. his led to very careful thought as to the most important quantities
to store. Nowadavs it is all too easyv to store vast gquantities of results from which,
untortunately in many instances, very few if any conclusions can be drawn. In our
experience the types of numerical data worth recording tfall into two categories.
Firstly, data which gives a ¢lear cut measure of pitot pertormance under comparative
conditions - this might be the accnracy of weapon delivery with differing weapons
displays and control laws, or the navigational accuracy with similarly varying display
ards, fhe second form of data is that which relates pilot selections and operations
to other mission events on a time basis, Pypically this involves monitoring time
Keeping in relation to estimated times of arrival at waypoints and target arcas and
also checking whether or not system selections are correctly made at various stages
of the mission, since it is futile carrying out an excellent attack profile if vou
torget to select the LATE ARM switch to ONOo A typical data set of this form is shown
in (rig 6),

Pilot opinion may well be the best source of information in these types of
assessment but the collection of such opinion requires caretul planning. In our
experience questionnaire methods have proven successtul and it is appropriate to
explain our approach to using such techniques.

In order to obtain a comprehensive questionnaire we first identify those arcas
of the cockpit displays on which we wish to concentrate and allocate a separate section
within the questionnaire to each topic. Within each subdivision detailed questions
are constructed. Care is taken to ensure that questions are non ambiguous, do not
tent to bias the answer, and are presented in a logical progression. For example do
not ask whether a display is "noisy”, as yvou may get an answer relating to loudness
or the level of interference, also, do not ask tor comments on display conetent
betore vou have established whether or not the pilot can see the display. A further
essential is the provision of space, adjacent to ecach question, for the pilot to add
comment s, Having constructed the questionnaire it should be used during the shakedown
experiment so that possible trouble areas can be identified and eliminated.

In this type of assessment it is advantageous to present the questionnaire
during the initial briefing for the experviment, as this allows the subject to identity
the topics on which the questionnaire is baseds It is preferable to allow the subject
to complete the questionnaire unaccompanied and then have a debriefing so that the
subject can clarify any queries relating to the guestions, and the engineer can ensure
that he understands the answers, e following examples demonstrate the need for such
debrieting.
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The Navy plans to bring their system on-l1ine in the 1978-1980 time period. Initial

testing will be done on high priority EW systems.

25-6
Question 1. Did you tind operation of these push buttons Ditfticalt?
Acceptable? or Fasy?
Answer 1. Diftficult
Comment "Heing small 1 had ditticulty"
Is this a comment on pilot stature or button size?
Question 2. Was the size of the display Too Large! About Right! or loo Small!
Answer 2 l'oo Large.

Additional gquestion. How lavge should the display bel

Additional answer. As large as possible ¢4}

One inal important apsect of presenting a guestionnaire is to guarantee secrecy

of the subject's identity when presenting results, an assurance which o many
circumstances allows more freedom of expression to the participants.

Discussion ot Results

1. Simulations ot the torm described have enabled uscetul assessments (o be made

ot new display concepts, display contents, display management and cockpuet |

2. Where comparison of two standards of cockpit is reguired, 1t is desivable to
have both types of cockpit available at the same Cime. his may appear extravagant
but the advantages are considerable, It one cockpit i1s to be modified to two
ditfferent equipment fits, it implies an interval between assessments of the two
cockpits of possibly several months. his 1s undesirable on two counts.  First
it is unreasonable to expect a pilot to make a comparison between simulated
flights under varying conditions which take place months apart. Sccond, it s
our experience that from a programme management aspect it 1s easier to obtain
subjects tor a single period of several consecutive days than to obtain a given
subject on a series of days at large ntervals, With two cockpits the same
mission can be tlown in both types of cockpits with o delay determined only by

the need tor the pilot to rest between "tlights", and the questionnairve

ayvout s,

can be completed while the detail of cach option is tresh in the pilots mind.

3o Decistions on the inclusion of actual aircratt hardware must be made with care,

In one experiment , we included two main ttems: the Navigation Control Unit,

the Head Up Display, and decided to replace the Moving Map Display by a simulated

and

map e 'he Head Up Display proved to be totally satistactory while the remaining

two items presented problems of a differing natures  The Navigation Control

Unit, while totally without criticism from the pilot, proved expensive to

interface both from complexity of computation and manpower vegquived to cavvy

out the interface. In the event a much simpler styvlised simulated unit cou
have been substituted (and will be in future work). e reverse type of

1d

decision was taken in relation to the provision ot a Moving Map. A simulated

moving map, electronically generated on a raster monitor was substituted for

actual aircraft hardware, fhe degree of complexity of information provided
on the simulated map was restricted by computer speed, core size and tack o

small colour monitor. the lack of detail resulted in unanimous criticism by
participating pilots, and therefore for future investigations we have to consider

whether to install the actual hardware-with considerable intertace problems
invest in a complex electronic colour graphics system to create a realistic

te he use of a synthetic electronically generated outside world proved

the

f &
all

ol

map .

acceptable for this type of simulation, particularly as the mission was under

flight director control,

Comment was received to the effect that the display had some shortcomings,
particular:

- tlat fields - vesulting in an casier height control task than in real lite.
- consistently good weather conditions.
and  very obvious targets and waypoints.

the tirst of these comments telating to height Keeping ts undoubtedly true

in

but

the pilots task was to some extent increased by the fact that 1 tght divector
errvor signal was recorded as a measure of flving accuracye. Weather conditions
could be varied but only in terms of ¢loud base and visibility and these once

set o w

constant tor a mission.  The thivd point = very obvious tareet:s

was

intentional, since we did not wish to get involved in the argument s relating to

target recognition which we have previously experienced.
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Simulation of failures has not been as successtul as hoped tor 'he main |
problem here is one of creating the 'lite' and death' atmosphere of (he

intlight situation, in a fixed base simulator, In general our policy has been one

of inserting relatively simple failures which, while not
have necessitated the use of the displays under assessment ., 'he failures have
been inserted at points in the mission having difterent workload levels.

Lt has been found that while in conditions of low workload, the pilot would carey
out the corvect provedures. In conditions of high work load, the pilots,
perhaps aware of the satety of the simulator, would leave the fault until his
tmmediate task such as weapon delivery had been completed,

jcopardising the mission,

o date, the answer to this problem has not been found, but as investigations
move towards cockpits with totally electronic displavs, on a very
of display surfa

limited number
Likely that in the cevent of a failure occurring, the
information relating to the tailure will be automatically overwritten on a
particular multi moded display resulting in the
information and thereby preventing the pilot
the simalator.

es, it is

toss of the previously selected
from ignoring the tailure - ceven in

Light omitting diodes are becoming popular in new cockpit display concept s,

LED technology having reached a state where more or less all colours are available,
although in order to obtain the necessary
overheating problems must be resolved.
the construction of an L.F.D.
fabricated,

brightness levels for some colours,
Given the need to simulate such a display,
panel can be readily undertaken. However, once

the display format cannot be readily varied. It the assessment
is concerned with the display content and concept, as is our case, then it
be considered whether it is better to simulate the 1 Do display by means of a
general purpose colour co.rote display thereby allowing pre-storage ot
formats with on-line sclection capability.

should

various

One question inevitably asked in this form of experiment is "how does the workload
content of the simulator mission compare with that of the real world in-flight
situation?" It is our experience that quantitative measures are difficult to
obtain since the only methods generally considered to be consistently reliable
are of a bio-medical nature and are likely to alienate the subject if not the
engineer.,

Finally it must be emphasised that conclusions drawn from this type of simulation
relate only to human factors aspects and enginecering aspects require separate
study.
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- Interaction between displavs

and the eftfect of a display on the pilots performance,
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