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PREFACE

Working Group 08 was initiated by the AGARD Avionics Panel in 1976. The objective
of the Group was to prepare a joint report which would guide future combat aircraft and
system designers to achieve a better blend of aircrew and machine. The task included the
examination of general areas which would appear to require further research and to identify
particular topics.

The study was completed in March 1978 and included contributions from mainly three
NATO nations , the Netherlands , the United States and the United Kingdom , and contributions
from several co-authors and consultants who hel ped the prime authors in their task. Their
efforts are acknowledged and gratefull y appreciated.

The study was unusual in that  the team included members of the Flight Mechanics ,
Aerospace Medical , Guidance and Control , and Avionics Panels. The resultant mixture  of
technical  expertise and disciplines provided some natural  diff ’~rences of approach toward s
detailed subjects and it produced various styles of presentation.  Some editorial collation was
necessary but , hopefully,  the specialist views and styles have not been lost in the a t tempt  to
publish a coherent paper. Introductory material  and concluding recommendations should give
the general interest reader a guide to the collected views of the Group and to the research
programmes suggested. More detailed text  is available n the body of the paper for the working
level or desk level specialists.

There was a common and strongly held view by the Working Group that the study and
its findings should play a significant part in convincing operational staffs and desi gn teams that
they should give serious attention to the subject under  review , which is believed not to have
been addresse d in a scientifi c manner so far. The possible goal of cheaper total aircraft systems ,
at least as efficient , if not more so than current equipment , deserves support by all members
of the NATO communi ty .

The final editorial process required substantial  modifications to original draft submissions
by the authors  to ensure a continuity of style , a consistent approach to the subject and
reduction of subjective opinion. This process could continue for only a l imited period and it
was necessary to conclude the refinement at a reasonable t ime.  Some contentious items which
would have required a considerable further amount  of editorial work were omitted there fore.
The editor apologise s to any author  whose work may have been affected in this way.

F.S.STR INGER
Editor
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Section 1

INTRODUCTION

The purpose of this  book is to s t imulate  the interest and awareness of aircraft and system designers to ensure that
the real man/machine interfaces are tackled properly and in an ordered fashion to provide a better blend of human and
machine capability and to give a more e ffective total weapon system for each mission type. Reduction of workload is
not the main criterion since useful employment  of mi l i t a r y  aircrcw can require a concentration of e f fo r t  for most of each
sortie.

1.1 BACKGROUND

A considerable inLrease in comp lexity of the modern mil i tary aircraft over its ancestors of , say, World War II is very
evident. Two inter-related reasons for this may be distinguished , without  a t tempt ing  to decide which is ‘cause’ and which
is ‘effect ’. On the one han d , technology development , in all its app lication , provides th e capability for increasing perfor-
m ailce and potential e ffectiveness. On the other,  the operational requi rement  has steadily increase d , not only in terms of
speed , range . and payload , but  also for the conduct of missions in increasingly more diff icul t  or hostile si tuations and
environments.  Throughout all of this development , one part of the syst em , namely  the crew , has remained constant .
The crew are no stronger, cleverer or more responsive than they ever were. Training methods have , of course , been
adjusted to develop the necessary skills needed to operate the modern more comp lex systems , but the fundamenta l
human  l imi ta t ions  are the same and will remain so.

The proposal which led to the formation of the Working Group ( in  November i975)  argued that  modern mi l i ta ry
aircraft , both fixed and rotary-winged , embody very sophisticated and expensive avionic e ,u ipme n t  to enable them to
meet increasingly demanding operational requirements.  The airere w are required to perform masks which requ~rc consider-
able skill and which tend to produce a very high workload. At present therefore , efforts arc made to automate some of
the equipment operations in order to relieve the workload.  The result is costly equipment  development , high cap ital cost
and expensive support requirements. The method of “reducing the workload” associated wi th  indiv idual  equipment  is
often performed without  regard to the integration of the crew tasks: it can eventual ly  even bring about an unacceptably
high overall workload and often fails to take advantage of the aircre w capabilit ies.

1.2 OBJECTIVES

The main objectives of this book are to curb the continued development of more sophisticated equipment  which
disregards the human factors , to examine  the aircrew potential , and to suggest how the lat ter  could he better exploited
to satisfy the operational requirements .  Therefore f i rs t ly  the crew capabil i t ies  and l imi ta t ions  should be examined .
and then methods devised to match the system to these capabi l i t ies .  Training methods that  will best exploit  aircre w
capabilities must  follow. The objective however is not to save money by making the crew work even harder , but to
suggest how con t inu ing  effort can make the best use of this  important  h u m a n  element of the system.

There are d i f f i cu l t i e s  in de f in ing  the aircrew in terms of absolute capabi l i t ies  and l imi ta t ions .  Any one sample of the
pilot  population is a variable q u a n t i t y ,  wi th  wide var ia t ions  of performanc e in different  s i tua t ions  part icularly in the
mi l i ta ry  sphere. The best o~’ studies and assessments in peace time may give only a l i t t l e  guide as to what  might  he
expected in war . It  appears that  the success r at e s of combat pi~ots have shown tha t  onl y one or two members of any
squadron are responsible for most of the ki l ls . I t  would he useful to q u a n t i t y  the diffe rences between pilots so that  the
equ ipment  can he matched to give the m a x i m u m  ben e fi t .  Designers cannot  wai t  for such a final def in i t ion  of crew
capabilities but tha t  should not prevent  the start  of app lied research. The technology and the missioii r equ i rement ’.
advance hand-in-hand , and decisions must  he made in the process of specifying and procuring mi l i t a r y  hardware with a
conscious unders tanding  of the air ere w pro b lems.  (‘on s id er at io n  should be given to the overall and consequ ent effects
upon the weapon system.

1. 3 METHODO LOGY

For the present it appears prudent  to examine  the subject amid Suggest are .is of research to ensure tha t  the cre w
potent ia l  is investigated so tha t  complexity l imi t s  may be set and the cast of avionic systems thus  reduced.
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In th i s  work the overriding factor is to increase the overall capability of the total system rather  than achieve a direct
reduction in cre w workload .

1.3.1 The Development of Avionic Systems

For a long period after World War II , two factors , the capabili ty and the requirement , kept easily and naturally in
step. Technology advances, like jet propulsion , powered fl ying controls , supersonic performance , guided weapons and so
on provided new capabilities that  were quick ly  and unquest ionably  translated in to  new requirements.  In paral lel  wi th
these e’saii ip les , ~ hich primarily affected the performanc e of the aircraft  in the classical engineering sense as a
mili tary weapon , came a succession of others which more directly affected the pilot ’s performance as a system controller

autopilots , auto-sta h i liser s . navigat ion and a t tack  systems , target acquis it i on  and aiming systems and so on. These
primarily aided the pilot to use the aircraft  and i ts  performance more effect i vely .

Up to sonte stage in the development of thi s  la t te r  series of what  we now recognise as avionic systems (as opposed
to airframe , engine and weapons systems) the i r  t ranslat ion into  f i rm requirement s  was also accepted wi thout  question.
The technology existed , the overall system capabil i ty was improved , amid , despite the extra  cost , it was all worth having.

Without  suggesting whe ther  or not the a i r f rame / engine / weapon aspects have reached or passed tha t  stage , the
Working Group had to consider whether , in terms of avionics , we have now entered a stage where the introduction of at
least some of this new technology must be seriously questioned.

It seems appropriate here to at tempt some bet ter  def in i t ion  of the elements of the total system which were the
subject of the Group ’s s tudy ,  rather than simp ly to refe r to them as “avionic systems ” We have avoided a digression into
philosophical arguments about the way in which an operational requirment should be stated , and have accepted tha t ,
typically,  an aircraft is required to deliver certain weapons against some specified ground or air target , some specified
distance from base , in the f~ee of enemy opposition and of na tu r a l  hazards such as the weather and terra in .

1.3.2 Man-Machine Systems

The design team produced in i t ia l  proposals for basic a irframe/engine configuration which will meet the pure perfo r-
mance requirements :  the aircraft will have the speed , range and payload capabili ty to do the specified job , operating fro m
specified bases. The capabilities of the human pilot wi ll  not yet  have been considered , though his physical l imita t ions
na tu ra l l y do influence these basic proposals. The pilot requires a cockp it of adequate size with  a habitable environment ,
and if extreme manoeuvra h i l i ty has been specified , or if there is some “a pnor i ” advantage in reducing the physical size
of the aircraft , the reclining or semi-reclining seat may he proposed .

Up to this  point , only the basic physical characteristics of the p ilot will have inf luenced the design, hut then comes
the question of what addit ional  eqi i ipn t ent  must he f i t ted because he has onl y a l imi t e d  funct ional  capabi l i ty ,  lie cannot
navigate to his target and return to his base unaided ex c ept  in good vis ib i l i ty  and over short distances. He cannot detect
or select ta rge ts  un t i l  he can see them . nor can he recognise when he is being a t t acked  un t i l  too la te ,  l ie  cannot aim his
weapons except  in the crude sen se. l I e  cannot  communica t e  wi th  the ground or w i t h  o the r  a i rcraf t .  In short . he needs
a lot of assistdnce front “avionics ” .

So far , there  is s t i l l  no problem. The technology to meet these needs exists or can he developed and , at a cost , the
necessary equ ipment  can he provided and instal led.  Space and wei ght penalties have been great ly  reduced by modern
tech n ology and there is no fundamen ta l  “p hysical” reason why every aid should not be given to the pilot un t i l  we
ask whether  the pilot can use them all.

1.3 .3 Pilot Workload

Thus, we now come to the crucial  issue of pilot workload.  We do not need a Pre cise def in i t ion  of “pilot workload ”
to recognise tha t  any pilot , no mat te r  how highly-sk i l led or wel l - t rained ,  can be overloaded It  lie is expected to do too
much.  .

~. navigation system for example. may be capable of ex t reme prec ision or it  may offe r facil i t ies unheard of a few
years ago , but it will he useless if it needs the pilot ’s a t t e n t ion  when he is busy on o t h er  v i t a l  tasks or if it is ext remely
d i f f i c u l t  to operate.

The obvious solution seems to be au tomat ion , which can reduce the pilot workload to some ex ten t :  but even if
the operation of the device is en t i re ly  au tomat ic , the p ilot generall y needs some assurance that  it is funct ioning properly:
he st i l l  needs to “manage ” it as part of his  total task , amid i t  s t i l l  demands some of his a t tent ion . sonie of the t ime.  If
the device is expensive in fi rst cost and in maintenance effor t , the quest ion wil l  be asked ‘.s t e ther  it is worth f i t t ing  at
al l :  what  sort of a job could the pilot do if it were omitted , or rep laced with  something much s impler ,  though of less
c a pab i l i ty .

Such ques t ion ing  ought , logically , to be applied to every system incorporated in the aircraft . There is l i t t l e  doubt
t h a t  such questions are often asked by pilots and maintenance engineers during the early development f lying and in i t i a l
operational use of a new aircraft . By that  time , expensive mistakes have sometimes been made , and though these may 
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he rectified by modification or design improvements , it would obviously be better  if they were avoided by more careful
consideration of the pilot ’s capabilities and l imitat ions in the first place .

This is the question which the Working Group has at tempted to answer. It may be possible , by a more rational
assessment of the human operator ’s fundamenta l  capabili ty and the extent  to which this  can he improved or developed by
training to apply a morp ‘n en titl e approach to man/machine interact ion pro~~ cl i i s  and hence to move nearer  to the
optimum combination in the design stage .

Consideration of fundamenta l  requirements and option al extr as  for the human pilot is often content ious . No equip-
ment  designer will relish the suggestion that  his component part of the system is an unnecessary luxu r y .  It is a basic
concept that some parts of the total system are vi ta l  to the pilot ’s abil i ty  to fly and cotitrol the aircraft  s~h nl e  others make
it possible f’or him to perform missions he could not otherwise do. Absence of such part s may degrade the man i t i a c i t ine
capabi l i ty  but  may not make every mission impossible or necessarily endanger  th y aircraft .

A classic and obvious example of the first ca tegory  is the primary powere d flight control system. To meet the
requirements  for m i n i m u m  acceptable f ly ing qual i t ies ,  a s tabi l i ty  augmentat ion system (SAS ) is generally mandato ry .
Where exp lo i t a t ion  of active control technology (A C T)  confers a necessary per formance  advantage (relaxed static s t ab i l i ty .
or manoeuvre load l imi t a t i on ,  for example)  fur ther  complexi ty  in control  sys te m design is inevi table .  Engine controls ,
fuel management systems and so on are fur ther  examples  of f u n d a m e n t a l l y  v i t a l  sys tems which m ust be incorporated
and which must function properly at all times. This leads to th e simple det ’in i t ion  of systems which  necessaril y create
some degree of pilot workload because t h e \  must  he m onitored or managed or o therwise  a t tended to from time to t ime ,
hut  they must be included in the basic list of essential  equip m ent .  All i t ems  in th is  list woul d.  by their  fai lure or delet ion.
endanger the aircraft  immed ia t e l y  or in a very short t ime , even on th e simp lest of missions ‘s i t  must  func t ion  throughout
every flight , and their n ianagen ient or control should he automat e d so as to m in imise  the i r  con t r i bu t i on  to the pilot ’s
workload. Ideally, all should he l0O~ reliable and need no a t t e n t i o n .  In practice , aece l)tahle re l iabi l i ty  is usually
achieved via redundancy,  and the pilot  needs to he aware of ~he s ta tus  of each of these vital  systems They cannot be
omit ted , so they must be made as siniple , safe and reliable as possible.

The remainder  of the systems w i t h  which the pilot has to work require some j u s t i f i c a t i o n  for their  presence in the
aircraf t , at the  proposed level of cost , comp l e x i t y  and consequential  workload. In the probably rare event that  the
a i r c ra f t  pilot combi mt a t ion  can pe r fo rm operat ionally usefu l missions w i t h o u t  it . the o f f cn d in g  e q u i p m e n t  can be simply
deleted.  ‘store genera l ly ,  the ques t ion  is w h e t h e r  sonic a l t e rna t ive  means can he found to pro vide most of the ori ginal
capabi l i ty  in a cheaper , sin ipler  and/or  easier-to-operate form. This may mean a search for an a l t e rna t ive  piece of hard ’
ware , but  it should include a study of al ternat ive ssay s of f ly ing the mission so tha t  the requi rement  for the equ ipment
may he relaxed.

In the following chapters , the  ope ra t i ng  envi ronment  for  the  pilot of the  air  combat and the str ike attack f ixed -wing
ai rcraf t , and the t y p i ca l  m i l i t a r y  he l icopter  am des cribed.  The var ie ty  and comp le s. i t v  of syst ent s  and equipments  that
are, or could he provided to assist the pilot  in his  t , isk are readily apparent .

Some of these systems or equipments  can be referred to as “optional ex t r a s ” in precisely the same sense tha t  an
automobile  main headlig h ts are an operational ex t ra :  the vehicle can operate in day lig ht w i thou t  them , hut  tv capab i l i ty
rap id l y  d iminishes  as the l ight  fades .  By contras t , th e vehicle braking system is fu ndame n ta l ly  vital  to i ts  safety.  The
prob lent being addressed is how to jus t i fy  the cost of these “e x t r a s ” , so tha t  the decision to include them nt ay he made
on a rational basis.

Inev i tab ly ,  no simple rule- cf t h u m b  emerges. Never theless , sonic suggestions for f u r t h e r  studies are offered at the
end of the Report .

1.3. 4 Di gital Systems

The digi ta l  compu te r  has re s o lu t ion i sed  the desigti of avionics  sy s tems  for h r  combat a i rc raf t .  An advance which is
havi t i g  a profound e f f e c t  on avionics sy stem design is t h e  deve lopment  of the microprocessor. “s si i tg le microprocessor
barely l . ir g er t h an a paper cl ip can contain sever a l  thousand t rans i s to r s , equ iv a l en t  to a large r .ick of in s t rumen t s  lust  a
decade ago. I t  ,icts as the centra l  a r i t h m e t i c  processin g uni t  and when integrated wi th  a sohid ’slate niemor~ and inpu t /
ou tpu t  peripherals , becomes a m i crocomputer .  Because of their  low cost . compactness and r e l i a b i l i t y ,  microcomputers
are expec ted  to re v olu t ion ise  a v ar i e t \  of fu r ic t t ons  in missiles and aircraf t  iO ow cost and r e l i a b i l i t y  are i m p o r t a n t  and
t Im . l a t t e r  may he t rans la ted  as low cost because of m a i n t e n a n c e  reduc t ion . t ) igi t a l  sy st ems  also contr ibute  to lower life
cycle cost due to ease of re t rof i t .

I t  is clai m ed tl i , i f  d igi t a l  sys t ems  offe r the poss ibil i ty of reduc ed component replacement cost. This claim is based
upon the Premise tha t  cost s wil l  include s o f t w a r e  whic h  is easier  to adjust than  hardware . Sonic recent experience shows
this  premise  to be of d o u b t f u l  origin.

l ) i g i t a l  avionics sy stems are of complex design hut  they  require less m a i n t e r m . i i i c e  th , in  their  analogue counterpar ts .
Programm es v an he developed which cont i t m ual ly  ch eck the hea lth of th~ system.  liv means of the self-ch ecking  capa’
hi l i t y  the  avionics component which fails can be iden t i f i ed , down to a ee rtaim t level. wh ile st i l l  a irborne.  ‘~.t t e r  (lie , i i rcraft



lands , dig ital  aerospace ground equi pment  (. A ( 1 . i can isolat th e  fai led contpon ent at a more detailed level. ‘l ’hrough such
software routin es faul t  fi t i dim ig c a in be made easier since faul t s  caii he isolated qu ick ly .  The avionics t h e r e f o r e  beconte a
more cost effective aspect of the aircraft life cycle.

1.4 RE PORT STRUCT URE

Following this i n t r o d u c t o r y  section , th e Report is divided in to  t h ree fur th er  sections. Section deals w i t h  human
factors aspects in the system design context .  Section .~ considers the workload for s p e c i f I . . a i r c r a f t  roles and Section 4
presents the \~ o r k i r t g  Par ty  conclusions and re e o m me l t d a t io ml s  for f u r t h e r  research.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  . 
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Section 2

H U M A N  FACTORS

This Section contain s four chapters and begins with  a Chapter describing relevant human capabilities. The descrip-
tions cover sensory characteristics such as sight . sound and touch , and ment ion various other aspects including kinesthesis .
sensory capacity, sign al detection , monitoring,  processing and decision making capabilities. Display-control relationships
and Stimulus-response compat ibi l i ty  are also discussed. The first chapter finishes with  a description of human
psychon totor  characteristics.

The second chapter in this section describes a system desi gn methodology and il lustrates the role of workload
management in this context .  Some effort has been made by su icceeding authors to re fe r to this methodology in their
own texts.

The third chapter deals with the modelling of aircre w performance by q u a n t i f y i n g  human  capabilities in to  systems
engineering terms. It is a basic tenet of human  operator model l ing that  a pilot is an info rmation processor -controller
comprising an element in a control loop. The aim of this  approach is to ma themat i ca l ly  describe the operator so that a
man-in-the-loop engineering analysis can he performed on the aircraf t  w i th  a hu imn an pilot in place. The l imi ta t ions  of
two widely used human operator model s are discussed , these control- theoret ic  models are considered unsuitable for work-
load modelling. A less widel y known model , based on inforn t . i mm on theory techniques is introduced and a worked
example provided. This model should provide a n a t u r a l  contex t  for q u a n t i f y i n g  pilot workload , designing opt imum cock-
pit displays , and configuring avionic systems under  workload constr , i ints .

In the fourth and final chapter of this  section , the concept of reducing the avionic costs of future  aircraf t  by
decreasing the reliance on equi p m ent  and increasing the responsi h il iti . ’ s ot the pilot is examined from the aspect of
training. The author postulates tha t  as part of the task allocation proxss . there needs to be a thorough anal ysis of the
pilot ’s tasks and consideration given to al ternat i ve ssass of accomp h i ’ n i n g  the missions of the weapon system with man-
machine support. There also needs to he an anal ysts 01 whicf i  tasks can he accomp lished more eff ic ient ly  by man or by
machine. Because of man ’s adaptabi l i ty  amid ve r sa t i l i t y , it is d i f f i cu l t  to set amt y precise l imits  to his capacity to receive
and process data and execute the indicated actions. His capabi l i ty  can he enhanced to some degree however by extending
t raining. The chapter goes on to dis ctm s .s advances in capabi l i t ies  of part -t.isk trainers  and simulators and concludes with
considerations of the training of maintenance personnel.

A
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Section 2

CHAPTER I

HUMAN CAPABILITIES

This chapter provides a brief description of man ’s capabilities. A bibliography is provided to allow more detailed
study of specific aspects.

1 .1  VISION

It  is estimated that  80’7 of flight infor m ation is visuall y acquired.  Typically,  a man can discriminate on an absolute
basis 10 colors , 5 sites of figure s. 5 brightnesse s of light , and 2 f l icker  rates , when viewing  each separately and non-
sequentially under favorable conditions. He can read b-point type wi th  30 foot lar mi herts  f tL )  of l ight :  has a visual form
field of about 130° vert ical ly and 208° horizontal ly,  wi th  max imum aeui t ~ at the center .  requires about 0.6 sec to
change fixation from near to far: amid takes about 30 m m  to comp letely adapt from daylight  brightness to darkness. He
suffers discomfort and impaired vision if bright  li ghts or reflections are located wi th in  60° of his line of sight: and suffe rs
loss of visual acuity as speed of movement  of objects increases: e.g. for angular s’elocit~ of 50° per second . acuity is 57’7
of normal : for angular  ve loc i t y  of 150° per second , it is 19’ .

1 .1.1 Sen sitivity

The human eye is sensitive to only a re la t ive l y  imarro ss band of electromagnetic radiat ions . (approximate ly  400 -- 700
nanometres). The daylight adapted e~ e is most sensitive to energy in the yello~~-green region around 555 nanometres.
The dark-adapted eye is most sensitive at about 507 nanometre s  which is in the green part of the spectrunt . Light sensi-
t ivi ty  at a given moment is dependent  on a number  of fac to r s :  the t ime that  the eye has been expose d to a certain level
of i l luminat ion :  individual characteristics such as age: the region of the ret ina s t imulated:  the nature  of the stimulus,
such as the durat ion , wavelength.  com position , and im i tens i ty  of l ight :  and the physiolog ical and psychological condition
of the individual .  A l ight  of low in t ens i t y  may be clearly seen against a dark h ackg r ou ;md.  To he seen against a bright
background , however , the light must have nmt i chi higher i n t e r i s i t ~ . \‘m s i b i l i t ~ of Iig fm t also depends upon area (visual angle)
of the light surface being observed. Greatest sensi t ivi t ~, of the ret ina in dark ii ess has b eemi found to he about 40° from
the point of maximum acuity under dayl ight  v iewing conditions (fovea) on the n ,isa l side of tf i e e~ e and about 20°
from the fovea on the te m poral side. ‘store intense l ight  is necessary to perceive short flashes of l ight  than for longer
flashes.

1.1.2 Acuity

Visual acui ty  is the ab i l i ty  of the eye to perceive fine details .  The discrimination of I m inu t e  of visual angle is
considered normal.  Visua l  acu i t s  is a function oh ’ background luminance , dura t ion  of exposure , luminance contrast
between the object and i ts  background , ret inal  location , and color of i l lumina t ion .  Visual  acui ty  ‘decreases’ progressively
as the magn itude of the acceleration force on the observer increases wi th  the acui ty  threshold at 7’g ’ being twice that  at
I ‘g ’ . Acceleration h a s  a signif icant  amid progressively l i m i t i n g  effect on the threshold at all levels. For examp le , at a
luminance of 0,01 mL , t h e  min imum angle increases from 4 .0 mm of are at i’ g’ to 7 .59 miii at 4’g’: at 150 mL. the
change in visual angle is 0.25 m m of arc from l’g ’ to 4’g ’.

1.1 .3 The Visual Field

The visual fie ld may he def ined as that  part of space that can he seen when the head amid eyes are motion less. The
monocular field (fo r one.eyed vision) is limited by ( t ’t (lie refractive power and physical arr angment of the cornea , lens,
and re t ina , and (2) the nose , cheeks , amid other f ’acial s t r u ctu r e s . It varies from some 104 ° from the line of sight on the
temporal side to sonic ôO° to 70° on the nasal side. The monocular fields of the two eyes overlap to form a binocular
fi elul . The visual fie hu l can he extended b y eye , head , or body movement  through 360° in all planes. When the eyes
rotate , vision is extended beyond 104° front straight ahead , where facial contours do not get in the way.

The horizontal  field of each eye alone is approximate l y 166 ° . and for both eyes fixated on a point straigh t ahead ,
about 208° . (‘olour is perceived in the area of overlap e x t e n d i n g  for 62 ° on e i the r  side of the f ixat ion point.  The vertical
visual field is approximate ly  130° , wi th  colour perception occurring from 30° ,uhove to 4tl ~ below the horizonta l  line
of visiom i . The fi cld view of colour is not the same for all colours .

~~~~- - k - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . . . ~~
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1 . 1 . 4  Other Characteristics of Vision

Other characteristics of human vision which have been investigated and for which da ta  are avai labk include his
ability to ( 1)  perceive depth , (2) judge change s in brightness , ( 3 )es t ima t c  dis tances . 4 d i s c i i m i u m n a t e  form .
(5) d i scr i m inat e  colour (6) adapt to changes iii brightness , amid (7)  detect movement.

1 .2 AUDITION

The auditory chanm i el accounts for 10 1 5’~ of acquired tli ght  int ’o r t rm at ion .  Hearing is the phenomenon of sensing
pressure f luctuat ions from sonic v ibra t ing  source , Audi t or s  sensations are experienced wh en acoustic energy sets of I a
series of mechanical , neural , and central nervous system ( ( N S )  events in an org aitis mn. Si~ ind waves n u as  samy in
frequency, ampli tude , and comp l e x i t y  . What a man per cem ses does not hear a l inear  relat ions h ip to the physical
dimensions of the sound waves enter im t g the ear.

1.2. 1 . Se n s i t i vm t y

The m i n i m u m  in tens i t y  to which the ear respo mmds varies as much as 80 dB or ntore , depending on l’r e qu em tcy.
Througf iout the are a of greatest sensi t ivi ty  ( 2000 to 3000 l i L t ,  the ear responds t o sound pressure as low .is 1/3 .000,000
gul l .  Prolonged exposure to high- in tens i ty  sound ( 8 5 d B  or more I cant result in tile d im n in i sh i ng  of the ear ’s s e n s i t l s i t y .
especially to the higher frequencies.

1.2.2 Subjective Measures

Frequency and intensi ty are phy sical  properties of sound which can he measured physical ly .  Perception of l o u f n e s s
and pitch is subjective and must be m easured by means of subjective scales. Un i t s  of measurement for loudness are the
phon and the sone , and for pitch , the mel . In tens i ty  is correlate u l wi th  loudness , hut  the correlations are not invartate .
For a given in tensi ty ,  loudness is greater in the middle of the frequem m cy scale than at the upper or lower ends . Pitch is
correlated wi th  frequency, but at certain frequencies it varies s l ight ly wi th  in tem i s i ty .

1.2 .3 Speech Perception

Communication among system personnel is usually by means of speech. Average speech at a distance of 1 metre
corresponds roughl y to sound falling in an intensi ty range between 60 and 75 dB. Time speech spectrum of time normal
voice lies almost entirely wi th in  the frequency range from 100 to 8000 Hz. Spectral analysis of speech over a period of
time indicates ’that over half the energy is expended in frequencies below 1000 Hz. When noise is present , speech may be
masked making interpretat ion of the sounds by the listener diff icult  or impossible. As the spoken materi al becomes more
familiar to the listener , less masking of speech occurs .

1.2 .4 Masking

Almost every auditory communications system contains unwanted  sounds which raise the hearing threshold ari d
decrease the in te l l ig ib i l i ty  of the sound or signal. Masking is the process whereby the threshold of audibi l i ty  for one
sound is raised by the presence of another (niasking) sound. The amount  of masking is customarily specified as the
number  of decibels the threshold is raised because of the masking sound. A sound is more effective in masking a sound
higher in frequency than  i tself  than in masking a sound lower in frequency titan itself . Masking is greatest when the
masking frequency is close to the signal frequency and decreases as the separation between the two becomes greater. I he
masking effect increases as the in tem i s i ty  of the masking tone rises.

1.2.5 Intelli gibility

Intel l ig ibi l i ty is the psycholog ical process of unders tanding  n t eaningfu l words, phrase s, and sentences which may
occur face-to-face or over communicat ion systems. Speech intens i ty  levels greater than 40 dB are required for opt imum
intel l igibi l i ty .  At a level of 85 dB , speech is noticeably (subjectively) loud. Above 100 dB intel l igibi l i ty  decreases due to
distortion of the ear. The ratio of speech level to noise level (S/N rat io)  grossly a f f ec t s  in t e l l i g ib i l i t y .  For satisfactory
communication of most voice messages in noise (7 5”~ in t e l l i g ib i l i t y ) ,  the speech level should exceed the noise level by at
least 6 dB. The use of hearing protection (earplugs or earmuffs ) increases inte l l ig ibi l i ty  in noise levels ranging from
85 dB to above 100 dB. A single voice m a y  be discriminated from among two or three simultaneous voices hut  not from
atilong four or more.

1. 2.6 Articulation Index

The ar t icula t ion index (Al)  is a measure of the percentage of test word s which can be t ran smit ted  correctly over a
communication channel. If speech is distorted by passing it through a high or low-pass f i l t e r  or a frequency-restricted
microphone , the Al changes. Ampli tude distortion or peak clipping to conserve available t ransmit ter  power does not
reduce the Al below 70% . Speech can be distorted in frequency , ampl i tude , or phase , or masked by noise , hut the
listener may still be able to interpret  the message.
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1 .2. 7 Other Characteristics of Hearing

Ability to locate sound sources is dependent pri marily upon binaural cues , such as differences in loudness , in time
of arrival, in sound composition , and for some sounds , in phase . Hearing acuity varies gre st ly among individuals: within
a normal group, it m a y  vary as much as 2 0dB or more , and an individual ’s acuity may vary 5 dB or more within a short
period of time. There are also differences in hearing levels due to age , sex , and past expc~ ure to loud noises. Sound may
influence p erf orma nce and contribm.e te to boredom, fatigue , or relaxation , depending on the type of task. High-frequency
noise and irregularly variable sounds are more annoying than low’frequency and continuous or periodically changing
sounds.

1.3 TOUCH

‘rhe surface of the body ( the  skin) is also used by the pilot to obtain flight m im format ion.  The skin has many different
sensory functions mediation of touch , vibration , temperature , and pain.  Therefore a var ie ty  of messages can be sent to
the bra in.

Touch or pressure is experience d when a gradient is formed upon the skin by some mechanical s t imulus , whether  the
direction of force is outward or inward . Pressure sensation remains as long is the rate of movement  Into or out from the
skin continues. The time required for adaptation to pressure increases w i t h  the pressure exerted and varies inver sely with
the area s t imula ted .

Sen s i t ivi t y  to vibration is not a separate  sense, hut  is primarily dependent upon pressure sens i t i v i t y  The sensation
results  when a mechanical s t imulus  oscillates cont inuously.  Human beings can feel is l i t t le  as 0.00004 inch double
antp l i tude of vibration at frequencies between 100 and 500 lIz.

1.3.1 Tactile Communication

Tac t i l e  communic at ion  represents a possible but h m n u i t e d  channe l  of i n fo rma t ion  transm mi mss ion when visual and
auditory channels are overloaded. The use of cutaneous s t imula t ion  (e.g. mechanical  or electr ical )  for emergency warning
purposes and guidance seems feasible . Cutaneous st i m u l i  are received and responded to as qu ick ly  as aud ito ry .  and may
be more a t tent ion -demanding,  especially if a mild degree of pai n is e l i c i t ed .

1.4 KINESTHESIS

The primary source of infor m ation about th i e m ovement  amid position of th iti par ts  of his body is kinesthesis , or the
muscle sense. One of the main funct ions of th i e k ines the t i c  sense us to enable a h uman  being to contro l his voluntary
muscular activit ies without  the aid of vision. Secondl y, the sys te m serves the percept ion of changes in or ientat ion and
equi l ibr ium.

In executing movements wi thou t  the aid of vision, the ind iv idua l  must  depend on t u e  k ines thet ic  sense as a guide.
This is most relevant to piloting in execu t ing  ac t iv i t i e s  where th u e i s u i a l  syste m is diverted elsewhere . Where movements
are restricted (e.g. where paths of movement are cont ro l led  by grooves) . there  is a tendency to overshoot at short
distances and fall short at long ul istan ces , except in vert ical  top-to -h iottom movement , when the goal is overshot for all
distances. In free blind positionin g ) reac h ing for a targe t or cont ro l ) ,  the greate s t  ac c uir a cy is shi o~~n in dead-ahead
positions at the lower level and the least in side Positions at the  upper level. Prefe r red -h anu f targets can he reached more
accurately than  nonpre ferred . and prac t ice  reduces tile m. ugn i tude  of errors. Omi e-handed movements  inw ard or o u t w a r d
are slightly faster  than lateral  movements , and for a ri g h t ’ha m ided operator using the n g f mi  ha nd ,  r ight- to-lef t  lateral move-
ments  are faster than le ft - to ’r ight .  When in-out posi t ioning movements  are required , be t t e r  pem formance is obt aimied ~ hen
the distances are reasonably short and ~ iten angles of nt ovent ent arc to  the right of the righ t-handed worker , somewhere
.around 60°. When two-handed s imultaneous positi oning mo v en ient s  are made , the speed is op t i m u m  wh en they are at
angles of about 30° from the straight-ahead direct ion , while accuracy is greatest wh en th ey are per formed at 0° (straig ht

ahead )

1 .4. 1 Control Forces

Forces exer ted  by time operator on a control and the oppo simig force of the control  i t se l f  provide a substantial  part of
the proprioceptive information used by the operator .  rhe degree to which such forces are capat le of discrimination over
a wide range of movement is an impor tan t  l i m i t i n g  f a c t o r , along w i t h  suich others as strength , speed, and fatigue, to the
efficiency of operation of any control .

1 .4.2 Spatia l Orientation

In the na tura l  env i ronment , the  individual  m a i n t a i n s  his or i enta t ion  and eq u i l ib r ium by uise of a combination of the
visual , auditory ,  k ines thet ic , skin , and inne r  ear sense modalities. While man normally depends upon all these senses f o

help him remain on a reasona bly even keel , compensat ion can he made to some degree for the deficiency of one or



another. Abnormal or confl i ct ing conditions make discriminations more diff icul t  and sometimes cause serious erro rs of
perception. Mainten ance of the visual environment is extreme under such conditions in flight. An in du s ’i u fual  can
accurately judge vertically when the framework of the visual field is aligned with  gravitational forces acting upon the
receptors in the semi-circular camta ls.

Perception of the vertical (the direction of action of normal gravitational forces) and of one ’s postural re la t ion  to
tf ta t  vertical are important aspects of orientat ion.  Both visual and postural vertical are largely determined by joint  action
of visual and gravitat ional  forces. The average threshold for body ti l t  with postural cues alone has been found to be
between 2° and 3° . wi th  tha t  of backward t i l t  about 0.5° higher than  for other quadrants .  L l imina t ion  of visual cues
raises the se thresholds , so that  t i l t s  of 10° to 15° m im ay riot he recognized. Where visual cues are purposely distorted .
s ui hject.~ tend to base the i r  judg m ents  on what  th ey  see rather than on how they feel , even though these judg m ents are
complete ly  at odds ~ i th th e real s i tua t ion .

1.4 .3 Orientation in Flight

ftc pilot 01. 1mm a i rcraf t  or space vebticle um eeds to he oriented to his craft and to the earth , and possihl~ to other
vehicles. lyp ica l ly  he wil l  have no trouble pci ceiving how he is lined up with  his owmt c r a f t .  Tim e most com pelling cues
are those fro m the visual frame of refe rence of the iiu. rior of the craft , reinforced h~ ‘postural ’ in fo rmat ion  from the
semt -c ircu lar canals. In h light th i s  s~ stem is a f f e c t e d  by j ccc leratiomt as well as 1w grav i t a t i o m m al  forces . When visual  and
p o s t u r a l  cues confl ic t .  vis i i , i l  cuies us u. i I l y  predominate ,  l i t h e  pilot does not have visual cues , lie must depend on mn stru -
m e i u t s  anti his o~~n ‘‘se nse” of the vert ical .  Judgment s  in ti m e la tera l  p lat t e ( ro l l )  are more accurate than those in ti m e
medial  i’Iane (p i t ch ) .  There is a de lay  of app ro xmnt a t e l ~ 7 .5 sec bel ’orc t i l t  is felt and adaptatiomi cau ses the feel ing of t i l t
to disappear before one is h ese h  again , causing proble u t i s in or iem i ta t ion.  When fac ing forward the person experiences a
feeling I I I  hacks s ard t i l t  ( c l imb ing )  under  linear acceler. it ion , and a fe~ ling of forwar uh t i l t  ( d iv ing )  under dece leratiom i :
s~fitin facing to the l e f t , lie feels t i l t ed  to the left  umider  acceleration and to tIme r ight  uinder  deceleration. V1 u th  angular and
radial acc el er , i t ioim , t i l t  us grossly underes t i m ated ,mnd perception lags . Re coser ~ from im turns  is interpreted as a t u rn  in the
oppo site d i re ct ion .  Visual anti g rav i t a t iona l  cuies may confli ct , producing “pilot ’s vertigo ” .

1. 5

Fhie role of the h u imi man  h ei i m g in the s~ stein is to de tec t  informat ion  regarding some aspect of his environment .
process t his inh ’orm tm ation in sonic n i anner . and trans m it i t  in whole or in part to some response agency which a f f e c t s
.ippropriate ,mt f j u is t nt e im t s  in the em t vi ro ’mmn ent .  Thus . the u l t i m a t e  perforn iance of the system is related in t imate ly  to the
abi l i ty  of the  operator to d et ec t  amid process re levant  i npu t  i n fo rma t ion .

1 . 5 .1  Distorting Factors

When it is possible to reduce d i s to r t ion  on some , but  not all , disp lay channels , the greatest benefi t  seems to result
fron t optimi i . ing those displa y m u g  i npu t  in for mat ion .  l ) u s to r t i o n  of feedback informat ion is less serious , due to the redun-
dancy afforded by k ines the t ic  cues t I m e  d is tor t ions  created t~s sys tem lags can he averted in many systems by displ aying
feedback info rmat ion lot onl~ of syste m ou tpu t , but  also of i t s  der iva t ives .  This t echn ique , called “qu ickentng ”, can
reduce the et ’fects of lag and cami also gr e . i t l v  sinip l i f y  th e operator ’s task.

1.5 .2 Signal Detection

[human performance is l imited wi th  regard to excessi se temporal  demam ids (e .g. .  rapid sequential  events , overlapping
sig nals . mul t ichannel  events . e tc . ) .  and also with  respect to inf requent  input  occurrences. In general , performam ice in
moni tor ing ext remely  low-frequency events  deteriorates over ti m e , and a number  of relevant variables have been identi-
fied. Among the niost prom n inent  are t I )  s ignal characteristics f requency.  reguI ari t~ . size , in tens i ty ,  and spatial  distribu-
t i on ,  and (2) task variables: spacing of rest periods , level of ex t r aneous  noise (visual and aud i to ry ) , presence of other
‘~t imu l i , and schedule of reinforcement for observing responses.

1 . 5 . 3 Monitoring

Although a man may report a fair number of signals correctly , his perfor m amice tends to deteriorate as the watch
progresses. However , if he does report a signal , he usually does so wi t h  only a slightly longer delay th an when he is
highly alert.  The human operator should not be assigned monitoring tasks that require continuous attention to a display
unless absolutely necessary . Such jobs should be done by machines . and man ’s role should he l imi i e u f  to judgments about
the signals reported by the machine.

1.6 THE TRANSFER FUNCTION

Feedback-control theory has provided a powerful iiew tool for the unders tanding  of how the human operator carries
out the perceptual processing of input information in closed-loop control tasks. The tool , called the “transfer function ”,
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is an equation l’or linear systems which spells out the relation between sensory input  and motor i n p u l .  On time practical
side , it enables the design engineer to anticipate the capacities amid l im i ta t iomis  of the humami being so as to aug n ment  or
supplement the characteristics with n iachine aids. On the theoretical side , the work in  transfer funct iomts  is of great
signitlcance , for it details the k ind  of perceptual act i vi ty  required to attain skilled levels of perfor um manc e in complex
control systems. It h ias been established t h at the part icular  operations employed by the m aim are dependent  upom i i m i p u t
characteristics ( frequency),  inpu t  mode (compensatory vs pursu i t  disp lays), control dym m amics  (sinip le proportional
control through com plex aircraft dymmamics have been used), and the level of t ra in ing .  In general , it has been found that :

(a) Man will  estimate and weigh the higher derivatives of the im t put  signal if require d to do so, as in controlling
through higher order dynam ics  or . ii t u e  avai labi l i ty  of such informat ion  is h igh , as in the pursui i  display.

(b)  There appears to he a regular systematic progression from lower to lt igher  orders of control as a funct ion of
training.

(c)  As task-induced stress (increased input  f requency )  is introduced , the man generally reduces the weight assigned
to u mig her derivatives of the input  signal , and in this  sense regresses toward a lower order of control.

1. 7 SUMMARY

80”i’ of time pilot ’s flight information is acquired visual ly .  Though there are l imits  to man ’s acui ty  and thresholds ,
the spectrum of detectable energy , range of encoding possibilities , and capacity for mult iple  inputs  far exceed that  of any
other information channel.  The’ visual channel is reasonably resistant to noise im i time typical  cockpit  environnient .

Most of the remaining 20’~ of the pilot ’s fl ight information is acquired audi tor i ly .  Speech is a principal mode.
Audit ion is moderately susceptible to noise and require s moderately h igh energy levels iii order to ensure t h at information
is transmitted While not completely a single channel system , audi t ion is s ignif icant ly  more l imited t h an vision to
multiple inputs.  It  does however disp lay some vir tuosi ty  wi th  regard to encoding options.

Kinesthesis / spatial orientat ion account t’or a minimal  amount  of tf i e pilot ’s flight infor mn at iomm . largely in terms of
a background flow of relatively gross data which rema in unobtrusive u n t i l  it deviates fro m the expected.

Data processing capabil i t ies are time significant arena of pilot overload , being characterized by a nar row range of
information capacity.  These l in t i t a t ions  are considerably augn iented , h owever , by his capacity to predict. ext rapola te ,
and develop unique solutk )ns.

Transfer functions are the classical form of eng ineering analogues of man.  The are limited by a requirement for
system linearity and therefore only partly describe man.  Opt imal control th eory is the most recent application in this
approach. Its  particular advantage is its application to complex plants character ized by a vector of states.

1.8 CONC LUSION

Most of the material  presented in th is  chapter  ha s been the product of extensive expe r imen t .  It wil l  he evident to
avionic system designers , t ha t  the compom ients which wil l  in terface w i t h  the operator should. wh ere possible. give some
recogn itiomi of the guidel ines offered whet h er in terms of disp l. iys . controls . or instruct ion sets. To ignore the guidelines
must  inevi tably  in t roduce  au operational perforn iance l m n t i t a t i o n .
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Section 2

CHAPTER 2

SYSTEMS DESIGN

2 .1 INTROI)UCI ’ION

2 .1 . 1 General

In the int roduct ion to th is  hook a rationale is given ques t ioning tIme evolution of ummore h igimly complex airborne
weapon systems. In part , this compl ex i ty  is in answer to the requirements of tIme air s ta l l  whose operation is beyond the
scope of this present work.  It may also he a t t r ibu tab le  to the ra ther  isolated desigii of each inst rum ’m m e n t  and subsystem.
Wh u il e  this m a y  he tolerable for . say,  t Ime design of engines , it is certain ly disadvantageous in t h e  case of man-machine
subsystems ( M M S )  because for m any of these suhi systemn s man is a common factor coordinating and using data relevant
to the job in hand. It is reasonable to expect  t h at a greater integrat ion of ’ all d a t a  sources and controls , and uti l izing more
of mau i ’s capabilities , may result in a be t te r  and more cost~~fi ’ec tmve  product.

Up to now muc im of this  effort mainly was concerned withi  anth t ropon i e t r ic  and psychop h ysical factors , involving the
so-catted inner ioop of flight control .  \hi s smou i perfor matice however , also depends to a large degree on aircra ft capabilities
and h uman fu m ic t ion ing  which togetimer must  meet missioui requirements .  1mm t imis  area only l i t t l e  ergonomics research has
been done, available da ta  are scattered and seem d i f f i c u l t  to app ly .  The divers i t y  of the p ilot ’s task in di f ferent  phases of
fl ight  or in d i f ferent  phase s of t h e  mission imitroduces u m i any parameters amid variables whicbm must simultaneously be dealt
w ti m . as a result a very sys temat ic  metb m od to arm .i l v z e time problem s in time design of mnam i-mac i t ine systems is needed.

Without  systematic analysis techni ques . t I me desigr of the MMS and it s operation is very complicated, because
techno logy ot ters many similar  solutions in aulsw er t o  each par t ia l  prob lent . .\s a result , design decisions are liable to be
taken out a l imi ted number  of the possible a l te rna t ives  opemi to amialysis , and time c r i te r ia  can soiiietimes be rather vague.
Moreover , in ear l ier  stages of time desig um the degree of detai l  is ra t imer  coarse , becoming fitter as the design nears comple-
tion. An undesirable outcome a pparent at an intermediate stage m ust of m cm i  he traced hack to a particular dec ision at an
earlier stage : rei teration is basic to de sign. Good , or acceptable designs of a product are made because in most cases the
evolution is very gradual .

2 . 1 . 2 Examp le

A rather simple example of the pro l iferat iom i of a l t e r n a t i v e  design proposals or dmffer eu t t  conf igura t ions  is given in
Figure 2.1 wh ich dep icts the process of selection of a de fensiv e system app r opn i . i te  to a kmio wn thi reat.

In this example there are two umiethods to realize thie requir ed sy ste u t i  funct ion . whi le  each mue f l od can be
imp l emm i ented  by two d i f fe ren t  meaums , leading to four d i f fe ren t  co n f iguu r a t u on s .  If ex i s t ing  ( comnl mt erc i a lly available ) equip-
imient s cannot meet the thre ,u t . i .e. their  probabil i ty of success us lower tham i required , proposals for au improved design
must  he requested by tIm e operations requirements  branc h of tIme air s ta f f .  I bmu s a new design proce ss is initiated , if
s ign i f ican t  changes ire proposed in one or more aspects . or for new designs , every r e quiremmtent  and constrain t , and each
function of the man-machine  system. 1 x.uuu mp l e s  such as the control configured vehicle ;  or a retrofi t  of all-weat h er capa-
bi l i ty  would require the systen m atmc revision of the MMS design front thie objectives stage onwards.

2 .1 . 3 Top-down Design

rop-siown design is , so to speak , s ta r t ing  froimu scratch : hegi mm nimig w i t hm time objectives and in i t i a l  requirement s  and
work ing  dow n toward s equ i p mmte u mt  m d  opera t ing  ins t ruc t ions .

I h e  design process caim be eased with  the aid of a compute r , programmed I ’ m generate different co i f igurat ions  or
al te rum at i ve  design proposals. It can provide performance versus eost indicat ions .it every stage and after eacim iteration
cycle ~ f • the design . [h is can be done when exis t in g  design knowledge aumd experience is augmented by systemm iat i c
ordering method s and catalogues which list all design alternati ves for a particular func t ion  of the system.

The mn i t i a l  investment it compute r aided design is high ; it umccessit ate s time development of a data base and imposes
a strict discipline on the structure and processes of time design. Alt im oug h m there rem ain creative eleut ients , design becomes
str ic t ly  methodical  in those areas wher e it is required.  TIme rewards comm ie when it proves possible for example to make a

_____________________________ _ _ _ _ _ _  -A
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minute by minute analysis of flight procedures to predict possible overload of the pilot , or to deter m ine the effect of
cockpit lay-out alternatives on mission performance.

The technical discipline “systems engineering ” amid the scientifi c m ethodology “systems theory ” provide methods
aimd mmieans for an orderly, methodical decomposition of systettis into their  respective Lomponents  or partial  systems down
to ummicroscopic detail. These concepts are not new:  the use of the term “systems eimgineering ” wi t h  roughly its present
meaning can be traced to the early 1940’s. However , then the concepts of time systems approach were mainly  focussed
on time time parameter of the engineering design process and its manag ement ”2 wi th  very p r imi t ive  treatment of
economic and human factors . Systematic design methods remained l imited to the breakdown into “p lmase s” , for instance :
aimalysis amid p lanning;  prelimina ry design , detai led desi gn and tes t ;  production design 3’4 . Recent ly more insight is being
gained into  the processes throug h which emigineering design itself progresses 5’6 . To some extent  this is due to concepts
and analysis  m ethods developed imm t ime science of system t h eory , which pervades niany branchmes of scientific act ivi ty ’
from mathematics to psychology . Thus it is possible to use human factors data . wh ere it exists , orderly and systema-
tica lly in the design process of engineering systems.

In this  cb m a pte r  it is argued tha t , in top-down design of aircraft . ergono imiists imi iis~ be part of the design teant fro m the
co imception phase onwards; and not only for detailed equi pme um t desigmm but , in par t icular , for a c t u s u t y  allocation and task
design , to ensure in the early p h ases unatchim i g of equ ipment  character is t ics  to bmuman func t iona l  c a p a h u h i t y .  to control
physical and m en ta l  load.

[he design process itself can be regarded as a systemmi .

L.ooktng hack at a par t icu lar  engineer ing  effort , a comp lex ne twork  of decis io u ms can he iden t i f i ed .  pervading every
aspect , every funct ion , eve ry s u b s y s t e n m ,  every  componen t  and every task  of the MMS. (‘onse quent ly .  time design process
can he s t ruc tured ,  not only in t ime hut  also hie r archm i ca ll~ . sucbm t h at at a h i g h er , ~o .urs er de ta i l  level . m m l axin i u mn room is
provided for a l te rmia t ive  m ethods amid mn ea r m s at t lme level of liner detail . Such a design niet bmodo logy wil l  be presented in
this chapter , and it wi l l  be shown t h a t . especial l y w i t h  respect to funct iomial  imuman f ac to r s  such as task s t ructure  time
important  decisions are taken at time h migher  imi era rc hi ~aI levels , i .e. ii ’ t u e  ear l ier  phases.

In this in t roduct ion , the main n ot ions  of svstemmm s t i ue o r ~ and ss ‘~~‘:ns e n g i n e e r i n g  as applicable to design ms i l l  he
reviewed .

2.2 SYSTEM STRUCTURES

2 . 2 .1  General

A mission can be segmimem ited in to  smaller  e l ements ,  in order to f .m ci l i t a te  the iden t i f i ca t ion  of t ime methods and means
by which it can he accomplished. Study of time processe s carried out  in each separate elememit  shows time relations
between methods and means in a d i ag rammat i c  s t r u c t u r e  of how t h e  m ission is to lie acco m p lished. In complex systems.
the diversity and the nummiber  of relations is so large t hm ~ ( a f u r t h e r  b reakdown is necessa ry .

A system hias been defined as “a set of objects . together  wi t h  re la t io u ishmips  between time objects and be tween th i e i r
a t t r ibutes ”, If one single type of re la t ion us considered , the system can be represented at a structure or network set in
a plane which belongs to that specific relat ion ,  each node representing one object amid each line representing one relation.
Such mmion ost ructu r e s8 are qui te  common: for exa nmp l e , rail maps , genealogical charts  or resistance network models
of electrical power d i s t r ibu t ion  systems.

Physical reali ty generally must  be described by m u l m u s t r u , l u r e s  w imich are sets of n’.onostructure s w i tbm re l a t ionsf m ips
between them as sbmown in Figure 2 . .  Thus , a um iul t i s t ructure  is also a sy s t enm.  A subsystem is l imited to a specified
subse t of all objects of the whole sy stem , wi th  all relations e x i s t i n g  hetweem i t h em. Thie subsyste um i thus  is a composite
piece , i ts parts being func t iona l ly  coherent and opera t ing  toget lmer to realize the subsystem ’s ntain func t ion .  i x ammip les
w lm ich i are physical ly in one piece are : engines , a navigat ion computer , a ta i l  section.

I samples w i t h  func t iona l ly  coherent parts hut  ph mys ica h l y  d is t r ibuted but  integrated with  other  sut m s y s teumms are :
a power d i s t r ibu t ion  s ste nm . a raub , i r  a l t imeter  or aerodynamic  control  su ur f , i c es

A part ia l  sy stem or .icpect systenm conta ins  all ohjechs of t ime  w lmole sy stem . hut  only a specif i ed subse t of time
re la t ions  between t h e m .  See Figure 2.2.

For exa m ple , the  to ta l  ,ict of i i a v i g a t i m m g  time a i rcraf t  can he described as an aspect s~ s t e u m i . enco m passing n a v i g a t i o n
s t i Ims ~ s tem e q u i p n m e n t  and the navigat ion procedures for time par t icular  aircraft .

2.2. 2 ~c t i v i t i e s

Procedures are proc esses or IL t uvi t  ies s tructured in combined or sequential  fas imior m to ummeet a part icular  need or
specified fum ~ t m o n  in combimi a t ion  wi th  imuman assistance w i t h  or wit h out tools and dedicated equi pment .  As such,
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l ug.  2 .2 \ l . iumo st r u c t i i r c s  ,m nd m u m u l m i s m r u c t u r c

t h ey comprise .u suh ss s t e in  in time sense of time foregoing d e f i u t i t i o u t .  I h e y  are also h l u m u ~ s~ ste ms , because t h e y  are a
f u n c t i o n  of t ime.

Flow systems c h i . i r . i c t ’ r u s t i c a l l y  immc l ude  a c a su u . ih  re hev , imm c ~ i ’etss een tIme i npu t  and o u t p u t  variables fo rming time
dynamic  characteristics of the sy ste m . I hue d ependen t  s .ur iab le s mus t  be control lable in som e way amid i m ua ~ be a coruih ina-
tion of mnf o ru na tm o n h d .u t . i  amid iuis t ru ~i io ius  u . energy and m a t t e r .  One sva~ t i  . i u ia ls ’ ze flow s~ s t e u u l s  is hx a fl oms dia graumm
s v h u i c } m  shows wh ere decisions c ,uui be t , i k L ’ tu ss h i e t l m e r  or riot to proceed depend ing  upon tIme circummmst ances.  Special s imu h o l s .
as in Figure 2 3 .  h ive been pr m f l osL ’ f  or such a c tu s  it~ ‘ . See Se ct i omi 3 \ l i ’.sio n \ m i . m i y s i s ) .

~ ess activities , whe ther  tb u ey he m a n u a l , mechanical . e l e c t r o n ic or , m t i n c r c m  sc , generally include h ra m m el mim tg  points .
If t h e  ch oice of action or deci s io u m at  t im e se p i n t s  us sague , i.e.  not ful l y de te rmin e d  by previous operat ion s imm t ime process.
t u e  composite ac t iv i ty  is a procedure . Such p o i i m t s  ui m , i ~ also depend oim inde pc ndeumt  i u i t e rmma l  s t a t e s  in time s~ s te i u u  amid
ex t e r n a l  s t a t e s  mm the envi ronme lm i 01 t i n e  s~ s t e n i u  I tme vaguemte ss at  tI m e b ranc hu immg po i u mts  require s  some Imighu c u  order
decision St rat cg~ . often convei ’ en m k provided by a Ii um uma n  (i~ie r a t u m r .  I i  t lie \l \t S is be f u l l y control lable .  t h i n s  d e cu s u m  i i

s trai cg ~ mimust , il s u be considered iii t Ime desigmm of time \l \h S S o m e t u u u u e ’ . it i s possihi le to  in ip le niemmt the st r at egy in sonic
intelligent m. ic lmunue  . capable ~h t ak ing  op t i uu ium u le c u su o u m s  in h u m / i  smtU a t io u t s .

I t , h owever , the c luu i mc e  of ,i~ t i o n i  is I i i h h v  de termined hm ~ time s t ructure  amid tIme previous oper . i tmomus , thme coniposite
a c t i v i t y  is a pr o gr ai mmme or a hgor i th i mm instead of a procedure.  Programmes or a l g o r u t h m u i m s  are also ci i I ’ s\ st ems and q u i t e
commonly use d , fo r  ex a m p le in compute r  s mu t mw , ire  . im i d in ulm an s  i n d u s t r i a l  amid n t i h i t , u r s  i d  us t i es .

2.2.3 Other Structures

Procedures , pr i g ra i n m m ue s  and .ilg orm t h im mt s  are . i c t  s i  i~ s t r u c t u r e s w f i  cli ‘an onl y  he designed in i n ’ t , u n l  once time de c us io um
is taken whicim equ ipme n t is going to me use d b r  w h a t  pmirpos c . t o  arrive at t ha t  decision in a methodica l  fas h ion, we wil l
introduce at th is  pom m mt  o t h e r  k inds  of s\ su emu s t r u c t u r e s 6 ’ 10 to f a c i l i t a t e  the breakdown f t h e  \I \lS mu m level s oh d e s c e m m d i m g
hierarchical  order m an in increasingly l i n e r  f e t . , m h  ari d in f u m m c t i o n a l  t a r t s  w i th  well defined interfaces.
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An aly sis in teru t ms oh structures is desirable for every aspect where nodal points either are necessa ry or unavoidable.
Many types of s t ructure  can he conceived : for example :

functional , des~rih ing the sysme u mm functions which follow from the list of requirements .
organic , describing the s~ st emum in terms of selected hardware / software / equipment;
st u c i o .m e e t i u i i c a l . gu s  ung man-machine interrelations.

These goal-related aspect sy stems are very important for the methodical reduction and analysis of time SIMS and thus
deserve adequate a t tem i t ion  during design. Consideration will be l imited here mainly to tbmese th ree types since thiese deter-
mine to a large extent  the capabili t ies of the MMS and an understanding of their tasks by t u e  personnel involved : the
inner aspect (ar~hitec t onic ) whose ergonomic significance is not sufficiently understood at tIme moment .

In order to meet the objectives , the SIM S must  acco ni plis fm a number  of suhfunc t ion s  ii i  the system. In this  context
function is defined as: “mode of action by which it fulfil s its purpose”t . In this c isc the action is tha t  inpu t  variables
are transformed into desired ou t p u t  variables.  Time var iables  can be ma t t e r , eimergy and iu mfor im t a t iorm .

2,2.4 Functional Structure

An example of a functional structure is time gemmeral measuring ch ianne l :  signal acquisition-condi t iori ing-compar ison-
processing-display . This is a simple tine structure . Applied to the pri u i lary f u n c t i o n  “aircraft  m ia vig a t iomi ” , the fact tha t
there are two methods available to calculate present posi t io u m . nam mi e h y dead reckoniimg and position fixing,  leads to a partly
parallel structure as shown in Figure 2 . 4.

COMPASS DEAD
AIR DATA ~~~~ , RECKONING
DOPPL ER CALCU I. A T IONS
IN ERTIAL CAL (’ ULATION POSITION .

OF PRO B AB L E ~ V E L O C I T I I S
,,,. ~~~~ , POSITION . I) I SPI. \Y

V F L O ( ’ l [ l I S

RADIO POSITION FIX
RADAR —~‘ TR A NSF O R SI A I ION S
SAT. TRACK

N
ACQUISITION CONUI1 hONl ~~~; A N I )  PROCl~SSIN ; DISPL .\Y

Fig.2 .4 Mul t i sens o r  aircraft  n i . uv i g a tmon

The closed loop on the extreme right us not essent ia l  for time f u n c t i o n a l  s t ruc ture  as su ch , but t  ma y result from aim
integri ty  aspect wb mich leads to tI m e a p p l i c a t i o n  of t u e  met h od of recursive f i l ter ing.  T imu s the p ’imii a ry f u n c t n o n  is part i ’
tioned into a number  of secondary or s c i b t u u n c t i o u m s ,  the i r  ch oice already b e iu mg inf luem ie e d h~s aspect s (condi t ions  amid
constraint ~. ) wh ich m are derived fro m the set  of s y s td mim req u i re immemits .

It  will be understood that  tIme func t iona l  s t ructure  is much closer I hhm e sv steimm purpo se tbmami is time or e , i m m ic st ruc tu re .
Technology and en g lnm e c ’ring provide the m n e t b l l l c l s  and means to imp lem u ment  each fumict io mi the organic s t f l i c t t i re  nm o de ls
the anatomy of t h a t  rea l i iat ion.

2.2.5 Functional  Flow I)iagram

It h o l lu os s t i ; . I t  ac t iv i f s  s t ructures , proced ure s. p r o g r i t u i nies . amid , i l g i t r i t h i m i t s , co.O per a t i n g  w i t h  orga ui s , .ire
hier ar ebmeatly at the same level . The functional s t ru ctu r e , being g e i m c m i c  f o r  the Im r g .m n i c  s t ruc ture , is at t h e  n e xt  hig lmem
level . fbme funct ional  flow diagram (FFD)  is t i men geu ieri c or the a c t u ’  i t s  s t r i c t u r e  of t ine  SIM S. In Figm u r e 2 .5 .un c’x . inu tp le
o f a n  FF 1) of a radio position n a v i g a t i o n  suhsys tc ’ im m is ds ’p .cte d.  in t h i s  case e x e i m m p l i f v t n g  t h at t ime deriv ed a c t i v i t y
structure us fixed and mostly laid clown in the b t a rdw .m re wi t i m I b u m m i t e d  h u m a n  in t e rven t ion ,  such as t u m i i n g .

The FF 1) sh ows tbme s equen tma l  r e l a i io i ’m s t m i p  oh t i l e  r eq u i red  t e r t i a r y  f u m u c t i c l i m s  whic lm , co inhmurmc d  in an algor i th m s 1m t.’ c n t n
cally designed lot that  purpose , t oge th e r  const i tute time secoim u f ar y  f uu i e t moim ‘‘ i ormmm p o s i t i o n  s igr ma Is ’’ Thi s i m m t u rn  is (m ile ~c I
the com i st i tuents  necessary to rea li ,e the main I unction of time su lm s vs te u mm naummel s  to ‘‘compu te and display l ’ r ’ scu i t
posi t ion in geodetic coordinates ”.

The same main  func t ion  can be rc , m l i , e i h  b y time ni l th i o d  e u i m p l o v i u m g  i ne r t i a l  data uns t e ad  of ra u tm i ’  s i g u mals  I igu i r ~’ 2 . tm
shows the 1 i D  of , im m iner t ia l  system.

— .. ..‘ ‘ ‘ ‘ “ ‘  “—‘- —..—
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Fig.2 .6 Functional  flow diagram of inertial navigation subsystem 

..
~~~~~~~ - --~~~~~~~~~~~ -- .- ‘. ~~~—..- - -



24

rime l’unct ioi i a l  h o w  diagram is also use f’ul because u uf i ts  ab i l i ty  to generate FFD’s of h igher amid lower hierarchical
order.

For exam iip l e . in t ime sequential relations h ips shown in Figures 2.5 and 2.6 , tf t e  closed arrows are seen to he of time
immtermma i  relations class. l ime solid l immes in Figure 2. 7 shmow a lower order FF1) wi th  one block between closed arrows. On
the other han d , the relat io n s showti in open arrows are ex te rna l  to the sut i systeu n s . t h ey sh ow the m: iter re l a t ions  in an FFD
of higher h ier archmica l order.

geo e Ic
coor dinates

r
searc h for
o p t i m u m

c hain table of
stat ion
locat ions

and
• determine frequencies

zone and lane
number

table of compute
position f i n e  f i x

transformati ons reading

L 

d e r i v e
ca l cu la ted

phase va lues

Fig. 2.7 Lower order FFD for the block “Transfo rm geodetic to
hyperbolic coordinates ” of the FFD of Figure 2.6

The tert ia ry f u n c t i o r m s  defined in each box depend on a process carried out 1w procedural and um i atenat  means. It is
nossib le tha t  the amm m l ysus  of one par t icular  FF 1) leads to alternative structure s or even to new funct ions  in time next
I mig h mer or lower order t ’h ] )  For instance , the FFD of solid lines of Figure 2.7 can he traded for a large look-up table ,
sh own by dotted lines , which lists  phase values as a func t ion  of geodetic coordinates. This h a s  effect on the storage
funct ion  and on the operation of the navigation coimiputer .

With the aid of the FF1) the designer may,  as early as in the explorator y phase , obtain insig h t into the required
activities of h ot h m procedural and of nmater ia l  na tu re .

2.2. 6 Organic Structure

The organic s t ructure  shows tIme d i s t r i bu t ion  of equ ipment  according to constructional cr i ter ia  such is min imum
wir ing  b e tween boxes, equipment  a rchm i t ec tu re . access ib i l i ty .  nmaun t c m i a u mce  aspect s . 5  geumera l  purpose computer has a
fixed organic s t ructure , its funct ion being control l ed by tIme so ftw ,i re. ( ‘h anging time fune tmon  means loading a different
programme.

From t hmus  example  it wi l l  be clear th m a t  t h e  blocks ium t ime  o r g . mm i mc s t r u c ture are system c u n n u n p o n m e n l s  or subsystems.
These blocks , by muma l ogy ,  can he ter u mmed lu r g m ns ;  a n l u m n l l n m  eq uivaletm t to t h a t  in b m o scm c mi c e s where a hand or a liver are 

..- . — .. ~~~~~~~~ ‘~~~---- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



organs in a physically integrated subsystem , while the motori c nerve system is physically dis t r ibuted subsystem. Organs are
ph ysically integrated sets of components or subsystems , designed for a sm all number of well defined functions in the total
process of the system. In this sense , software modules or subroutines also comply wi th ,  the def ini t ion.  These organs are
operated through programmes , al gorithms or even procedures suchm tha t  the specified funct ions are accomplished.

Figure 2.8 depicts the organic structure of a navigation system consisting of three sensor boxes , a navigation
computer and a dedicated ins t rument  panel. Time four “boxes” are located in the radiorack or the instrument panel in
the cockpit; this particular distribution being obvious whemm one considers the aspects of use and of maintenance.
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RECEIVER PHASE RECEIVER I NTERT I AL

tIJDIJLES t~EASLFE!ENT t’U)ULES SEN SORS

A T O D PHASE
Cc~iVERSlctl Cc~4’ARI S’ZS4 

I
frE~ JRY _ _ _

LID C~~IVERT i
I/O BUS 

~%°~B~~ ~~~~C?~
VERTOR

~
A~~PTER 

~
1
~

PTER 

~ 1~~~PTER

I!
NAV 1GATI~~ CI~’1’UTER

~~M~ Y D~~ICATED I/O BUS

(~U)IJLES PROCESSOR 
[~~~~TER

SCRATCH TIMING ,

PAD C~tiTROL

NAVIGATICt’1 PNIEL

MANUAL I POSITI(I’I FWE
I AIINISORY

INP U1’ DI SP LAYS DI SPLAY

Fig .2.8 Organic s t ruc ture

2.2. 7 Socio-technica l Structure

The socio-technica l s t ruc ture  is the network of in ter re la t ions  between human act ivi t ies  and equipment activities.
It can he derived only when the ac t iv i ty  a l locat ion and the choice of the or ganic structure have been made. To this end
the process-oriented procedures should he supplemented with equi pment  support activit ies . md with  addi t ional  tasks as
may be required by management.

Af te r  ac t iv i ty  analysis it wil l  become apparent tha t  the activit ies can be grouped in four collections:

( a )  Those perfornmed by equipment  only, in some cases monitored ;
(b)  Those carried out by human  operators only;
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(c) Those performed by either equipnment  or tmu mi m a i m operators , time chmo u ce being dependem i t 0mm ex t e rna l  condit ions
and/ or constraints,  possibly even being programmable ;

(d) Wh ich can only be done in cooperation between equip m ent amid i tu i mman operators.

l ime resu lting ac t iv i t i e s  can be grouped in to  tasks , whmic l m mimust  be dis t r i t m uted m m  t imu m e such t h at t ime result ing jobs
comply with biolog ical and social imeeds amid cons t r u in ts .  ..\ ct iv ity a ll ocatiomm w ih i  he fur ther  discussed in 2. 3 .2.

2.2.8 .tr chitecture

Th e  organic structure determi umes considerably tIme perception of time svs te ml m by time operator ; iii othmer words its
sensory architecture. The pilot sees knobs and ind icators  which play a vital  part iii imi s n a v ig at io im procedures . for ex amimple
the maintenance crew sees boxes , connectors , cabling, energy-commsu m npti omm , ca h ibra t iomm co m mtro ls , and s t a t u s  ch ecks, To
each operator a diffe rent aspect of the system is mneanim i gfu l . for instance the ins t ru m ent  panel should bear a strong
relation to the function of the system as perceived by the p ilot .  l ) i f fe re nt  shapes , sizes , colours and other presentat ion
aspects can help to ident i f y partial funct ions of com itrols amid display s (see Chapter  I i .  to fac i l i t a t e  thme i r  connect ion to
procedures and to thi a t  part of imis a c t i v i t y  per ta ining to umavigation for e x a i mmp le.

Figure 2.9 is i l lustrative iii this  respect. (‘om impos i te  a c t i v i fme s  allocated to h u m a n  operators are tasks , thmeir  s t ruc tu re
being derived from time con t r ibu t ing  procedures amid the system funct ions to be achieved.

The structure of activit ies pertaining to the tasks reveals niuch of the s t ructure of FFI ) s in time ( sub )s ys tem whm i ch
toget h er , in relation to one anotimer and to time outside world , com i s t i tu te  the fum i ct iona l  a r c i u i m e c l u r e . It  mimaumufe s t s  i t se l f
for instance by time l eumgt h m of procedural act ivi t ies  between decision points , by tIme number  of decisions per u n i t  of t inme ,
by possible combimmations and sequemmces of operations , by the required select io n , education and t ra in ing.  by work ’rest
cycles and so on (see Ch apters 3 and 4 1.

2.3 DIVISION OF THE DESIGN EFFORT

2.3.1 Introduction

It is essential that at the start of a desig n i e f for t  time MMS ob jec t ives  are precisely kuioss n to the fu ture  user; to time
extent  that  these are vague , the resulting sys te m will  he imprecise. i t  is also essential tha t  tIme user h i s  suf f ic ien t  wisdom
to refrain from defining for himself the imardware configur at ion to be designed by the designer. Further , it is considered
essential tbmat both the user and the designer together translate the objectives into MMS r equi rem ent s . and that  they will
agree on ini t ial  conditions and commstrainm s of a general na tu re  tha t  shall apply to t u e  design ; e.g. cost cei l ing,  envi ronmenta l
factors , human factors , ethic and aesthetic considerations , (see Figure 2. 9) .

A number of analytical techni ques are applicab le. The timiie span of deve lopmmient  and desigum is divided imit o  several
phase s (su chi as exp loratory phase , analysis  and p lanuming ,  pre l im i mmary desi gn , detailed design , test p hmase and operational
introduction. 2 ’3’5 Parti t ioning of the design project into aspects wh m ic i m each require special mono-disciplinar y a t ten t ion
(such as those concerned with the formation of project teams ) also is conmmon practice tm2 f t ’ig .2 .lO).

Aspect systenms provide the condit ions and cons t ra in t s  in the process of imp lement ing  SIMS func t ions !

Further , the MMS itself may operate in different regimes which tend themselves na tura l l y to segmentat ion.  For
exampie , in a i rcraf t  these are the phases of fl ighi t (shielter . t . nx i ing .  take-off , cruise e tc . ) .  However , the fol lowing sections
deal with the possibility of par t i t ion ing  the desigum effort  into general elenients whic h always occur in each equipment
design .

2.3.2 Structuring the Design Process

In each MMS both the man amid the machine are process operators. Together they bring about a change of State in
the envi ronment  of the system in accordance wi th  the system objectives. Thus . t u e  sum of t u e  activities of the SIMS is
the funct ion of the system as defined earlier.

In an aircraft , the sunm of the activit ies of subs y s teuns  such as wings , fuselage , control system , propulsion , p ilot e tc .
is to m ake the aircraft h ly ;  which undeniably is the func t ion  of the MMS. I ts  objective could be to deliver , at a specified
t ime  and place , a load of objects in the form of mat te r .  The same function of “controlled flight ” can ful f i l l  other
objectives such as reconnaissance (a load in the form of information ) ,  recreation (pleasure flying, airborn e broadcast of
I V  pro gramu m ies) .  or systeumi va l ida t ion  ( ( l i ght  testing of airborne equ ip m ent ) .

‘flmis s imp le example  i l lustrates how di f ferent  objectives c m i  he ac lmieved by time same fummct i on.  Isee tipp e r part of
Fugure 2 . 1 1 ) .  Every function is carried out  by a sui table  co m m ihinat ion  of h u m a n  and ma te r i a l  ac t iv i t i es . i.e. each funct iomm
is re alized by a chosen ,m ’thod. General ly,  there is not a one In one re l at iom m sh ip h etw eem m func t ion  and nme thod . because
for the r ea l i i , mm ion of a function often several nm i e t hm o u fs  can he used (see Figure 2 . 1 1 ) .

~~~~- .  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .~~~~~ --~~~~~~~~~~~~~~~~ — -—--~~~~~~~‘- —. —---. .



______________ — ~~~~~~~~~ . . .~~ ~~~~~~~~~~~~~~~~~ -, -. -.-.

~~

- —,-.—.,. . . . ..- .- . -- 

27

1~I1 ~
J 1 0 U  

~
‘
~~ ~ . ~~~.-. o 

~~~~~

_ _  _ _  

‘:1
11’ i’t lb I!~ 

___  

LI ~
~~

~~1 OI . ’ >. u U

i .e u• • ~~~~ —
_ •  ~~~~~~~e~~a e  L U S

L.. .



_ _  ~~~~~~~~~~~~~~~~~~~~~~~~~

Ground
Control  regu la to ry  air l ine
ob jec t i ves  requ i rements  requ i rements

3 1[~~terna t ive  desi gn
p r o p o s al s

ergonomic
aspect

-- 
_ _ _ _ _ _ _ _  ~~IT _ _ _ _ _  _ _ _ _ _ _ _ _

F environmenta l1 I t r a f f i c  1 [E DP navi gat ion .
I ~~ .—a.f handl ing ‘. ,

~ 
s o f t w a r e  . . commun icat io n

[~
sp e c t  

] ~aspec t  [aspect aspect

pre l iminary
d e s i g n

I ’ ig . . 10 \ spcc t  breakdown of AT(’ design project tearmm

Once a pa r t i cu la r  met h od is selected . there are a s .mr k ’ty of e q u i p m e n t  and procedures I o u e an. .) for i t s  imp l emmienta-
t ion.  Thus the n iethodical  anal ) sis can lead to a tree w i t h  a very wide base . In order ho keep time design effort w i th in
acceptable proportions one Im mus t  he very selective un the  upper le sel s  of analysis  ( r equ i r emen t  amid function , possibly also
method) ;  using preknow ledge of the possible e f fec ts  at lower levels especially in time area of h muman ac t iv i t ies  l e g ,  degree
of auto immat ion ) .

I objective 1 ] object ive 2 I object ive n

function

I method 1 1 I method 2 I method m

[means iJ Imeans~ Imeans j~ Imeans 11 Jmeans2l fr~eans k1

~~~~~~~~~~~~~~~~~~~~~~~~~~

Fig .2. I I  Realization tree with “function ” in the cent ral positio n 
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In Figure 2. 1 1 a re alization tree is depicted with time notion of “fummct ion ” in the central position. This si tuat iomm
occurs for nmass produced “general purpose” equipment.  Usually the designer is unaware of the precise objectives of its
user; most computers belong to this class.

(‘onversely. in the design of goal-directed or dedicated equipment , this rea l isation tree m ust have only the precisely
known system objectives as its central sources; it becomes the MMS design tree. The tree characterist ic is , for obvious
reasons, often not shown in block diagrams of design processes, In tern ms of system s t ruc tures (2 . 2 .3) ,  the relation with
the subsequent level of Figure 2 . 1 1  is shown in Figure 2 . 1 2 .

FUNCTIONS

FUNCTIONAL _______
STRUCTURE

METHODS MEANS

FUN CTIONAL ORGANIC
FLOW DIAGRAM STRUCTURE

ACTIVITY
STRUCTURE

_________________________________ (‘ONDITIONS ,
CONSTRA I NTS

Fig.2. 12 SIMS design tre e

A typical exa mmiple of the design process , but ex t remely  sim i mp h ifi ed in order to emphasize thme basic “objectives-
functions-methods-means ” sequence , is shown in Figure 2 . I 3.

Reiteration , so characteristic for every creative process , is symbolized by the mm i any feedback loops. For instance .
take time block “Transform geodetic to hyperbolic coordinations ” in Figures ~.5 and 2 . 1 .  This function cami be realized
wi th

(a) the aid of a look-up table:  or
(b)  a coordinate tr ;m nsformat io u i  computa t ion .

The ch oice has consequences on both computa t ion  time and storage vo lunme.  In time case t h at “computa t ion ” is chosen,
the designer is still  f re e to

I c )  operate directly on the original ;m r m ;mhog sig m ma l format , or
( d l  to choose for A t) commversion.  This h a s  consequences on weig h t , power consumption , accuracy .

lie may also choose

(e) open loop, or
(f) a feed back type cormmputa t ion .

‘[hius he has in th is  example six a l te rmia t ive  methods to realize time partial  funct ion.

Reiteration takes place by compari somi wi t im the a l ternat ives  of other  partial  fu m i c t  ions , by comparing against i mmit ia l
design conditions and using practical reasoning. Time la t te r  would probably po in t  to time comhinat io mm (ade ) :  digita l open
loop, full look-up tab le; because a d ig i ta l  signal formm i at is already required for reasons of accuracy , and Programmable
Read Only Me n m n o r y ( PROM ) is easy to use and much cheaper t h an other digital  al ternatives.  T lmis shows that  the imple-
u n e u m f a t i o n  (PROM) in f luenced the choice of the method (ade l instead o f (h de ) or (hdf )  because of another (economic)
aspect.

T i i i s example  i l lu s t r . i tes  the review sequence. .5 s imilar  met imod can he applied to more complex designs. A
c o i m m p u t e r  may be used to aid the design and assist in t h e  selection of a l l ernat ives  bs predic t ing  composite consequences
at an operations or sys t emmm s  level.

The allocation of act ivi t ies  to men , the grouping of act iv i t ies  into proced tires . then into  tasks and into jobs , requires
organizat ional  discip l ine in tIme design project , as shown in Figure 2. 9 . An example of t i me relat ive freedom in allocation is
found in the auto-pilot as ,m back-up device for the imuman p ilot.  This has inner  loop amid outer loop aspects. The inne r
loop may contain suc lm itc rm ms ms t ime ’ s tabil ization amid control servo ’s and actuators.  T h e  outer loop employs flight data
and provides course teedh ma ck .
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Fig .2 . l 3  Rei tera t ive  design loops

The operation of time m imer loop mimay depend on datuni  control signals from time human pilot , or ac tua l ly  be
controlled by a human pilot , or he fully au tom i mat ic .  The same us true for tIme outer  loop, and every conm h inat ton is Ope n to
the designer. His choice shall , among others , depend on his knowledge of the capabilities of the average pilot . As such ,
Figure 2. 9 i l lus t ra tes  muc h of the subject ma t t e r  of this advisory report.

Time performance of the MMS depends on tIme weighted sums of thme capabilities of hoth i the tec umno logical part of t l me
system and the h uman operator , involving time degree of matching between system properties (equipment ,  process
activit ies)  and human factors such as inner  representatiot i or mental  model; informat ion handl in g  c a p a c i t y ,  motorie and
mental  skills , selection and training.

2. 4 T H E H U M A N FACTOR

In the activity analysis and the subsequent a c t i v i t y  allocation of Figure 2, 9 (lie re l at ionshmips of aspects including
timing,  speed , accuracy, computat ion , energy expendi ture , anti s trength become tangible.  They can also he ident i f ied
quan t i t a t ive ly .  Those activities which lie wi th in  the human aspects profile , can be allocated to man.

Tradit ionally,  the operators ’ ab i l i ty  to perform a specified task  us measured fol lowing an outline of aspects such as
listed in Table 2 .1 .  
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l ’ht m s table is suggested by V. David h iop k m n i3 . wIn ch gives an exce hie mmt exp’.msé of huniami factors iii the ground
control of aircraft .

t ABL E 2.1

I .  Biographical  requirements:  age , sex , na t ional i ty .  experience in job . o t h e r  re levant  experience ’.
2. I’hi ’, s t c , m i  and Ph ysiological requirenients:  a t t a in im i en t  of medical standards , gemmeral heal t h , physique .

st rengt im , endurance of or resistance to fa t igue , tolerance of minor  physical  emmv u ro uu unen t a l  stresses .
ad aptability to work/rest cycles.

3. Sensor) requirements: auditory , visual , tactile . k imiaes the t ic , sensory in t erac t ions .
4. t’erceptua l requirements :  speed , , i ccumac y  and abi l i ty  to d isc r imimi a t e’ in eac h m seumse modal i ty .
5. Information pr ocessing requirements.

6. I’sy chonmotor  requirements:  m uscular co-ordination , h u e  co-ordination , d e x t e r i t y ,  m a n i p u l a t i v e  abi l i t ies ,
~om p a t ih i l i t y  between s t imulus  and response.

7 . Verbal requirements:  language(s) spoken and under ’ .m ood , verbal f luency,  clari ty of expression.
8. Knowledge and Skill  requirem emit s’. academic knowleni~e . practica l knowledge , t ra m nm u ig  records , abi l i ty

to apply kumowledge , skill in job procedures . pr . mct ica l  judge mnent .
9 . Educational require m ents: ha~ic educational q u a h i h i c . i t i o n m s . add i t i ona l  qual i f icat ions  recent a t t a inments ,

courses at tended , future  educat ion.
10. M enta l  and Cognitive requireme m mts :  gen eral intel l igence , verbal , numimermca l . spatial and mecbmanica l

abilities and aptitudes . reasonimm g, short term i m and long ter u mi nmemory , a b i l i t y  to iminovate , fie’. i b i l m t y  of
t h i n k i n g ,  abi l i ty  to learn from experience , a b i l i t y  to fo rget or discard mu mappropr ia te  behaviour.

I I .  Clerical requirements:  speed and accurac y in associated sensory , perceptual , i n tel lectual  and psycho-
motor funct ions . pre p. i rat ion and use oh job aids

12 .  Personal r e qu i r e m e umts  general personality,  specific personali ty trai ts , personality profile , personal
appearance and habits.

13. Social requirements a b i l i t y  as a team me m ber , t ac t , leadersimip . nmorale , a t t i tudes  towards superiors ,
a t t i t u d e s  toward s subordinates.

4. Interests and Mot iva t iona l  requirements:  .mCt i s  t ies and behaviour  w b mic i m rel lect mob inter e st  and j ob
satisfaction , need for challe n ge and eff ’ort  in job , oppo r tun i t i es  to use ski l l s

I S .  fcmot ionai requirements: emotional  s t ab i l i t y ,  per sev~ rance . tolerance of s a r v i u m g  ~e o r k h o d  conditions ,
response to stress, response to horedomm i .

Since these aspects are , wi th in  the boundaries of their  v a r i a b ih i t v . fixed da t a  it is necessa ry to compare the required
level of effort  against the hunman endurance profile.

Many human factors handbooks 2° provide su ch data.  Endurance is uu ig i mly s anab le  hut  also adap t i s e  m i m a t h e n u a t m c a h
nmode ls such as transfe r funct ions  niust account for such non- l inea r i t y  in actual  stress condi t io u i s . \1,,nn could be conceived
of is a cybernetic being; wi th  the ab i l i ty  to make decisi ons t inder ambiguous cm rc lm ms tanc e s . able to  learn and to change
fmms mind , to test and to val idate , to fals if y , or to judge usefulness , each change of s t a t e  .ofd imm g to his experien c e Psy chic
stimulus/response (SR )  models can be tested pa r t i cu l a r l y  in a s imulated env i ronmmient  s s n t h i  s a r mo us  condi t ions  oh igoaF
der ived)  menta l  and physical load. The operator ’s ac t iv i ty  can he far more comimp lic . i t e d  than time designer ’s ac t i ’. m t y
analysis predicted , and every action is an oppor tun i t y  for error,  h l u u m m a n  r e l i a b i l i t y  t imus has become time object oh
study i4 . m ~~

As a pilot , man will use hmis own sensors and his observatiom i o indicators i c o n m t r o l  both the inner m d  ou te r  loop
h i t s  abi l i ty  to coordinate and his social a t t n h u t e s  are called upon wbmen otbmer poeople . in t ime a i r c r a f t  or on the  grom ui md , are
also involved in the task.  A generalized diagram of factors cont r ibut ing  to man in a control t us k is depict e d in Fmgii r t ’
2 . 14 .

Tbmree basic areas can be recogmi ite d t h e  geu it ’ra l aspects of workplace , j ob and educa t ion , a nd time loops I i  amid ( 2 ) .

The second hoo p has received the most a t ten t ion  f o r  the l.is t t h i r t y  years m~~m R an u f is kn n ss mm as I h u e  control 1oop to

“inner loop”. Governing parameters are vehicle dynanmies .ind phmysiologic .il speed limitations t nesiro-muscular dvnamm iics
and so on).

[he firs t loop (deci sion loop or “outer loop ”) is of .i much  more complicated nu,mmlt r e . m uis ohv i n g  cognit ive abi l i t ies  and
l imita t ions  of time bmuman  f , mct o r ’9 whic h are mission dependent.  Few research results iii  thmi s  .m rea are . m u a i l a h k  to designers
and time l imited data available , falls short of the re quirements  concerning o p t imi z ,m m i on  oh \ i \ IS  c apab i l i t y  through b e t t e r
use of human resources. It  is h ighly  advisable to direct more res c ,mr eb to time cognitive elen mments  c o n t r m h u t m m m g  to the success
of the mission , hu t  in an engineering, q u a n t i t a t i v e  fashion.
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aspects of external at tr ibutes
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The third area is that of the educated , trained , still learning hunman processor using his short term and long termmi
memories, and psychomotor skills. These are applied tinder the influence of l mumiman reactions , needs and constraints .
such as fright factor , motivation , overload , adaptabi l i ty ,  habits.  Education , and h i s  individual  view of his own role , largely
deternmine the p ilot~s internal representation of his w o rk iU . Being highly personal , it  can deviate  considerably fro m the
designe r ’s iniage of the work , time cockpit and the pilot ,  Consequent ly ,  designers must  keep iii close touc im wi th  pilots
so as not to stretch thei r adap tabili ty too much and , vice ve rsa , non-na tural parts of the pilot ’s task mus t he trained to the
ex tent that the internal representation of pilots become congruent as required in high-stress situations.

Good, trai~sparent functional and soclo-technical structures of the MMS are a great help to cope with  unforeseen
situations: one cannot depend solely on thorough training armd briefi ng of time pilot. Moreover , in a wel l-designed MMS
the learning period will be shorter.

Decisions strategies are closely connected to the operator ’s internal representation of the MMS. Generally, they are
formed during ins truction and excercises , and improved through m ission experience. In turn they determine the choice
of a specific (corrective) action , given feedback and trend data oim t h e  behaviour of the aircraft , As tim e flying experience
increases , the pilot relies more on predictions of trended data for his choice of corrective action. Also durimmg penods of
mental stress there is a tendency to relieve the wofk load in this manner .

Corrective action is applied only when the actual s i tuat ion is considered to be deviating from time desired. The lat ter
is effected in an open loop fashion , exemplified by the Figure 2 .1 4  box “mission amid M M S  derived procedures ”. w im k h
also would include basic conditions for functioning of the biological system.

Both open loop and corrective decision loop procedures consist of sequences of partial programmimes. their type and
sequence being adapted to what  in the actual s i tuat ion is needed , (see Figure 2. 15).  Such procedures must , of n ecessit y .
be part of the MMS design if several MMS are to behave in e \ac t ly  the same way with comparable st iniu l i ,

The partial programmes should be oven learned pat terns , which are carried Out almost subconsciously wi th  the
required degree of precision.

However , the choice of such partial programmimes and their  sequencing is not alway s a rout ine m a t t e r  and can pose’ a
decision load on the operator. The strains of unexpected events requiring quick evaluation and corrective action. carm
over burden the pilot. The normal procedures which are mission and MMS oriented should allow for sufficient  resets e
capacity in this respect.

2.5 CONCLUDING REMARKS

In the design of aircraft  a most important  factor is the balance obtained in matcf m ing the pilot ’s inne r  repres entat ion
of the MMS , its objectives and his  power to achieve th em, to the MMS functional  a rchi t ec ture  as conceived by the
designer. The functional architecture is large ly determined in the definition phase and prelimina ry design phase’ of a
project; and with it the degree of use of pilot ’s capabilities as a system controller.  For that  reason ergonomic considera-
tions must guide the conception of new aircraft amid its parts. The sensory architecture is main ly determined in the
realization phase and anthropometric, physiological and information handling require uu ienm s mumust he met.

Currently, modern technology is providing means for obtaining valid behavioral data in simulators . Additionally.
feedback from actual pilot ’s experience provides important  qual i ta t ive infornmat i on .  Sucim procedures, hots ever , are ill
suited to computer assisted design methods. Thus it will be in the interest of the aerospace community to direct part of
its research potential to the non-technical nsan-machin e interface aspects with  t h e  aim of obtaining harder . useable data
leading to more precise elements in the MMS capability matrix.
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Section 2

CHAPTER 3

PiLOT WORKLOAD QUANTIFICATION FOR AVIONICS DESIGN

Recent avionics develop m ent has been in the direction of increasing comp lexi ty ,  cost , and separation of aircraft
control fro m the hunian pilot .  One current (underlying pimilosophy in aviou iics design seems to be to remove aircraft
control from the hunman  pilot whienever time require d fl ig bmt profile requires h ini to h andle fl ight  informat ion at a rate
beyond imis inherent  capabi l i ty .  This phi losop hiy imas probably resul ted in avionics over-aut omation A properl y posed
avionics system design problem should include human capability constraints cast in systems engineering terms. It is this
modelling of huunam m capability whic h will be treated tmere .

3.1 CONTROL THEORETIC HUMAN OPERAT OR MODE L

The basic tenet oh ’ human operator modelling is timat a pilot is an informat ion processor-controller comprising an
element in a cormtro l loop, The goal of this  approach is to describe the operator mat l mema t i ca l l y  so th i at  a t o t a l  system
engineering analysis can he performed on the aircraft  using t lme pil ot model A comp lete model should feature control
adap tivity and discreet decision processes: howe ver , as a beginning ,  far mmm ore t ractable  models can be constructed (and
experimentally verified) by comisideriuig the case of a imuman operator in a s ta t i s t i ca l ly  s ta t ionary feedback control
situation.

This viewpoint is clearly evidem i t in two human  operator models , which imave received widespr ead a t ten t ion , the
crossover model of McRuer 1 and the opt imiia i  control model of K l e in imman 2 . The former bm as provided a basic under-
standing of how the human  operator adapts to differing control ta sks and has been gemierally successful in modelling the
operator controlling simple , prototype p la u mts while the la t t e r  lends itself more readily to complex plants character ised hy
a vector of states. Both models suffe r from the requi rement  of system l ineari ty  and an imposi t ion of considerable ad hoc
structure . Additionally, workload model l ing .  which is cer t . i in ly a central  issue in avionics design , does not seem to be
im andled na tura l ly  by eit imer model. Workload encompasses no t only  pi lo t ing tasks hut also the stresses encoun tered in
flying modern high-performance aircraft (e.g. ‘g’ forces, vibration , heat , hypo x iat .

A state-o f-the-art  application of the opt imal  contro l model (K le inman modeh to the design of av ion ics  equipment  is
provided by Hess 3 . In this  report a ime l i c opter  fligim t dire ctor is designed to disp lay an op t i tm ium number  of l imi ted
variables in a desired priority and display configurat i on . which pilots will accept. T u e  paramount feature of Hess ’ work
is his der ivat ion of a re la t ionsimip between a ni in i umiummm c r i te r i on  funct io ui  J( ‘I amid t h e  Cooper-Harper p ilot ra t ing  scale 4 .
Hence ,

R c11 = k G)

tshere R~ii is time Cooper-h arper rating and R(J) i s a  monotone func t ion  o f i :  therefore,  display configuration can be
selected by a simulation which search es for the configuratiomm wh ich globally nmmn inim w- s J. While tIme utility of Hess’
approach is r iot well established , it is an organised app licatiomi of human operator modell ing to avi om m ics design. A natural
extension of this  approach would he to include economic factors in thie cri terioum fummct ion  amid incorporate a more
inclusive treat imment of workload .

3,2 INFORMATION THEORETIC HUMAN OPERAT OR MODEL

Maim ’s u umheren t  versatile adaptabi l i ty  us the single cogent argummment for keep imig hi m iii the cockpit , hut it als o miiakes
workload quan t i f i ca t i on  d i f f i cu l t .  Confronted w i t h  an increasing workload , th e ’ b iuman C o lu t  ollee wil l  f r equen t ly
mainta in  his perf ormammce iii termm m s of t rad i t iomia l  um easure s (u mmean square error , t ime on target)  it a i~ la t ive Iy  constant level
unt i l  a crit ical  workload level is reaci ied at wimicim c :m ta st r o p hmi c  failure occurs . Timis is depicted iii Figu.re 3. 1 . Thus,
predic t ing approach to the critical workload level W~ is a requ ireni e’nt of .em y nmode i used in avionics o ~sig mi Apparen t l y
acceptable performance may be demonstrated at workload levels near W~ but  the overall sys t em should not he rated
satisfactory if a small increase in workload dime to an addi t ional  stress (hypoxia , g-force ) would result in :alastr op hm ic
fa i lure  of time p i lot -a i rcraf t  sy s t em.

~~~~~~~~~~~ - - - --~~--
, , - . — - ,



A recent attempt to deal with pilot workload more directly mnarks a departure from traditional control-theoretic
modelling of the human operator , in that  information theoretic techniques are used to delineate functional information
partitioning in the stressed human controller. It has features which suggest it may be useful in moom ’lling for optimum
avionics design. As this model is not widely available in the literature S , it will be briefly discussed and a simple example
provided , The imposed model structure is shown in l”igure 3.2. The elements  of the human operator model may he non-
linear , time-varying, and noisy ; in any case , they need not be specified a priori , or sought in the model’s application.
There are only thre e points which must be kept in mind :

(I) “Goodness” of performance is expressed in terms of entropy reduction, ~H, due to loop closure , i.e.,

.~ l l  = H(X) s i l L )  ( I )

where l i t ’ )  is entropy defined in the usual int ’or matiomm theoretic sense

H( a ) = fin Pa(&i Pa(h)d&

and Pa() is a probability density funct1on.

(2) The time evolution at any measure point in the model is assumed discreet (i.e., the data are sampled).

(3) The controlled element or plant is infornia t iomm preserving. Perforr miance measure in term s of entropy takes
sonic gett ing use d to on the part of the s y s t e u m i s  analyst , who needs to recognize that  entropy and v ariaumce
are mon otonica l ly  related for a large class of s tochast ic  processes. The requirememits of data in sampled fo rm
and a deternminist ic  plant  slmould present no significant res t r ic t ions .

The central  mathematical  result of th m e infor imia t i oum t lmeoret i e  model s ta tes  that  .Ml is always a difference between
two inform ii at ion flows traversing time human operator ,  vi z. ,

.~H + I ( X : Y ) — l ) l : Y )  ( 2 )

where

I’a , 5( b , u~)
I( cs;Ø) = Pcs.)3)b , ,~) In — d& d 9

Path ( I  4 (7 7 )

is the t r ans informat ion or in fo rnmat ion  blow rate frommm a to 0. Timus Equa t ion  ( 2 )  reveals t h a t  a given performance l e s e l
may he achieved by a range of informat ion  flow par t i t ions  bet we~’ui time pe r t u i r h ing  f u u ’m ct ion  N and the operator o u t p u t
Y , and the system error E and the oper ator  o u t p u t .  Hence . esen tlmoug lm performa’ ’ t e rm ’.i’. oI .~I I  (or equ iva len t ly .
in most cases , mean square error )  ni ay r enmain unchanged b r  changing work loads . .o ~cs . .n F igure  3 . 1  . cou isi der , shl e
adaptation may be tak ing  p lace as the hmuu n an operator divides his inforummat ion  processing cap acim ~ bet ween the i N  .‘~

‘ I
an d (X ~F ’ channels.  Th at is , I (X~Y )  and l ( i  . . Y) m a y  bot h increase or decrease toget lmer while .Ml remains constant .
Bounds on m a x i m u m  values of I ( X : Y )  and l i i  :1) will  exist  because of inimerent  humaum l i u t mi ta t iom i s  on rates at w l mic i m
iu i f ormat ion  can he perceived and process ed by time CNS amid actiomis executed by time neurou m motor  sy s tem.  S u c h a hound
is known as channel capacity in time language of in format ion  t imeory . These concepts are pre sented grap h ically in Figure
3.3 wlmere isoentropic curves are showmm for various levels ot per foru m m a umcc.  Time chasm of time information theoretic model
is t imat  with increasing workload and constant  perforu nam mce . the operat ing point  no s es  to tIme right .mlong an i soemi t r o p ic
curve . ‘fins will he dcnionstrated in the example.

It  is imi teres t ing  to plot  performance , ..~i i , vs in fo rnmat ion  floss in m hme t E  i t  channel  as show im itt l~~ Ure 3.4 ‘so i~
that  performance decreases rap id ly  (catastrophic t a i h m i m e ’) w h e n  time operator mmius t process u u m t e i r m m i . i t i o n  it a rate exceeding
tl m e d i f fereumcc between lmis channel  c .m p . ic i t y  and h i s  es tabl ished perforu i man c e measured in e n t r o p y  u m i sm s . this  difference
is t ime max imum error pr oce ssi i ig rate b r  n ma iumta i n i mmg time specified level of p’~rfo rrnau ice.

Of course , the operator could ‘‘ reg ress ’’ to an isoentropmc curve represen t ium g a lower level at p er lormance w l tuc h i  he
could t l men m a i n t a i n  un t i l  increase d workload a g.u in  h r o ug b mt h mim to his error proc essing cap ,~’ I t y  for the new (an d lower )
level of performance.  Thus “Ent ropic  regression ” is the informat ion  t h e o r e t i c  e e iuuv a l en t  ‘1 \ lc . r ~’me r ’s “crossover regres-

lknce , the oper ator will  e i t h e r  regress smoothly down a p erformance curve or ss ill regress s;epss se as sh own by
the dotted line in Figure 3. 4. Thme precise manner  of regression ss il l  depend on time task and rate  of workload increase.

An example wi l l  now be presente d which ,i eiei r e ss eei t ime  efl ’eet of requir ing the operator to t rack  in creasiumg uiuum ih e r s
of degress of freedom. l , ach i  degree of freedoni is assumed to he t racked indepe u mdent l y by a s im ple  “ga i mm ” lmu man
operator control l ing a “gain ’’ p l a u mt .  As sh own in F ig u re  3.5. a~~

2 is l Ime noise var i a umce of t I me i tms t r sm me i mt  p re s en t i umg  the
error associated wi t h  the it h degree of freedomm i . In t h i s  example , it  m s , i s sunmed t h a t  t Im e iu mheren t  ins t rument  noise of each
disp lay device has variance °d

2 and tha t  the  a t t en t ion  t rac t ion  gi ve r m t o  the ith des ice is i’~ No other  tasks are required
of the operation; therefore

n
.~~~ f 1 

=
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where n number of degrees of freedom tracked , and according to a reasonabl y well verified mm i o d c l developed by
Levison 6 ,

2 0J 2

For the simpl e exa m ple presented here , we assume equal a t ten t ion  given to each instrument so that

t’i = —
n

and

an . 2 = ad 2 — n -

The per turb ing  function X is assumed to be stationary Gaussian randonm process wit b m variance ~~ amid the  noise
associated with  the display devices is also taken as Gaussian. Under  these assumptions it is readily establ ished tha t  the
loop gain-product for each degree of freedom . K 1, K c .  must sa t i s fy  the quadra t ic  equation

2 2
( K ~ K ) 2 ~~~~ — e 2~~ + 2 ~~~~ K . K .  + —a—- ~ I e2’~~

t I = 0
I I  ~1 0~~

2 0uu 
2 P

svh.dm y ields real solutions for K~~K~ if and onl y ml ’

,2m U � ~ in(— ~
3_

2
- +

thus , the max imum performance hound for our ex anmp le is

- / ° x
2 I

~ i -I~~~ /deg of freedom ~ In j —~- ‘ — + I
n

which is plotted in Figure 3.6 for several sigmial-to-noise ratios .—- . Note  that  if the required performance is in excess

of this bound , control of some of the degrees of freedom must he handed off to avionics or a lower level at  performance
accepted. Also , the importance of display device design to mm i ini m n iz e observation noise is clearly demonstrated.  lo
demonstrate the use of t u e  isoentropic curves , operat i n g points for several workload levels are shown in Figure 3. 7 .

/ 0  2

Note that  as workload increases ( -‘—
~~

—
~
‘ decreases ) the operating point moves to time righ t requiring concomitant increases

\ O ~
in I ( X :Y )  and I ( E; Y) .  Thus two impor tan t  factors in opt in iu mn avionics desi gn are the required performance level ~ h 1
(usually mission determined )  and the required informat ion  processing reserv e (a satety factor . V~ it l m t imese factors spec i-
fied t lmose designs achieving ,~ i i  would he searched to de te rmine  which avionics confmgurat ioui  would result in operat ing
points  furthest  to the left along time correspoumd ing I to  .~ i i  isoentropic cu rve. Such a design csou ld allow a n m a x m t m i u m
processing sense before channel capacity is exceeded.

3 .3 SU~1M ARY

The information theoretic human operator model provides a na tura l  con tex t  for q u a u i t i h y i n g  pilot workload ,
designing opt imum cockpit displays , and con f i gura t ing  avionics under  workload c ons t r a in t s .  I t  also embodies  the
principle tha t  the pilot should share control  wi th  avionics instead of hand it ig off control  em i t i me ly  Research is currently
underway to relate pilot  ra t in g scales (e.g. Cooper-Harper scale ) to entrop ic workload measure .
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Section 2

CHAPTER 4

TRAINING IMPLICATIONS

4. 1 INT RODU Cti ON

Frc m time firs t figtmt er aircraft  of World War I t o  the advanced systems of today ,  the fascination with  techn ology has
resulted in a tendency to opt imize the equ ipment portion of a system , somet inies a lmmiost to exclusion of con sider ations
for the human who must  operate the sys tem.  This trend toward auto m at ion amid sop histicated equipment  has apparently
contr ibuted to the ever-immcre as ing cost of a i rcra ft .  The purpose of this chapter  is to reviess time concept of reducing the
level of autonmat m on amid in c r ca s i u ug  the  respo nsibi l i t y for task comp letiomi to time nman in h u e  m ami-m i mac b mi ne loop amid
possible inmp h ica t ions  for tra it ming.

4 .1 .1  Relationshi p Betwee n Design and Tra iiming

As aircraft  incre ase in counp lexi ty ,  both in terms of funct ional  requi rements  and technological components . there is
a high probabili ty that longer and , consequently, more ex pens ive  t ra in ing programs wil l  have to be implement ed for botbm
operators and support personnel. Futhermore , designs do not always reflect tha t  the pilot is riot time only person involved.
In operating and suppor t ing  a single aircraft . ttmere must  be a complement  of im i gh l y skil led personnel.  T h e  relations h ip
between the aircraft design and the content of the t r a i m m i t i g  program becomes a n ia t te r  of concern becaus e it is evident
th at training is expensive. The more complex tIme functional mask , the greater time probabi l i ty  tha t  more has to he
expended for the required t ra ining,  inchudir m g training eq u ipn ie r mt .

4 . 1 . 2  Activity Allocation

I t  has been shm own ~ t i mat  as aircraf t  requirements  increa se . avioumics  increj sd - . mu l a imi tenance  increases , and costs increase .
Am some point  in ti mm ie and tha t  seems to he n o w  we must  de te rmine  t h e  m a x i m u m  trade off mm perforrmmance and cost.
One approa ch is to reduce the complexi t y  of the aviommics , perh .ips by p lacim ig more demands on time operator. In this
chapter . we ssill  look at man-macl one in teract ion to se. ’ i t ’ the current reliance upon equipment  to p erf or tm m a func t iomi
ummay he transferred to the operator w u t i m o u t  at t ime  saumme ti m e redu ciurg unduly the p er tormatmc e of tI m e systet i i .

4 . 1  .3 Scope of this Paper

Thus paper includes some e l eru i ents  ssh i ch should be considered in t ime concept a u m u h design of future  aircraf t in rela-
tion to t ra in ing  requirements  and costs pi lo t  capa b i l i t y ,  task an alysis . i tmdmv id ua l f equ i pment  inter iictiom m . support
personn el , and p lann iumg a training prograu rm.

4 .2 I N D I V I D U A L  AND EQUIPM E NT TASKS

4.2. 1  I ndividual/Equi pment Interaction

I t  we nmodify  ( Fig .4 . l  I Bos u mman ’s general sy n th e s i s diagram t ( ’hi apt ~ r 2 . Figure 2.~ ). it is evident thmat  a thorough
ana lys i s  hecounes the key couicept in p lan ning  a t ra in immg program. The task ana lys i s  is a s t a t e m e n t  of the behavi or
required of tIme i m mdiv idua l  cre ss ummeun ber to rea h i ie time mission r equi r enm cn ts  e f f i c i en t l y  au md e f fec t iv e l y  The task may
require int er , i ct io t m wi th  equu ptm ’u ent . hu t  we will not cons id e r  equ ipn m eu i t  in de t a i l  o thmer  t i t a r u  in time con te x t  c c ?  incre .i se
or decrease in equ ipment  dependence. Eq u i p m e n t  dependetmce is the degmee to whic h  t ime successfu l c r i n p l e t i o n  of time
t , isk requires  the use of mite  e qu ip men t , cu icce ssi ’u l comple t ion  necessaril y enco ri ip .i ss& -s the idea of eff icie t i cs , I t  one
views task complet i on is tbme sum oi ind iv idua l  act ions and e q u i p u t m e m u m  f u u mct uo t i s . i t  can he seen tha t  for amm v single comple
tu on a set of in teract ions  ex i s t s , all oh ’ whic l m could resul t  iii l im e sa i mme ou tc om n e.  I’hc success m u h  a t a sk is dependent upon
ratio oh equipment functions and ind iv idua l  f u n c t i o n s  I Fug . 4 .2) The t . i sk umm u gi u t  he cormuplet e d ~ m m l i  u’qu ip tnermt  only
( a u t o m a t i o n )  or by the i n u h u v i d u a l  ou mly (n i anua l  t or sout le combi r i . m t i o n  of time two.

4 2.2 Degree of \ i i t o p n a t io n

l’or example , we can co u isu mlr ’ r the puh i ) l ’S task of n m a t n t a u u m u u m g  air speed suf f ic ien t ly  ho u mma m nt a in  f l u g h m t .  This can he
. m L c i u i u p l u s h e d  w i t h o u t  i n s t r u m e n t s  (by sound or feel) or wi th  i n s t r u u t m e u i t s  ( a i r  speed ind ic , u t o r  In current  a i rcraf t , a i r

L . . .~~~~~~~~~~~~
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speed indicators are used which display airspeed iii kno ts.  ‘I’he t y p e  of display can san s  and the .mccura c5 of di sp I~~ ea ti
vary . There migh t be au immdi ca tor  wit i ch automat i cal ly  checks airspeed ag .i mnst required spec~I am i d t ake  approp riate
corrective action wi tho u t  pilot in te rv emm t io m m cmi monitoring amid ss i th  gre ater  p r e e i x i m m i m .  Vm e  iu i i s e  a s i i t J t i o n  in wh ic h
vary ing counb ina t tons ot eq u ipm mm en t  funct ions and indivi dual capabilities can a e co m m m p h i shm the task.  I ’he f u h l ~ a u tom um at e d
s y s te um m would he a l u x u r y , amid its in i t i a l  cost arid o~~u m ers lmi p cdst would pr obatil ~ be p roh i b i t i v e  I t  n a y  .jixc m provide
mmmore capab ti t ty than is really necessary to nmeet mission requirements.  It  then becomes immmp e r ative to establis h the
requiremm i ents and constraints of system design be fo re a decision may he made rela t ive  to t I me ra t io  of e ql i ipm f le t m t  versus
indiv idual  to complete a task. In order to m ake this type cii decision , a rev cxv of the  s t r e n g t h s  and weaknesses cml equip .
me u mt and individuals is necessary .

4 .2 .3 Individual /E quipment (‘oummpar ison

In aim e f fo r t  to deter i mmine  the rat io  of i im div idu ah / e q u i p n m en t  ( I i . ) to co mplete  a t . m s k  , .i ge n era l  re x c x v  of these
components provides some guidance As Bekey i po iumts  out , we need to consider s mu mu le  o? time t u mic t i o na l  . i d v ammt ages  and
disadv atm t ag es of maim amid mach one in .i syste im i to hel p in allocating the various t’u nc t u oums in t h e  maii -n iactiine s~ ste m.
t) r awing upomi , mv. iml ah l e  researc h , as very broad generalization camm be ti r ade ~1aui is super ior iii u m m a k i n g  decisions in condi-
tions of unce r t a in ty ,  amid cquipn m emm t is superior f u r  repeti t ious , we l l - det ’rrie d f u n c t i o n s  If we usc the geumeral idea of time
t unc t ions  c i t  i mm f orn i a t i on  processing, this genera l i ty  is apparemmt.  If a t ax I ,  ix  s u h d i m  mdcci  i n t o  dat . i  s e ns imig ,  da ta  processing.
cla t .i  t ra n smmiission,  and p hysical action, a roug im approx i i t m a t iomm can he made of the re la t i v e  degree of e c l u ipmm me mm t versus  the
individual .

As in d ica ted  iii  Table 4 . 1 , derived fromm u Bekey ’ and Gag ime 4 , aim i nd iv idua l  appears to he superior in funct ions
requir ing modif ica t ion  dur immg performa umce of a task alt h ough the cons tant  advances in hramiching logic in r n . i c l i ines  nia’.
make this less clearcut .  Time individual  can ci m au m gc action , genera I iz~ , ammd fu mmct ion  imm s i tua t ions  of uncer ta in ty .  Equi p-
ment  is superior in sensing, processing. and providing data  as long as there are clear s p e c u f i c . i t i m m n r s  amid sig u mals .  Eq u i p u r r e n t
is also more reliable in repet i t ive  activit ies (or functions ) r equiring ex cessiv e ph~ sical streu igt im. It ‘.s ould seetmi appropriate
to use eq ui pmnent  tn a s i tuation requir ing clearl y defined , r e p e t i t i o u s  t ’u u i c t i o ums . ‘Fime i tmd i v idua l  should (me used wtmere
change in a c t i v i t y  may he ne cess .iry . In making decisions on the ra t io  of i m m d i v i d u a l l e q u i p m en t .  o ther  parameters  tm i ust  he
co um sid ered.

T .AB L I . 4. 1

Comparison of Individual vs. E q u ipn m e u m t
- 

: . ‘ - ‘ - 

. 
— ‘

I,md:m ’ulual Lqui~mmenr

Data (‘an nmonut o r  how probabi l i ty  events (‘an m o i m i m o r  greater amoun t s  of i n p u t , i n p u t s  out
Sensing of h u m a n  range

Sensitivity threshold low under favorable Sensi t iv i ty  t iureshold imig h ier than  man.  Cannot
condit ions hmand l e une\p ected cx em i t s

Can detect masked signals in “noisy ” Poor si gnal sic tee ( ion in noise
condit ions Prob abi l i ty  da ta  not picked up

(‘an puck up peri pheral data Subject to interfe rence or j anmmi ng
Resist j a m u r m i n g
Amo u n t processed low

Data (‘apahilu ty to generate strategie s . Mik e High equipimm ent reliabilit y b ut  cannot recognize
Processing decisions vs i t h  m in ima l  data and correct mmii ’ .t , ik es

Broad genera l i za t ion  capabi l i ty  E x t e n s i v e  data capacity
Limited c.m p a c i  ty to re t , i i um da ta  h igh computa t iona l  capab i l i t y
Computa t iona l  capabi l i ty  l imi ted  l.soig term storage data
Oxerl oamis easily Short- term memory good
Simort-term menmory poor Data retri eval c a p a b i l i t y

(‘am mnot  generalize data inpu t s
cre , it  ir e  func t ion

I)at a (‘ a im refon mi at or r estructure with l imi ted  Programmed p r e x e r m t . t u i m i m s
I naums uum issmon data [.ium u ui ei ! t1 ’ ’v,ihih i t y ui h au md h it ig data

reate or idemi m m fy  pa t t e rn  t rends Can han u e large . iu n i o uu m ts  of da ta  m i x e r  b u g  p e n i m m c t s
P er for rr m , i r i cc  deteriorates xvi t li  time due wit h no d’,’te rm mar a t i o n

to fat igue , boredoni . or dis tract ion \ l a iu i t enaum cc  ari d q u a l i t y  control  require d
Rela t ive ly  high response latency Arb i t ra r i ly  low r c spo u m se l a te n mc u e s  possible

Physical ( ‘ an perfor nm delicate f unc t iou m s  Perforum i s gross act io urs
Action ( ‘an hand le  m u l t i p le sets of actions I l a s  great  s t r eng th

I las adaptabi l i t s  No emot io u m
Limited  capacity of act ion Can pc ’rborm rep e t i t ive  ac t uou m s
L.ow strength range Al te rna te  actioum s not readily avail able
~1ay require l i f e  support systems Does not easi ly ch . mr u gc ’ ouie e a c t i v i t y  s tar te d
I u m i otional

_
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1m m i t m . m k i u m g  t im e r a t i o  c i e c i s i m m i t , m i r e  t m m h h c c v i r r e  t ,mc tors  sh ou ld (me csm n x i c bered ’ , mv a i l a h i h i m s  . pl i y  s ic . mI si / c .  em is ’i ’gy c m m i r s u i i i p
c c i i i , support ris.. . and c c m . . i s

lii es . ih i i . i t i u mg the se r .i~ tor s . xv e  can .i g. i in m develop a tab le ) laNe 4.2) to c lar i t y x c m i u i e  oh thie streiigt irs .mmu d weakrme ssc’s
c i t  c’achi f a c t o r. I not u m m r e v i ew ot t i u e sr’ m a c t r i m s . I i  ca im he xe c ’t m t h a t  aim i umdiv idua l  i s  a r e l a t i v e l y  l c m v s  —cost , h ighly  .m dapt ah r le
h u m  t c m i  s im ma l l  o t u imme xv imic h gei ter all y re quires umo im-goa l -dedica tec t supp or t .  An ec luipim se us t unit is i i ig l m ly x ariat i le amid
.il cv r equ i r rx  sm ) ti iC mhed ic .iied specialii .ed xi i  (p o r t  cons id en . i  t m m . mis  loss i x  less crit ical , a l though ,  m mere h u m s t eeui .mim
i i mcre . i . . i u m g t rend m m m x v  . i i c l  e q i i ip i t l e m i m wi t i c i m  t i e r i c  c u r t i s  I u n m c t i m m s  which mm m a m u caimu m ot replace ii t h e equipi mi eimt I . m m l x . P u t t i u m g
I ! E c s e  t w o  c o t m s n 5 l e u j t i m m u t s  tcm t i m.’t h en .  i t  c . mmu b~’ xs’ c’ ri i i m.m t for t .ms kv vshichm i m j v c ’ hu gh uu mcs ’ n t a u m i y .  w l mic hm r e qui re  u n m u l t i p l e
. i c t i c m i r ’ . is~ r icbi  s i m m  u i ot  d~’iti .m nm ~h C ’.c’m.’sxi ’.’ c’ smre t u g t i m amid are not  i m i g h i l s  r e p e t i t i v e , aim i m i c h i v i d u a l  w ould  be ti m e b e t t e r  mpm io u m .
Rever se time se e c ’ n c l i t i o u u s  . im m d x v e  m i s c  a u m c m p t i u i m m i u m i  x i t t i a t i o i m  c c l  e qui pn i emit .

I \li LE 4.2

Li umu i l ing  P ara uiucte r s

/ u i m/ i i , i t Iua l  IT , j rm  i ,n fl, ‘01
I- - - ‘ — - —~~~~~ —

\v , n i I , i h c i h r t ’ m , I .mn ge  p c m m m t  I \ t c u i s i v e  a i m i o u u i t
I’ bm y ~ic.il S u e  u g h ?  ium ‘ . s e i g hu i  amid hu lk  \ ‘ .mfle ’. frotmm smiiall to Cxc csx ix  c lx  lan ce

I r r e rgs
‘ om m s f i r n p t i c r u m  Loss l , ocs to lmig hm

S u p p m m m r  Linmited I x t re rns ’
Ii m l i i  l i t  y \ t  c c c l i  . n te  I miss

l ) , m r r L ’s ’ r l . m i v v — h i g h Lo ss — h i gh
( ‘ost Low Low ’ h i i g l m

I h c m x x  mm a c cep t ab l e  ‘sec / l i  table
L . 1

4. 3 \IETHO I)S I t )  I’SCRE AS h ‘ s I R ( R j ’ \ S  (. AP .~l3lL lT Y

4 .3 I I i  . m i nm i u i g  Pote n tial

I c >  c x . i mi mimm e time l ’h iii te n ,u cti on frou n m .1 d l i i ?  e remit . ixpc ’c t . vs e sb io uls h c c m i m s i c i e r  vs ’ hms rmi ar’u hcgam i u s iu i g tools  ( in eq u u pnmemmt
I n i t i a l l y  maim begj ui nm sim i g  tools t c m increase s mr e ‘. pammd h i s  p hmv x i c . i l  c a pab i l i ty ’ . Wi th u our  curreu m t c x c i  of tecimmio lo gy , t In e

r e n d  Ira. .  been to ii i  to im i  .1 ic  is much Js possible to ccci ucc t bu s’ h i u rdt’ u m omm t ime m m d i v  Rh um al .  I ? cv c’ vs mxl i  ho in cr s ’ ,m x c on c \  p.ir t c l

the s. ,i p , i h m n h i t y  of t ime  i n d i v i c l u . m I . vsc ’ n o r m u i f m l l y  . m t m s ’ u u m p m  t o  i n m m m m c h n i c ’e s c c n n i e  fc i rumi oh ’ t ra i n ing  to i m p i c i v c . im i crc ’ .m x s ’ , or exp au i d
time i n d i v u c i u a l ’ s capa hi l i t y . 10 improve time r~ h i a h i l i t  Of .Ot e x t a b h i s h m e c l  c . m p . m l i n h i t y  . t In e  t s  pe of t ra i i miumg we u s c ’ mx r ep e t i t i o n .
I i  increase c a p . i b m l i t y  , vse i mmtroduc e  a d d m t i c i n r , m h  k n i c r v v l e d g c ’ . I i  ex pa m md cap . ib i l i ty  we t s’,m c ? i  . mmcxv’ x t r . i t s ’g\ .1 c’m i r n t > i f l a ’

t m c r r m  c m l  r epe t i t i on  .itid new in l ’o ruum . i t i cm rm . W i t h  a ? i \ ~ ch t , m xk  cs hic b i m i s  .in e x t a t i h i s h r e c i  I— h [ c u d , we have ivs ’ ci c c p u i o i r s  c m

i mprove the task acc o t imp l is imuim e t i t  e i t h e r  in te r m ims of q u ah i t ~ or q u a n t i t y  mmcxv’ equipment  or ad di t ional  t ra in ing .  W u t i m  the
ads amice s in mc c l i  n i s m l m m g y  . time tende u m cs  h a s  b e _ m r  ? ci i u rcn s ’ mse dcpend eu mce o um eq uip tm m en t . Wimen in mIs  x i v  mmmd i c. mt cx t mat  adm i
I iona l c’’.~ uipnm eum t f unc t ions  c c l x i  .i ru excessiVe a um mouu m t to ;icq tore aimd u mm al  u l t a imi  , t h ue i m u m p ontammce of c onm sucie  ri mg al t e r u mat  xc
.mppnc m a c h re ’ f  to . i c lnns ’ s m r r g  t h e  f ina l  clc ’ s mg rm is r . m u l i e r  t o r ~ s’ h i i l l y  b n c m m i g h i t  to our . u r i e m m t m o r m . Suc h  an appro a c lm is dep uc t emi  mu
i t c m x n n m , i n ’s Figu re 1. 13 .iu id p n m m x i c i c ’ x .1 p r o c e c hm r e  for h .d a mm cmrmg t h e  r e la t i v e  cost oh ’ i n creasin g tIme cat i . i t m i i l r \  oh the  u u m d m v i —
dual  . m g , mi n s t  t ime s’ m m s t  oh ’ em~ u i p i r i c .n t .

‘ ii i n n  n , m t clv . t Ime i m cI  i v ’ m l ui~ l c a tmtiot  he tra ined . sic! ii uJ bmituiiti  . br’c.’~ir i ss’ ci ? sli ce r  In c  h im mu tat i on s , suc h as ate dcxc mi b ed
(m y h h . m n t n r r . c r r  h b o x v e s’ e r .  wi th ium t ime s’ r m v e l m i p e  c c l  t i t e se  h m r t m i m x . t ime i r c h v i d u a l ’ x c a p a b i l i t i e s  ca n be e u m l n , i r icc’c i by’ m r a i t m n r r g .

Flue specific f ’unc t  o mums wh ich are more readily’ pe r ?  c i mi n ed by t ime i n d i v u d  u a l  vs c r c  cc m v c’n ecl mum time d i s c u s s i o n  of 1 m ile
4 .1 \ ‘ s i th in  these c m i u m s t r . u m u r t x . we ca n .issc ’xs t ime pc x ’ n I c n h n i ~ of r e s t ru c t u rm u ig  time i i i c c u  f u n c t i m m n x  cc t h in  a giv eui a i rcraf t  for
a spec ’ m t ’ icd uumi s s ron  to reduce the hig h ec r st  of av i m . i r t u c e q u i p m m i e u m t .  I n  c i n c i e r  t o . m c c o m p i i x i n  t h is . is’ s’ h ave to look at a
t i mi s s i c i u m pro l ’i lc a m i d some , i i rs ’ r . r b t  av’ioul i cs co mmh ’ig m i r a t i c c r r x

1m m selecting a mission to gaium simme insigbm I mm to thus’ i m ium c t  immuis  r equ red to .ccc ’ott m p l i s h i  (lie t .ixk , close ii r support
) (  ‘ s m  I vs a.. xs’bs ’c t e c t  I l ie e x . i m tm p le  in I ” iLn r re 4.3 i t i c h i c , i t e x  ( m u m  a r in m i s s  vs m y I a series of eig l mt rum i s s io im segmi lent s 2 , I ae hm
segment is s e m j u e n t i a l .  It s h i m i i i l d  he mmot e d t im , i i  d ifferent segnients p lace d ui ’l ’e re t m t  de mn at i ds  on time  p i lo t .  l h n r s  also . m x x i m i r i e x
thm a t  no emergency s m i r i a t u c i m i x  occur. I , mclm oh the eigh t xs’ g n n n s ’ n n u ’  c c r n r x i s t s  of .m c h m h t s ’reuat  set of functions and each function
tie m m amid s a d i t h e  r eum t i r i m e  r ae t mo n between time i ndm v’ dual  amid eq iii p uric ’ m i t m m corn plete t i m e  segmime n t ’ s  n r c i t  b ie r  rim ussr  c m i i  pr m ’m t ’i be.
oh e mm i i r s e , could require another  set ( if  f u n c t i o n s,

.\s can he seen in I able 4.3 . a 1974 list of (‘AS u i v i c i u n i e s i i  , tIme u t i i t  c cmst v ar i ed  tr oun S3 .000 to $ 1 2 0 , 000. Sonic
avionic  equipment  u s used I c  c m  ii ul ti ple f’unctions ninth othmer eq ti n  p rune  u t  is used h i  mr one special i umict  ion.  The final  st c’p
would be 1 m m  cm ii i  mime ra t e  t h e  xi i  hi t  a sks t i  accomplish each rum i xx im mu r segme mit  amid I lie rat io m if r i ch  is cl i m. m I c c i  Liip u i i emm I Ic>

,— ,  ‘ 
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MISSION
SEG~ IENT P R I M A R Y  ~II SSlON FUNCTIONS

SCRAMBLE TAKEOFF
2 CLI M B
3 CRUISE TO DES IG NAT EE ) A R E A f F E B A )

4 LOITE R ON STATION
COORDINATE WITH FORWARD AIR (‘ONTROLLER (FAC )

S DETECT AND I E) ENTIFY TARGETS

6 DELIVER WEAPONS (GUNS . BOMBS . AIR / GROUND MISSILES )
- MULTIPLE PASSES , IF REQUIRED

7 RECOVER TO BASE
8 RELOAE ) , R E F U E L , TAKEOFF ON N E X T  SORTIE

Fmg.4.3 (‘ l u mse air support um f f r iendly grou nd forces

accomplish the task. Once this level of , i r r a l v s i s  has been achieved,  a reappor t ionment  of the ratio could be establis h ed to
increase the ind iv idua l  functions and reduce time eq u i ipmm i ent  functions .  .~ ny increase in i n c h i v i d u a l  funct ions would
probably increase t ra in ing requi rements  and . conseque r m t h y .  t ra in ing  costs. Should consideration be given to decreasing
equipment  costs by addimmg a second cre w member to sh are t I me p i lot  tasks , t h o s e  Cc sts would h ave to be considered also.
A question , the n . is what  the offset t ing Costs mig h r t  be.

4 .3 . 2 System Management Tasks

Although in the design of a weapoum system , the pilot should not he considered as the only  huumman e lement . for t i re
purposes of time moment  we must  consider h i s  l i m i t a t i o n s  and capabi l i t ies  as the execut ive in a human in f ’oru imat ion
processing system , a weapon system manager.

No longer can f lying skil ls  be considere d a combinat ion of a succession of percept umal-motor tasks and tI me efficiency
of display u ead m rmg  Lie must  be able to deploy the a i rc ra f t  under  ., diversity of condi t ions  and perform um i ul t ip l e  funct ions .
suc im as in te rcep t ion , targe t ident i f ica t ion and ev u i l ua t io t i , missile I auumch . etc .  lIe t i i t i v t  he able to process a s,ist anmou n mt  of
in fo rma t ion , often in a very short t ime frammi e . I hun pi lot  receives appropriate cues fro m the envi rontm ic nt . processes and
integrates these cues , and tran slates them in to  appropri . ite  acti o iis.  This is very si mply dep icted in Figure 4 .4 (Re i .~~). h o
issist him in accomplishing his  nu ission , he has been provided time most adv anced eq uipnm cnt .  l ie  has been affc r n ded time
most adv anced training to insure h i s  proficiency . The support force has been trained ,  supp lied , and managed to r .rovide
a combat-ready aircrah ’t. Th is tr iad of man-machine-support  insures t h i s ’ a v a i l a b i l i t y  of a hie x ih l e  i n s t rument  to carry out
the varying missions.

4.3.3 Man as au lui for m atio u m Processing System

Some cmi the beh av imirci l  components , such as x h m c m n t  term memory , v is u m ni l scanning tec imm uiq u e s . target  tracking, percep-
t io n , verbal and niotor sk i l l s , .ind divided a t t e m m t i o t u .  h ave been studie d h iy nm , iu my wel l-known mn i vu ’x t u g a t cmnx ( Brtggs.
Broadbent , Conrad . F it t s , Fl eis limami . Poul m on , et al ) . Sonic para m eters hmui ve been est .ibl i shed , Because of man ’s ad apt-
abi l i ty  and versat i l i ty ,  as well  as the proverbial i nd iv idua l  d i f i ’erence s . it is d i f f icu l t  to set any precise l imi t s  to man ’s
capacity to receive , process, and execute .  Some forms of inform im ation received liv huimmans can he quant i f ied as ? m i ( x .
ranging, for exa r ump l e , from 2 . X h i t s  per second for motor re xp oru ses  nit id 2’) bits per second fo r  verbal  response to t ime sau mm e
s t i m u l i .  In . c not huu ’r s tudy  on ch ianmiel  capaci ty,  indic at ions  sr/n m ’ tha t  real i m u m a n  info ru u m , mtm u imm capacity approximates  4 1)
t c c  50 h i t s  per second , a l t hough  tIme main bot t leneck is pr of ’ahly in tIme b r a imi 6 .

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-.~~~~- - - --~~~~~..~~~
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AN ‘APQ-l Iti Forward l . c c c r k r n g I I  I I
Radar
‘tN .\ SN-Q I l , ie t ica l  (‘omump u ter  100 ,931 I

Set
Ai r Data (‘onmp u i ter  S y xte m mm I 3 . 24 1 I
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AN AVQ-7 Head-Up I) i sp lay 50 . 14 5 I 2 , 1 (iS

I AN , A SN . ci o) ’5’ ) I ne r t i a l  72,1 43 I 4 .OOu
M easuremmiemit  Unit
AN ‘ A SN - 5>9 Projec ted  ‘ s l i p  22 . 0 1 1  I 293

L 
Dis p lay

Toi ah avionics cost per air cr a i r ‘‘l’otal an nual logistic supp u mr r ccm s t per aircrait — S I
4 I ROS report , File miun i be r KOS I . ‘NO dated I ‘c cc i  74 ,

4.3 .4 Establishing a Training Program

‘slost of time t r a in ing  pr ograt ums are commducted on a hia s is  of mra iu u i ng  t ime i n d i v i d ual to reach .i n m i n i t m i u i r m r  lev e l to be able
to handle some act ivi ty.  I v e r y  e t f c i n t  b mas been ( a n sI is c o u m t i n u i m m g  t ci  h e )  u u ma u le to i d e t m t i b v  t h o s e  people capable of tneeting
t ra in ing  objectives. I n c  extend tha t  capabi l i ty .  h owever , we must  tra ium alu m most to  a point of supersatura t iomi .  ‘to train a
pilot to hly an aircraft mx one tfmiumg. t i  t rain h i um m to fly well  us another ,  and to train I mimm m to he a superior pilot  and a s y s t e r n m
manager is st i l l  a tmo t he r .  In Figure 4. 5 , a grap l mic  displa y of t h i s  concept is provi u led.

Stuidies of ski l l  . i c c p m m s r t m o r m  14 indicate t h at time process of u m m i n i m u m  ski l l  acquis i t ion  of a comp lex perceptual- m otor
skill i s a  three-level prc cess ) I l l  arly (cognit ive),  (1) i n t e r m i m e d i a t e  ( f i x a t i o n ) , and 3)  late (autonomous) ,  For a single
skill , three levels c m l  acquisit ion can he considered . . .\fIc’n nmininmumi m skill has been accom implishmed . vve mu must then address time
special amid suipersaturat ed stages of t ra in ing .

Obviously,  before .r t r a in ing  program can be establis h ed. t h e  nmissio rm or missiorms assigned to time sv s tc rmm must be
clearly iden t i t  cc l .

l u i s t r u c t i o n a l  System Development ( I SD) ,  or the s y s t e mums . ip pn cc ach to t ra in ing ,  has beconme t h e  accepted approach in
time US “ sir Force fo r  de t e rmin ing  course objectives and content .  The l SI )  model t u m a y be considered to lmave five steps .
wi th  v irv ing  ul e gc ’ees if rel evance to time present topic:

I l l  Analyze system r ” qu irements .
(2 )  Define education or t ra in ing  requirements .
(3) I)evelop object iv c ’s an d tests ,

14 )  Plan , develop, and val ida te  ins t ru ic t i on ,  and
(5) (‘onduct i n ch evaluate  ins t ruct ions .

The firs t of these steps is c e r t . i i u m l y  s n r t i c , i h  mm de termining operator perfor imiance requireum ietits . A  thoroug h task
analysis not just a l u s t i n g  of system requ i reu mm ents , but , ra l imer , ident i f ica t ion  of the behavioural  objectives of a task
is a c r u f  teal  and key  e l e n m e u m t  cml  a t r a i n u m u g  program to enable the pil ot to come closer li i  s tretc h ing time l i t n i t s  of h i s  capacity.
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Fmg.4 4 N I o c l e h  of the environmental coniposite system dur ing  f ly ing  t r a in ing
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Task I I I
Fummct io i ms  I
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No \ l m r n n n n n n i n n n  Special Super Outer

Training Tra in iumg Tnai u mimm ‘ Satura t ion  Uummi t s
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0 I u r c l m s ’ i  c l o d  Capabi l i ty

Fug .4  S I .evels of t r a i n i n g  tmi nm a t ch m task fun e t iom m s  to capahi l i t s

“m.s ind ica ted  e , i n h n e r , r r m c r s t  of tIme researc h on various t , r s k x  cif the pilot h a s  examined pc mc e ; ’t  n i l  n n n r t c ’ r  ski l ls . I r . m c k i n g
skills . s c a m m n i ng  techni ques , short-term memory , and l iu m mited  divided a t t en t ion  st u d mu ’ x . I b r e r s ’ has also been mu ch efrort on
part-task and p nr i c c ’ c l n r n c ’ s t r a u u m e nx , c ru’ w t r a r r m e r s , some c’ ? t c r n t  on massed versus d istrib u te d pr. ic tucu’ . \‘arious invest igators
have looked it  hoad s’ .i pas t v  on t , m xk s  w h i m ,’h m m e  a part  c i i  f ly i n g  xk  n b
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him eo tmsid er imm g lIm e allocation i m f  more f u m u c m m c m r r s  to Ihe pilot  mm .in a t t e u m m p t  to reduce the aviommics c m sts , past evidence
i imd i c a t es  tha t  time pi lot  can be traimmed h e yo u m u t  time n m immi im m un m level sum that tim e imih onum iatioi m processing tinme requirements
nm .iy he reduced s c i n r m e v v i m a t ,  If a thorough ta sk a u m a l y  s ix is nmade , thu s ca u m also he use d ax a h a six to h elp the pilot es l ab l us i r
priorities for lmandlimm g time vast amouint of in fecr n matioim w lm ic hm lie is receis mr m g .

flue design of time e c m c k p i l  amid disp lay are nmo t spec i f i c a l ly  part of . t r a i tming  p r c n g m a n m .  The tasks of ti m e pi lot ,
h ios veven , can cer t : i imm l y be easier if careful coimsidera tion is g ive nm to task  r ed lu i remem i ts , probable sequen e i img 01 acuv ( t ies ,
amid “n atu i ra l”  responses. as we ll  as th ue phy sic a l  ch arac teris t ic s  of the pilot. ‘I ’lr esc ’ sh ould all he part of an integrated
design effort .

4.4 COST F ACTORS

Althoug h weapo im sy’ st euu i u le signmers iit s ’iu i dc sonic l imi te d  recogm ui tion m i t  t b m c ’  c c i r i t r i h u t t c c r i  of man in tIm e sy stem, too
l i t t l e  recognit ion h a s  been g i v e n  to the im u mporta m mce of man iii time to ta l  l ife—cy d c  costs of tIm e sy st em ,  Engineers , pe rhaps .
bmav e umot had tim e um e c css an y’ data , huit  there is a def in i te  eff ’ort now ~~~~~ nmade to h’i hl  t h ins  g .ip

4 .4. 1 Manpower Costs

‘l ’im cre has seemed to lie an immip l i c i t  . i s suimm l ptio t m t h at th ec  c vs ill . i hw . iy  s t ic ’ an abu indan cc of peop le i n the mi l i t a ry
services to oper ate and mmmaiumta in  a sy x i em ,  \ I .mn mpo w er  nmode ll er s vs am t h at we are .m ppro. ichimmg a limit . Is’. h , ir  as a
vohuin teer  force is concerned in p e.m c d ’ lOir e . vve are ? ‘ace ch a h x s m  w i t h  time ev ’en or ucr eas imi g cc m s t  of manpower h i n m i t m n g  the size
of the force ste can afford.  lii add i t ion , l I ners ’ are f a c tors  vie  c , m r r r r c r ?  control .  such as time genmeral  economy . w hm r c hm can hm .i ve
a def in i t e  inu pact  on time ava i lab le  mimaumpower pool.

4.4.2 Training Costs

Inadequa te  a t ten t ion  has been gi ven also as to t i me probable q u i a l r t y  of maumpower  avai lable  ‘tx sy stenms become ummore
conmp lex . st e have required mumore  quia l ib ’ied technic ia n s to m a i n t a i n  and cv p s ’rate sy s ter u ms.  appare n tly assummmmng the  n eed ed
I~ chr n i c i , i r n s  arm available or can be t ra ined .  Sonic re search has imm u hrca ted  t h m a t  kno vs le~hge of the q u a l r t s  of people , v , i r l a h i le
c a um h ave aim im u mpact simm sys te i r  design ’.

l ime q u a n t i t y  md u~ni a h i ty ’  of peu ip le , iv: i i l ahl e c :i r i ha v e  d e f i n i t e  immmp ad m on tra imming c csts . ‘I na m nimmg would Imave to he
more e x t c ’ n r x r s e  au md r u rc ine  e \ pen srve .  proh ah i l y  if we h a v e  l c n vv c ’r q u a l i t s  peop le to operate and nmainta m n a system.

time hopes for r c c l ucnnr g  l i r e  costs of time .m v ionics oh ’ a sy s tem by decreasing au tou mm atmon  amid placing more load on time
pilot  urr . i v he more .mpparem m t t h iam i  real c iver time to ta l  l ift  cycle. If tIme decre ,mse mum a u i t oma t i on  adds grea t l y to time pilot ’s
workload , man ’s l i m i t a t i o n s umma y require a copilot or over t ram n mmng.  so t h a t  tb ’ 5’ . i l re . m ch y buig i m c c v s t s  0 pilot t ra ining increase .

It us not time p i lm i t  t r a in ing  costs on ly  w h mic i m rumust  he con su c lt ’red. ‘l ime cc isu of t ra i mti u mg s r i I ’ po r t  p ers ommne l i s c ib s c i an
impo rm .i umt . if r iot  the prinmar s iactou . There are sommme q u r e s t i o n s  vs Imich u m must  be , mmrs v s ’ereut  mum tr a~heoff eonisideratiomis. ‘s’s rIb
time system he cie’crgurec l sci t i t i t  mm i a i tmtena nm c c  is urmereh y  reummoval amid rep lacen ient oh cu i u m m p o m m e n t s l  Wil l  the d esig n requ mi re
t roui hmle s i mo o t i urg ? l ’I me am m sw ers tc i  s r r c h m  quies t i ons  will  i n i p a c r  omm t ine  k i n ds of pe op l e mmee hed for suipport amid h o w  t i me s
m o i st  he t r , m in e d.

If the vs eap o im ss s u emm m desig u m p laces r e qui re t u m e n i l s  for e x t e u m s i v e  t r a in ing .  th is reduces t ine  ava i lab i l i ty  oh nu au mpo vv er.
To obtain nma ’ s i ni uuimi m bene f i t  i ’n c m u n m t lu , m t t r a in ing ,  l i fe -cyc le  costs mmmust include time riced for long ter u ir  r e t e u m t i o u i  of trained
personnel. Th is e crrmsiu ie r a tm omi uru ct y l ea ch to ni x m ,’ of civi hi at i  ral l i er  than mmu i hi t a ry . If t h e  c i smb iaums  have  a irea t ty been trained ,
reduced tra im u ing  eos tx can hel p offse t pc. c cv mble h igher p.iy r e q u m r e n m r e r r l s .

4.4 .1 I’.c~ui pmeflt (‘ost ’s

In time cost of au i to m mmat ion , twit onl y is t h ere lime cost of e qu ipu imen t .  hu t  there us once a g , m imi the cost c cl support
personnel.  There wil l  have to  he ch e ck ’S c m ii t ime accun am ,’y ’ cc?  the e q uipmi ie tmt  and people trained to mui atnta in i t .

4 5 TRAINI N C ; DEV E LOPMENTS

4. 5. 1 Flying T raining Researcim anti I)evelopment

‘I’he in t ’ormum , m t ion  we h ave gained h a s  not really been m r u t c ’gr ated tci  provkhc a cobmeremi t p ictu ire m ’ h t r a in ing  ci sup erpilc it
Smod e. h all . ant I ‘s t eve n  in a I ~O m l m  report  4 , m d  Prop h ie l iO. i in I 9 ’ l~ r e p c in lx . h ave provided e x c e h l m ,’ umt  sumnmarue s  of much
c m i  time nc ,’sea n c ’ir on f l y immg t r a i n i n g  accoum u p h is h med dur ing tIme past 1 ( 1 ts ’ e m m or t~~e n m t y  years.

Wi t h  the a r n i v , i h  on the sceiie of improved n r . i m u m m r l g  devices amid , p a r t i c u l a r l y ,  wi th  the ev er - incre a simi g eapah ihi t s
provided by mou ern s umnmi l a t o r s . we are moving t c m cs , i r d  having greaten knowl e d ge and bett er techniques  for t ra in ing pil ot ’s. 
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One series of studies 5 developed a behavioral taxonoummy of undengrad  i r a t e  p ilot trai n ing r . n s k x  amid sk i l l s  md prccs ided
some skill coniparisons among different  tasks , and de t ernmina t ion  of ski l l  d i f f i c u l t y  w i t h i n  amid betw een t , isk x .

With  the use of part-task trainers and full mmmission s i i m u u ul a tons . t i n e n c  is time opp or tu t m i ty  I n n  ts ’ac lm l ime basic ski l ls  in the
nuost favorable at m osp h ere of m i mininmui t u m stress. Th eum as ski l l s  arc acquired aumd establish ed time s tudent  pilot canm he given
nuore stressful si tuations and sounic t ra in ing  for emergency s i tuat ions ,  I ra iniui g devnc ex , pa r t i c u i l a n h s  t I n e  s iu mmui l a tors . can
serve very u seh ’uh ly in c on t im iui a t ion or proficiency’ fl yimmg and f ’or a niore cost ei ’t e e l i v e  periodic rcc urne mm t t ra in ing for t h ose
wh ose skills  nuay h ave been s~egraded tl mr o ug h m period of ou t-o f-the-cockp it ass i gu m nmment s i) . ‘tx i t id ic ated prev i ou i s l y ,  th er e
h ave been few satist ’actory m i measuires of pilot task loads. Several s tudies  are umu i w u m nderway sir p roj e cte d  wh ic h mnicm y
provide more ini ’ornmat ion in t h is area.

Somm u e efforts also bi av e been nmade to identify Ore characteristics of m,’l ’ls ’c.’t iv m,’ f ’igint er p f l i m t x  amu d ‘ n r c ’ t b rc i d s  of training
and evaluation 3’’5 . Ot lmer rese arc h is ongoing to try to es tabl is h  cr i t ical  ski l ls  and s m m u i . m l c c r  t r a i i m n r r n n e u t u i r emer mr s  and
effectiveness.

4.5.2 ‘sl aimpow er and Training Requiren meiits Ooute k

We also have better models for predict ing m anpow er amid tra t u mimug r e q mui re t u i enr r x  b c c r  tuew sy x n c n n m s  in ea rly stags ’s of
deve l opnment .  Sonic of these have h eem i docummmemmted iii a series of technical  repo rts b y Te lm umeyer  cm al.

In achih itiomu . we are also establishing he l l s  r way c r1  t ra i mmiumg m nia immtem i ance  personnel . bot h t h roug h r n n i p n c r v e d  methods
of pre senting technical  data and throug h the use of u mmaiumtenance  t rai n i n g s i m u h a t c r n s  arid cress t r a i n ers.

4.6 RECOMMENDATIONS

Starting with time activity allocat kmn concept , t h is c h a p t e r  em u mphasize s  time uise of task  a n r a h v x n x  I c r  revie w the
ind iv idua l / equ ipment  ra t io  for successful coumm p leti on oh ’ a task and esta hl is im i m i g beh avioral object ives  in train umig.  Some
comparative capabi l i t ies  of the individual  and the machmimie h ave beemm sugge sted.  it  is mi n t  r e co n mmu ui ens l e c h ne e ess , i rnhv th at
act ivi ty ime allocated solely on thins  basis.

The life cycle costs of an a i r c r a f t  h i S - y e a r  period ) tmma v rea ch I Ic 20 nm ill i sm n’m dollar s curremi t l y ’ . Time c’ d i ’ c t  ci t  as onics .
in t e rms  of life cycle costs , nm a ks ’s this area a l ike ly’ one in wh ic h cc cst un l a y  be red uced. In I n g l i r n m m g  costs . h owever,  the
personnel costs , a nmajor factor iii life cy cle  d c c x i x . nm uis t  ice s r n n c l n e c h  ver y caret ’ui l l y  in atm y ’ t rade-o l f  x l u d y .

Before it is possible to m muake de f in i t i v e  s t a t ement s  ab oumt the l’ca s ih ml i t y  of ’ re d uc ing  avnon ics  du sts by s i mif u nug more
requiirenments to the p ilot , we nicest more data  mm sever a l  areas.

One of time areas m s th at concerned wi th  es l ab l i s hmi mug  po i t u t s  of o ser ioa u h .  \ l au m ’s .isia p t a h i l r t r  amu u t  v e n s a t r h i t y . i nd iv idua l
d i l ’ ?’e r en m ces . and the reluctance of investi gators to press Oman hi eyotid s, ibe l i m n t s  b r a v e  r n u aui e  i t  d i f h ’icu i l t  to c c h c t . n n  nmeasure s
of the physical , physiological , and psy cimo logical l in m its .  Improved i n s t r u i m e n t a r n cj n  and te c h u mi ques c u ber  some hope fo~
better d e f i m m u t m o n  of these l imits

One c c l  the Ion ~-sta ndimig proh letmis in deter m ining l r a i n i i m g  el ’k ’c l i s e i r c ’ss rs t l m a t  of ob j ec t i ve  ps’nl ortm i anc e n im e asur ,n -
ment , Again . vs it h m t ec i mu i m i h og i s . ih  advammeex and clearer def iu i i t i on  of ?c ehav i or al  objectuves , t h is area c-an , and slmou ld he .
purs u ed more in tens ive l y so t h a t  there d i n  he better  pre uh ie m io n m of time sumccess i ’u l am i d u n s i i e c e s s t n i

As a fu r the r  s tep,  there needs t ic  he g r e a t e r  en m~c b n a s r s  on iden i t i f yu n mg  wh ic h ck i l ! ’ s  are esse nt ia l  tu r  successt ’uil perior-
mance .  I I n n ’ . i l m h c m r n n m . i t r o n  can help  ref ine  xe l ectiou m and t ra in i n g procedures.

The d i v e r s i t y  mif  ideas and j Fs’ ,is of ’ eon i ce rm l are adequ m ate  ind ic , mn iomi  t h a t  t i re  p r cc s ’~ss cvi  m n , , i n r u m g  n ’ s m m m t e r a d l n v e  w i th  and
dependent upon many ? ,i~ n cu rs .
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Section 3

\1ISSI O~ ‘s~ ‘sLY SI S

This seet m omi c o u n t a m n i x  three ch .u1ut~’r’. dealing with spes’u tm c airen.i tt nu ssic,nn s

The Ors I chapter  ou t h iumes  the ummission c u b  the cariously called Air  Super I o r i t y  Ai r  ( ombat  or Fighter A rns ’ r a i t  a nd
ident i f ies  the  proh l enmms faced cy  the pilot in c onmmp i e t m n g  a typical  scenario. S nc vm r e  gu i id eh ines are given 1cm solving the
f ighter  a s m o m n m e s  design pr oh k’ n rns  and t echniques time cu ie kp it  de signer  can app ly in t i n e  se lec l io m m of the appropriate , m s m n m u m m c s
are shown. The chapter  also cl ix cuisses reco nu mmetmdat i o n ’. b~ c i b d il  s i re  nesc.irchi uipo :m p i lo t  a~ iumn i i c s  op t im i m i sat ion. 1 c m  t h us
p u r pose time nmi ssiom i m x d i v ided  in to  p~na se x O per a t immn’ _ tl S e c i n u c ’ rice  I)i a g r . i u n i ’ m , a re r u m c l u d e d  to she mmm ons t r a t e  the p i lo t ing
tasks involved in each ph m .i s e. lii t ime s u c c e sx t u l  e x e c u i t i c u n u  01’ hn x  mission the pilot  uu m uist c o mmcemmtr ate  upon tSc cn problems
addit ional  to contro l l iumg aircraft  v iz. , t h r e a t s  and targets.  T ’hccse related to t i mre .mux  are detection . tdeumt i f i ca t ion .  and
avoidance , Target p nu m ic l ems  are uhe t ec t i omu . u d e n m u n i m e a t m o n  armd d e x m r i u c t m o n .  F- Ificiency may well  he imm iprov e d by a reduc -
ti() n in dependence upomm sophisticated avionics  thirough i  the  use it  t , m c t m e x . procedures , t ra in ing ,  and increase d aircrew size.
amid icy in iproving time , iv io rn mcs  on’hoaru l the a i rc ra f t  sOth time Idse c c l  d i g i t a l  computers and .m conscious d e s mg mm aiimm to
increase equip m ent reliability. ‘5 Iet inc .rst s ,ire c c l  b’ered for time desngum 01’ time avionics s y s t e m  um i an -mac i minc i n t e r l ace s .  T’bm ese
a t t en ip t  to employ the , ip p rcnach suggested Ic y l ine  unethodo logy offered elsess imer e mu m t h is i c c n n c k  Some ness techniques are
described , such as conmputerised models of l.i y uc d i t  for t h e  design cml a m r e r . i l t  cockp i t ’.

[he second ch ap ter  presents t ine  special cc crus m d t’ n . m n i o n n s  applicable to Grou nd \ t t , m s k  a i rcraf t . ‘5 special aspect of thins
role is the final phase of the a t t a c k .  This requires cons~der ahle study sin ce ml is in t ime l a sI  m o m e n u x . sa’. . a less seconds .0
k’mc a l t i t ude , between tIme sig h t ing  of time l , i r g ’ n  urea  and time reh e , i se c c l  t im e weapomm t h at the pilot or o t h e r  airer e w must
i d e n t i f y  the target , ac quire it . n c h c , mxc ’ t ime w esl l u n n r n  and make an escape uum an oeuvre , (‘cn ns i c l e r ah he  assis ta n ce is needed fron i
asioumie and other systeurms during ti n s oper . i t io n m , h ut  c s e n i  1 t h i s  ,issistan ce us a s , im ha h le  tIme success rate ssil h m u mu is t l y depend
sipon tire  cre w a b i l i t y  I h a t  a b i l i t y  s c i l l  he . u i l e c t e d  Icy the  pre setme e of time ex t r e m e l y  b n c m s t m l e  e x t e rna l  env i ronment  and
the need in n ni , in i ’c cases to fly at humgiu sps ’e c i c l cm sc to the gr osmn md Oper a t iou m Sequence I )m.dgr an ms  are use si 1dm i h l us t  rite tIme
part icui la r  problems for this  role. Sonic of t h ese pro t i len m is sire s h i ’ s c d i x x e c l  i t i  ~ ‘ti~’~~I t erms , in md i tmim e diats ’ h uman tac tor
research needs are recommended.

[lie t h ird . i i rcr . i b t chapter  ~i c . i hv  vs m m l i  t ime i me l i c m c p t e r  and covs ’r s a vi o u n u c s  xs x m e m r r  des u gum and hun m aum l , ic lc i r ’s  ~ i mi c hu
a feet the e f f i c i enc y  ccl  the total  man - t ima clm imme ss ‘ s t e in  in the hiehicop ler Until receu mmis cI b c c r t  on h ue l i cc m pte n x  h i six been
directed u i m c m s t h y  toss arsix imimproving time .ue r o dy’ r ua mmmi c x  s t ruc ture ’s  m m d  general  engineering aspecls . In xc cr n me measure this hax
been dune to the primar y n m m l e  of ibme hel icopter  cc tm i e h i i ’ s  been t h a t  oh ami airhorume c n h c s e r s  atmon platlorm . or as a m n r e a u m s  of
t r aua s~c mm r t ing  personnel cu r t u u , i l e n i . u l s . ‘shore recemi t i s  h owever . b m e h i c c n p t e n s  im .u sc ’ been dis&’d sm ’ . comp lete weapons sy xts ’ n n m x

having the i r  own associateu i co n impl e s . av ion n cs .  h l e l i e u m p t e r  p e n l c u rm um ance  in t erni s n mf speed and load c .ur r y ing  a h m l n t s  has
been great l y  invreas ed.  N u i s ~ a gre .ut deal c u t ’ t inme.  s b n u t  and c c n x t  are rs’qu i red  I c r  p r u c c i u c e  a small gain in p eni ornmammce.
H owever , it  is expeci s’ ch t h a t  fu r ther  appreciable ga u uus  im i the u mv s ’ ns i hh  sy s he ru r  effectiveness can he aciume s ’ed by h e l t e r  muse c ii
the h mumu m an e c m n i t n u b c t i t i m m u i . This c m n n m t r u h u t i o n  is cm mnsider e d in two niajor .ire,us , ca t cmun e u n s i r u m n m e n t  and time matc h ing of the
ma in mimaeh m n c  in terface . Wi th  regars l to lime cnn s i n n  nr c ’ n n t  , tI me a i rerew cI h ’ncienc y ,mnd (her d sire tIme pen c ir u i ’m an c e of the
t o tal  s y x n c ’m can be severely inmpair ed ii ’ t h e  e n m v m r o n m m m e n t  is allowed 1 m m , m t l e c t  air cress commmfort and perforn mammce . ‘rhis
may lake the form cml  d irect  interf c ’reu ice wi th  the  aircre w task b y n i cn u sc  nmm.u ’ . k i ng  cc l  audio signals or by indi rec t  contribu-
tion I n n  l ’. i t ig ue. \1 ,mn n s  of the noise and vibra t ion proh l s ’nmm s are u m n i q u e  to helicopters and are , i x s mic mat e d wi th  the i r  rotors
and transmissions sy v i c ’nms. Soune of time e l b u ’c tx  of time cah ini  e n v i r o n m e n t , and ways  in w lmi cii  i t  could be improved are
oi ’f e r e c i .  Opt imising the balance between hum aui  c a p . i b i l m u ~ and S m  stc’nu automation is common to b c n n l h  f ixed and rotary
wing a u r c r a i t . For the o p t i m u m  di v nsuon  cml d u i t m e s  h m ’tween man and e qn . p ni i e u mt  to he re ah i s e sh . the system objectives niust
he x l a t c d  and the f u n c t i o n s  require d from the sy sl em n immis t  he anal y sed in tIme ear ly  stages of tIme h el icopter design. There-
fore m m us essenti a l  t h at the puirpose of the  equipment  c o n t r i h u t i m m u m  to the t o t a l  weap on ss s l e r m u  must  be clearly defined and
u n d e n x n c m m m c i  b y designers and operators When the design h i s  been completed ut mumay  he possible to use s tmul a t ion
m e t h n u m m i x  to endorse or re t eet  the earlier decisions.  I n t e n , u c t i v e  s i m i m l . n t i o n  x t n i c h n e S  shounl d enable the l iT m a l matc h of equip-
men t  to man to he free from nnajor pr ohls ’ r mn ’ ~ anuh produice .i su mmoot h ier  acceptance id l ime production helicopter weapons
Sy x t s ’m into service .
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Section 3

CHAPTER I

THE DESIGN OF AIR COMBAT %IRCRAF 1’

1 . 1  INTRODUO1ON

U s immg FY -70 dollars on sm Imich to base the estimate , the cost of a WW II air combat a i r c r a f t  b I ’ -~ was approximately
S 100000 The most sn m p lu is t i ca t e d of air conuhat  a inc ra l t  t oda y  are u m earh y  100 tu nes as expensive as the P-5 1 (R ~f . l I .
Even taking in to  account the impact  of in f l a t i on , time increased cc u st  us considerable , Consequently the ‘m ’5estern Air Forces
are facing a very d i f f i cu l t  problem cut cost e f f e c i u v e u m c ’s s .

‘I’he effectiveness of an aircraf t  as a weapon sy steu m m ummust  be considered since it could be sh ot down by a r e l a t i v e l y
cheap surface-to-air missile. l o  ach ieve a reduced cost wi th in  time con straints  of ver y  dei ima n ding nm issmon requirements .
wh ich tend to add c o m p l e x i ty  and costs to tIr e a i rcra ln , is s i i t l ’i c u l t ,  I he p u r l c s n x s ’ of t h is chapter  is to suggest various w a y s
in which the crew stat io n i  des i g ure r  could reduce avionics complexi t y ’  and C u n x t x , depeumdim m g uipon the n mi ssmon , The air
combat a i r c r a f t  us t aken as an e x .m nm ple .  Som e of time a i rcraf t  design amid t a sk or mission .usp cctx are described, 1 m m

faiumi h iari sc the reader wi t h  essent i .ih backgrouns l , before tim e actual  econo n mmies are x u gg es ued .

Therefore time c i m apter  is organized as fu n! l c c w s .  First ly tim e co imihat a i rc ra f t  nm i s x rc c u i s  are described. Th en soune of time
associated problennis are considered , followed by suggestesi metimods to reduce con iphe xu m y amid c051 o h the avionics of th u s
type of aircraft .  Methods used in time desigtm of the tota l  a i r c ra f t  sy sts ’ nn m , are discusse d x im h s eq uent l s  together  wi th  time
system tradeof fs the designer niu st lace .  (‘onclusions and recommen dations b c c r  t u i t u r e  nesearc im are th en offered .

1.2 MISSIONS OF THE AIR COMBAT AIRCR AFT

1. 2. 1 Introduction

The designer of the combat aircraft avionics s v s te r n i  and cress s t a t i o n  must h ive somam e concept cii tIme in tended
um u ission. Elms  ideas must be generated in a mission c o n t e x t  since the pa r t i cu l a r  mission wi l l  put un mique  constraints  on
the system . e.g.. high “g” forces , um ot faced in other nu issions , By u n d e r x t . u n d m n n g  the u mm rs x i ou i  the desiguier can deternmm m ne
which func t iorus  to a i l c u c a t e  to time pilot and which to aumtomate.

1.2 .2  Mission Types

L’sing Uni ted States terminology : Point  l r n t e r c e p t . Str ike Force E scort. and Conu lm at Air Patrol are tIme t lmre c .  prima ry’
missions for t i m e  , i r r  combat  a i r c r a f t ,  A l t h o u g h  time three ummiss i on s have c h r b i e c e n t  objectives . t imer s’ are man y com mmmon
features among them.  The p r i m a r y  n n t c t e c t m v s ’ of the Point  In t e rcep t  \ I n s s i m m u m  is tO ci I I , i C k  and destrc y enemy’ offensive
,um rcraft  which are a t t emp t ing  1 c m  destroy a target loc. it ed in t r i e u md ly t e r r i to ry  . l ’his uisua l l y requires close c o o n d u m m a t n o u m
w i th  a ground-base d radar ne t  c ur  w i th  atm , i m rb u o rne  s y s t e u n m  such .i’. n i n e  Airborne Warning and Contnc d  Sys tem ‘s’s’s A( S) .

The St rm ks ’ Force 1 5 5  cr 1, howev er  protects  frien d ly  a n r c n a t t  wh i ch m are li eu b n c n n m n i n g  g round a t t , i c k  nuissions. Ofm en
this  requires deep peumetra t i on  in to  enenmy t e n n n m c u r y  and the aircrew timust be aware ccl  grou tmd ’ha ’su’ci t i m reats w i mic h m m u m . i s
not he present in the Point  I n t e r cep t  Miss ion ,  Add i t i on . i hh y . the l : s e c m r t  Missi on require ’s close coordination w i t h  time
Strike I ’orce aircraft  ra ther  than the gr ouind-baseuh radar  net.

l Ime objective of time Combat Air Patrol ( ( ‘ 5 P m  mission mx to ds’ni y the use of the air sp .ice m i s e r  a given geographical
area t i m the enemy. ‘5 second , hunt  equally i n i p o n t a n t  (‘AP obje c t i c s ’ , ix to secure tha t  air xpsiCe i c c r  rise by f r i e n d l y  a i r c r s n b t
This mission may be conducted over f r ie n d ly I i i  n u l n u n ’ s , d iver  t ime Forward I’ u ige of the Bat t le  ‘srea FI .B” s I , or beyond t I me
I I  BA over enemy t erntory .

‘l ime following theoret ic.i h mnssmc ) n scenario is pres u’ tmted 1c m i l l t m v t r a t s ’ t y p i c a l  t , isk x which the combat aircraft  n m i m s t
per l ’orm. It  should not be viewed ,is a model . hu t  ra ther  as a c .’ ny general out l ine  of a mission prc fi le in thu s  case a (‘AP .
in a low to unoderate t h r e , i t  env i ron m ent  wit h out benefit of’ an AWA(’S and wi thou t  reference to an y specific weapon
s’.xt u ’ nr m ‘rhe par t icular  avuonics components m u ’ also hypothet ica l .  The mission profi le  m x sh own mum 1 ignu re I I .  I t  us broken
up in to  tIme fol lowing p iiases Ground S n . i T u ’ , I .uk e ’Off , (‘ ru nise . “s t t ack, and l and ,  Operational xe qu m en ce d i agram m i s .
shoss ing the tasks involved in e ,ic iu of these five ummission pht a ’u u ’s . are u m i cluded as Fig u re 1 .2 .

-~~ -~~~~~~~~~~~
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The cxan mp le rej mre ss’nts sortie c d the a c t r m . m m cx amid is mmmii  u tm clmu ’ suc e .  l i tmus ’ spent by tIme desig n er on p u l c i t  I . usk .iuu .u l y x i s

will benefit the total design six solut ions t c u  time immd ivi dua l  c ies ug im pro b l e mums are real ised .  Ii t ime mnu i s s u on  is under s tumod ,
the designer can concentrate on i t s  un ique  p r c ih c ls ’ in us and select ‘‘ cc c m nxi c mxc ’’ sit u s i tmun m n s ,

1 .3 R E L E V .~NT FI .~ [URE S OF \ I R ( ’O M I i \T ‘s IRCRAFT

1 .1.1 lnt r odu ctio im

S mu nm ie  comm u bat , i urcr a f t  f ’um uct i om us are 01cc iu c u shv  cc miimm o i i I cc all a i rc ra i t  . For e x a m u m p h e .  landing condi t io u ms . Such
sus pects cm. i l l  not he considere d here . ‘ l ime  l c m h l s m v s u n g  paragrapims deal wi t lm the f ’un c t i cunus  cs ht i ch  are uu uiq u i e I c c  t i m e  com h c .nI

aircraft .

1.3.2 Threat Detection

(‘lie air  comim h at  ,u urcraf t  wil l  be the targe t c m l  hhreats ,  I lie most recent  \ l i c h d h l C  1’ ,i’st war p r u n v i d e d  a r e l a t iv e ly  hi gh

threa t  en vironn u em ut  wi t h  which  the  a m r c r s u h ’t hmad to c s m n m t e n d m , 1 lie threat ’s  b.m es ’ cl b u y  pilots in f u t u r e  c o t m h l c s t x  are s ’x p c5te d

to include bot h ground-base d and airborne.  The ground~ cased th ure a t s  una y comns i st of s m u m l s i c e - t o ’ ,uur numussu l e s  i~~. ‘s M s t  and

ant ia i rcraf t  ,unti l l ery I ..\AAt Such threats often will be mobile and cover bot h h u g h and how a l t i tude  air  space. The air-

borne thmr e at s  wi l l  include high performam u ce aircr af t  capable  u mf a t t a c k i n g  wi th  hi o t f i  rim nssiles and gun s . I t  is possm hIs ’ for

SAM ’ .  to he fired in sa l vc s s i t h m o u t  r su sl ar guidance or 1 c m  ~ , ‘s \j ’.  Id he opt ical l y  si gh ted. 1 m m I i n e ’ cc csuses the pilot nmust detect

the missile by seeing m l  as it u s launc h ed. Si n ce t y p m c s u l  u u m u s x m l e  flig h t tim u mes range Ir om 15 I c c  25 ss’cc m u m c b x m , the  magnitude

of the problem becomes apparent.  Threat detection can hue more shi fl ’ ic u h t  ~s b ms ’ni enis ’ n n ls  g r c n u i m i d  control ve s’tcm r the

airborn e threats.  Threats can th us approach’ cm. i t h r u m u u l  t ime rise of act i ve a i r c ra t m radars umut n i  they are iii C lu i s s ’ p r o x i m i t y  to

the acquisi t ion and Ia uinc h m e n s e l c n n u s ’x of their  ground def ’ence missi h s’x . I t  becomes increasingly d i f f i cu l t  as l ateimes cub
cls ud cover obscure the ground.

1.3.3 Threat Ident ification

Threat ident i f ic a t ion  req uu ire s det c rm uiui i s i t i o n c u t  the t iu resu m being gnc cu immd-has e d or airborne amid c lx  rad ar  x t a l r u x  Ixearchi .

Iock ’sun . e tc . i .  I b i s ’ prob leni is eccmpounded if t h e  threat nu m bers are inc ns ’,used duie to c lu t t e r  pro h len ux

(‘h itter can he ev iden t  mu m bot h thus ’ audi tor y  and v u x d i . i l  c i i .m n m m mel s  In  t Ine  b c mr mi l e r  i t  m e s s i l t s  in scm m , i n n% vs arn ing tone s

th .iI . couples l w i t i m  the  s c m i c e  c o u n u m m u n m m s ’ ,i l i oiu . a u d i t  c v  im m f’diru uiatio n lies ’cm uim es ver y  d i l ’fi~ u uI t  t cc  i n t e rp re t  m e a m m u n g l u l l y

in the b , u t t e n , the pr oh l e mm m .ir ux c ’. hecaumse xdd mmmany xc u t u h i c i s  overlap eac h o t hme r  t i n . u I  i n d n ’ . n i n m g u i ’ s h n s i h k  sy n muho l  ‘‘blobs ’’

appear on time airborne radar ser e emu .

If the  threat  p r i c m r u t y  mx xe le c t s ’ .t a u n c u r m i a t i c a l l s  . t n a c ls ’ c n t  I d e e ms m c u mms  s t i l l  r e m.u um n invol v i ng  the d iv i s ion  he tw es’m i i v m i n i s ’s

wh ich are .u l l cmsss ’ cI to decide threat  pnoritie s atud the s’ s m e n i t  1 c m  cc In ch l ime p i lot  l srsm ks .ut t ime svmbology c r e ’ . c. r l c ’ui and

dec iu l es  h i s  cuss n p n n c m r u t u e ’ .

I .3.4 threat  \s c m i c i . i u i s ’ s’

Once tIme th m r e , c l  is ds’Is ’ c te d, e i the r  v usd i a l ly  or us s u mu lne  s e u n x c c u .  n b c ’ pilot t m mux t  .u s n ui d  it ml time m issio n us 1 cm be c o nmp —

leted suiccess l i u h l y .  I he ‘.c’ n m x c m r  c .uui  give time p lot ear ly’ v’. . m n u l i u n g  c c l  a uli i ss mIs ’ l aun c lu.  hu t  vu s m i s il  x mg l u t im ig  us also needed ml t Ime
mi u is sile . e i thmer  air ~to-a i r cii  s i u r i , i c e ’ t c —ai r . is tc m ice , i s c n i d s ’ d .

I’ yen if an u’n m e n u n y  ligh ten  t n u s t  , i l cp e an x  il x i x  u ’s ’h cms ’k . ar m ea r ly  s ight ing may’ al fr ’c. ’s I I , ’ p~i ot to t u r n  annu l  or ex ln ’n d  the

ran ge to ou i tsic i e time l e tha l  m c i  \ c c n n c b , j n r c e  of s u r f ’acs’ ’ t c u ’ .u m r  m m m i ’ . x n h e s  i S  ‘s \ I x  i , i l x cn  shepensis r u m  an ear l y ’  ‘m u s r u a l  p i ckup  ccf

time airborne n r mussm le .  1 1n ’ p lot m m m x i  w . , tc b m the mumis sil e ’s fligh t I n n i n g  enough I c c  c i s ’t c n n n t n e  i ts cha r ae t e rm s l uc s  and to p lan a
ui m a ncm e u i v r e  tha t  s s u h i  d e t e c t  time m i s s i le  ii m i t s  t e r m i m u r m a l  g ru i sh ance  p imas s’ (Refe rence  4 . p. 2 — t

lime s’ m m nee l ml  of siei ’m.’ati ’m g th u rm uis sm lu ’ in t h u  t e rminal  gu idan ue  ~cii .u s s ’ r e q im uru ” . .m p u nt decision .15 to wb r s ’n he simouls i

‘ . t , mr t  h i s  ‘‘ l i n k i n g ’’ nmaimo euvre . i.e . r . ipm cl  ch t an gs ’s a h c m i u n  i l l  th res ’ j mr s’ r a l t  ,i ’.c’s If hue s n . m r t ’ .  (hue n r m , m m m i m s ’ ius re m m m c m  s ’ .i r ly ’ , t ime

n mr s s ihs ’ m u ’ s  ~,itc h t u im . and ii he s l . u r t s  1 too late , his ’ tum m y not he ib Is ’ I c c  as m u d  this ’ missile no m i l I e u  wh at he does,

1 .1 5 Ta rget I)ett ’s’tm o n Beyond ~ , x ui , nh  R ange

The n.u rg s ’ts  consist c c l  eu me my . i r r c r s i b b  e i t i m e r  s t r i k e  forces d i r  , i un s irp s ’r t o r m i s  i n n ,  r u b ! . c mr h i m i t h .  Flue .u i r  e m i n n i h a t  a i rcraf t

mu st he ,uhle 1 c m detect h ost i l e , imr s  m u l l  hey mi n d  v i m. r i a l  ran ge m mm d.  ud e a l ly .  bey o nd tIme la u i t ie h i  range i i i  t h em a i r -u o —ai r  mm s su le s

or or l aunched  cruise numxsi ks . l ime pr mui c l ertm s nrc ’ hen x m m t m u t ’sm.i i a t c i i l t c ’rs ’n t  rum u b n ~ t h reat p n c m b c l e u i i ’ s  t r u s t  discussed bt ’camise

rat h er t i t a n  avoid thre a ts . th ~ pilot mm m xl cc l i ve ly  seek to d~ x n r c i y  time t ,m n i!c ’ T x  The pi lo t  mn ’.! ‘ n c  k out re ,u i ts ir gu ’tS t rm mnm r

noise g c n e r a n c ’ c i on the m m c k  p i t  d u ’ . t u l , m ’ s  - e s p e c i i I l y  unu ier  c o u r c h i  t i ( m u u m .  cs’here t a r g et s  are cimip limyin g vani cmus I pc’s 01 c o n n u i t s ’r-

ine. isuures , su ch as ~h.ii f, and uim . i y he i l y ing  sit l c c 5m. c cc lx , musing the terrain liii umi s i skumig .
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1 .3 .6 Ta rge t Detection W ith in Visual Range

( ‘ircumstammc c s can arise sc’h ich require visual ident i f ica t ion of the target. Causes can be the confusion resul t ing  from
a great miu mm mher of aircraft  en gaging iii ,um air bat t le  or because the rules of cmmgag e nment  demand visual identif icat ion.  ‘I ’b me
pilot sometimes mm eeds to acquire  the target visually wh en it is able to launch air to air cru ise missiles and may be , when
operating under IM(’ rules , once time missiles are launched. One bomber nuay carry 10 or 20 cruise mu missiles . and the most
sophisticated air conuh at  aircraft could. at best , destroy only six of these in a single nuission tm .

1.3. 7 Targe t Identification

Unlike the rh ure si t wh ich becomes i dent ’b ’m e d because it  us in an act iv e  radar mode , the targe l may ice f ly ing passively.
(‘ons eq u eu mt ly active in mterrogution by time a i r  combat a i rc ra f t  1FF systemim is necessary to check that  tIme target is not
f r i end ly .

1.3. 8 Target Dest ruction

For the case involving mimui l t ip le  targets , it is necess ary to  assign atm imumporta ul ce level or pr ior i ty  to each. Though
co mnpUt er  a lgorith mmm s can allocate target pr io n u tu . ’s . the pi lot  ummu s t of ten override t I t u s  order of p r io r i ty  because of uni que
cn rcunmstammces .  Flue informat io n  must  be presented to time pilot m m a s u m u m p le and coum c i sc manner  so that  hue can nn ak c’ time
pr ior i ty  slecision e f f i c i e n t l y .  He m ust als m be able to change the p r i o n u l i e s  and fire this ’ missile at the appropriate target
in a re l , in iv c l .  sh ort period 01’ time. ‘This is a crucial u ss uus ’ iii a si ngle ss’.uI cm imh a t  aircra ft since the pilo t has only a be ss ’
seconds avail able to scan the u h i sp lay  for S t a t u s  irt i c n mi m a t n c n m i 5 Fur ther  r e l e r e u nce  is made to this  topic in the air-to—ground
a t t ack  a i rcr . it t  c imapter .

1.4 DESIGN PROCESS

Ann i l lustrat ion of ho sm aircraft , avionic s . arid crew stat ion cou ld he designed is now included and arranged according
to this ’ civ ’er’all man-machine systenm philosop h y discussed in Section 2 ( ‘imapter 2. In this  example it is assumed that  the
ai rcraf t  mission ansi scenario are known , tIme design of the maui-mac h ine sy stem is t h en structured according to the
f oll owi n g:

( I )  objec tives of tI me system ,
(2 )  funct ions that  the system must per fornu  in order to accoummp h is h m the objectives ,
(3)  v a r m u n u s  methods of accomplis h ing eac im funct ion , and
(4)  equi pumment  and procedures , or means. , issuuc u.i ted wi t h  t h ese met hu osis,

1 . 4 . 1  The Objectives

The dual objectives of d e n y i n g  time use of a given airspace to the enemy wh ile at this ’ sanme t ime nu aking  it available
for use by f r iendly  s tr ike s u t t . u c k  :u i r c n , u fu  inmp ly  d i f fe rent r ec i ui renme u mts  1cm the  air es mmm u bat a i rcraft . To deny tIme use of time
air space to the enemy resl ui n re s tha t  the .u ur combat  aircraft  he able to iumtercep t  arid a t t , uck  enemy s t r i k e / a t t a c k . i r cavy
bomber forces , and acconupanying fighter es c cmr ( s . rime second objective unaking  this ’ air space secure for use by fr iens ily
s t r ike / a t tack a i rcraf t  requires time ann conuhat  a i n c r . u h t  to in ter cept  and destroy enemy ligh ter aircraft , Since time a i rcraf t
mus t perfornm lc unt l m  mission objectives . the avio n ics com u mp l ement  fc m n the a r c  r a I l  is severely affected.  For exanip le. the
acquisition of emmemy s t r ike  i ’u m re e s  wimile tImes are h c y o m i c l  a i r ’t c c - xu nf , uc e  ummi s s i le  l a n i n c h u  ran ge n i ms i y  impose a nuimber  of
cons t r a i n  t s  on the desigm u of the target  . u e d l d i u s u t n o n  ss’ m nscmr s  and susso en ate s i  comuup n i te r  processi n g R ’quirement s.  cu un v c rss ’ly
thus ’ engagement of enemy fi gh t e r  aircraf t  may impose constra ints  upo im the gri m m and sig h t i n g systems.

1 .4 . 2  The Functions

The funct ions  necessa ry for time air comnh a i .u ir c raf ’t to perbc mr n im i t s  ummis s io n are also affec ted  s igni f icant ly  by external
f ,act ors . e .g . the sop h is t icat ion of the air  or gro und ’h c sise ul commansi . control  amm u l commmmummica t i o n  system.

(a) Interna l F ”unu nc cmn . d

Bot h ex i s t ing  a i r c rah t  , n mm ci  t i me mission re q uire mn eum l s  earn give ci n ues  as to t i m e  f ’u n mc t ions  tIme aircraft  should perfo rm .
the des r g mr e r  need not he constraineul  to only w h mat  e x i s t s  cur rent ly .  hu t  should use current ca p . ih cui i t i es  as a basis for future
design . A useful in i t i a l  step is to unake an e x , im mi i mmat io nm c cl time t c chn ics u l  ma n m u ia l s  of e x i s t i n g  aircraft . The designer sh ould
examine the d esign of several air combat a i rc ra f t ,  to emmsure a h r oac i ap p nc ’cr .u t ion  of a l t e r n a t i v e  design ph ilosop h ies . A list
can he compiled cm cvering t ime required fn in e t ion is , s mui u i l a r  l u u  t ime fo l lowing

Vij i ’i~ u i tj ~ pi rime a u r ~ r . u l I  mn ust be .ih le to travel fruim mix home base to time target  area and hack , and may need to
rendezvo u s wi th  mmther  f r i end ly  air con ihai , s t r i k e  . u t t . u c k .  and hanke r  aircraf t . Diversions sire another aspect m n b  the uiavi gs u ’
l ion func tmon.  Range m d  s ib hm t u de  re quire ments . fu r the r  bucl p define thu s ’  e’s , u ~ I n a t u r e  of tIme um s i v ’i g atio n m func t ion .

(‘o o m m n m u , u i e a l i c mm n  ( ‘o n mmmunics i t i o u m s  are of prime ir npor t .mnce.  TImer s ’ mm i ay he re qnu ir etnetmt ’ . I d ) c o u n n m m n i n i e a l e  wit h a
var n s ’ I y  c m i  x l s i t i o ns , in e lu i rh i i ig  ground -tc ass ’d atm oh /o r a irb orne cotummand . e c m nmi ro l , ar id u’o imim n i n mie a t ion s y s t e r u m s ;  w i t h
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fr iemidl y grouind forces , and witim otluer aircraft  operat ing in the satim e airspace , inc l udiumg ot imer air conubat a i r c r a f t ,
t ankers , s t r ike/a t tack , forward air co imtroh l er x , ami d s es m nc h i su t i u i rescue.

Fail ur e tl ’a r m n i p u i ~ Time aircraft moist he able to contimmu ially n m oum i t um n its ‘ ‘healt h ” and report to the pilot any serious
‘systemm u malfunctions.  Fire detection amid e n mgi i me  malfunctions are of priim u e importance.  If time aircraft i m as  arm active
control flight control systenu . electrical fa i l u res  are crucial. This function migh t include in fo rming  the pilot of the
remedial steps needed tsc overcome time fai luire.

Threat Deieeiio,t “s t h mres i t  detection fuinction is essential for this ’  slur  com m ihat a i rc ra f t .  Invar iably  sonic system assis-
tsu uree is needed.

Target J) ef e r ’(j on Target detectiom m is essential . It msuy be achieved by direct visual ohservat iou u or w i t h  the assis l suu ice
of avionic equipniem u t .

.5tores .hlanage,m’u ’nt The design mn us l enable tIme pilot to select a weapomm wi thu  nmi n miu u mu m m m m delay ’ and ch ange from one
kind of weapon to ammother ,  A hi g im degree of systemmu re l iabi l i ty  is imeed e d.

(h c
i ca,m ubiii t io ’ .s Oti t .si d lC limo ’ Aircra ft

The selection of metimods to i nmm p l enme n m t fu inctions wit h in t ime air combat s i m n e n a i t  depeimds on time sophis t ica t ion  of
system capabil i t ies outside time aircraft wh ic h it can uti l ize.  ‘l ’hne s i i nc r s i f t  could Ice t o u . u I l y  self-contained , but  t h is suggests
sim m extremely sophisticated and costly a i r c r a f t  wi t h  com plex avionics. I l o w e v c ’r , it is d i f ’hicult  is) conceive a scenario in
whichm time air conmuhat aircraft could depend on mmo outside capab i l i t y .

(‘onmniand . ( ‘on trm ,l and (‘omlnunmr ’ cu l lc n ui  ( ( ‘3) .Si ’ s i o ’iii Th mis s y s t e n m n  mu may he comiupose d of airborne , space and ground-
based comnponents. I t  provides for b u g  range shetect iomm of th rea t s , and t h rough n I x  comm imand f ’nm nct ion can vector air
combat aircraft  ni b proper posit io n m to nu meet suich t h i res ul x . Time sy steuli  , , f i c ’e ls th e  nm s m vn g a t ion  I n imuc t ion  simmce it cain direct
the aincr sui t by providing radar v e c l c u n s  or . m u  conjunction wi th  an auto-pi lot . c , m um da ta  l ink  a u i tonm , u t u c  flig im t con mn mu ands.
This could reduce tIme need for a soph isticat ed on-board nsuv ’igatuon fnm nct ion .  I ic (‘3 system also e b b e c t x  eonm m mm’ uuni i cat i on
since it can comnuunicat e  to time dir con m mbat air cr ,uft  t h ur su uig i m da ta  l ink wimem u voice com u mmuni c at ion may not be possible.
W i t h  long ra umge su rve i l l ance  radars , the (‘3 s y s l e m n u  c :uu m p erh ’orm im anu l ass is t  vs tIm t h reat de tec t ion  and iden t i f i c a t i on .

Th reat .ciqn ,nr u ’s .m n c n m n  Grou n d based th reats caum Ice reduced s ign i f i can t l y’ t h rough the usc ’ of th rea t  supp r s ’s s m n n n n 4m ircra i ’t .
If th ese surcraft are .m v,u i l ab le . time am u mouin t  u m f  e le c t rommic c o L mum t e r n i u e a su n ex  avionics needed aboard time cc rm u i ha t  a i rc raf t  is
lessened considerably For , m n r h o r m m e  t h reats time rise oh e l ec t ron ic  cv : i n t , u r e  u i r c r a f t  n m u s m y’ offload avionics requir em s ’nr lx  IrcurO
this ’ coi tuh at  a i r c r a f t .

1 ,4,3 The Methods

One ciesugmu appr ums i ch I c c  s i e ternnine t i n e  mm u et i u o sh of i n imp l emen t immg (lie required f ’sm nctiomms is to p lum for lime “wcuns t  c,u.ss’
s i tua t ion  in which tIme .uur comn mbat aircraft cau m ul epemmd un poum nmin inmumm suppor t  f ’rscumi outside c a p a b i l i t i e s . The desi gner is

t i t en  able to provide  an a i r c r a f t  vs h i i ch  is v iable  im i a h igh thi r e s i t — mimmin un inm sn upport  s i t u a t i o u i .  vs hu i l e al lo winmg t ime c c pt i on  of
ch ia i ig tn i g  the on—hoard .ms u c m n r c s  cu m mmipleutiem u t as nmore mmn i t s i c l c  capabi l i t ies  heconme ,i vai h s m h le .  W i t h  t ins  c m v e r . i I I  p hn m lc mx o p h m c
in mi mud . he can th en select this ’ umetimo s is time aircu .mb I wil l  u t i l i ze  to fu b iill i t s  l u inc t i o mms .

\ c j n u .u b c u t i i f l m  In the ‘ ‘wo rst case ’’ time ‘st aircraft nmust he able to navigate in , ic hv cr s e weather  wi t h out ex ie n i r s i l n. ’vmga-
(ion aids . This implies that tIme numethod n m u u s t  provide for seh f ’- c o im tun ine sl amid jam free operation. Such c o m i x t r . u i n t s  l i m i t
this ’  p n n m m n , u r c , method of navigsi t ionm to arm i n e r t i a l  or I ) u u p p l e r  ‘Imie r i i a l  svs ten i .  In prom ’ idiimg l ’or t ine  case c m i  t u i in i mn un u  c n u u t s u c b s ’
assi statice . this ’ designer nmu. m y  i n c l u de I “.3 ‘ -‘sN. ‘s’OR. auud ILS ‘s s i s i ta  h i u m k  r ece iver - I l ig h i t  s h i r e c t c c m  n m u . u y  he iumc lude sl to
enable this ’  a i rc ra f t  I c r  f’nn n mction mum si t .i mumming cii vi ru uu m time n I

( ‘ciou pp :unu i . l tucd , nc  Since voice c c m u m m n u u n i c a t i o n m  is ver y sl i t  h i c u i l t  in the l , u i i m nmin g  e u m s i r o n u n e n t . aim a l t e r n u s u t i v e  nm ct l tod
c c l  c’m i m m u n i e , i t u i m n i  is reqmuired. One candidate us ch , i t , u  l i n k , req n i i r i n ug t hi ~ imic ln is i cu m c i a  d , u t . u  h im i k t n . m m m s n n i u t e r recen v er ,  In
the ease cml si moderate jam nuiu i rug  env iro n m en t , a h igh fr eqm ,s ’n i’s raui io is aim s i p b c ru m i m nate  um m et h mod ( cur c c m u t m n m n n m m i c a t i o n  ansi ,
f inal l y ,  i n this ’ nuo jaimm e n u v i r o n t u m e n t . u l t r a  h u g h b r c ’qnn enc y or very h igh f requency radicc ’ .  are uisua l.

Failure I t ’arn i,mg The prImar y  xy ster n comprises a comb ination of warn i um g l ights amid auiditory t c m n i e s  or messages.
The methods 0 moni tor ing  amrcrs m l ’t “heal t h ’’ range from sium i ple d us pha y er l  sensors to soph i s t i c  , mte d  cu’um so rs h s ’ec hung ceuni ra l
processors ,u m mu h m u l t i f u u m e t i o n  c i r s ~c l . mys .

1’/n ru ’cl t I ) i ’ ( c c  (no?! cJ P i c l  / c/u ’un tn l i c ’ati ap m R , m uh .m n u s  n n n u u ’ nmie t hm oc i  of pe r for nu u iu mg a self con i t am ne d f u n c t u m m r i  “s‘s this ’  an m ’io u i umt
c m l  outside support utucrea s e s , the range of time ss’ib-eonta ined radar can cieere,mse

I i  the sm ircraf t  canimot depend onm cmu t si de support ,  ml mu st tcci ssess mum . m h i h i l y  to i n t e r r o g a t e  o th t er  aircra fl in c i rc le r  to
u c i e n t n l ’ .  t hme n m .  ‘b lue n mmetho h f o r  p e n l m ) rnmin g  t h is I .msk is the s l e i mt i f i c .m h ionm friend or foe ( I  I F  I comp omient of this ’ I Fl 511
set ,  ( ‘ui t mv s ’ rs s’Iy, th is ’  air c o u m m t c a l  , m n n e n , i I  I nm i u i st i d e m m t i t ’y i t se l f  to ot imer  ft end ly  a i rc ra f t . and the se l ec t ive  i d e n t u h u c a t i o n
h e , i t i m r e  51Ff  contmponen l is used for this. With  the use 01 o u t s i d e c s u p . i h i l u l n e s , de peim d e imce t in  t ine  I I I ’  511 radio us
dcc r e ,mvc ,’d
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Stor e.o , t!u ,nu s’u ’ m , m m ’ , m t Th is includes selection , a rmimiumg,  and firing weapons. “s simple m i met i mod of s s ea t co m m se l e c t m o n m
requ u ir es switches fronmi a stores control panel I n c weapons s ta t i omm s .  Weapoum armu m ing and firunmg camu also he ,mccoimuphishe d
m b u r o u u g h m  separate swutc imes . Multi-purpose control  panels amid swmtc h tes  sul t . i c i m e d to weapon s t _ m t u u m r r s  th r ougim central
promcessons aumd multip lex data busses camu be useui also.

I .4.4 Means

I ’he designer nmu m st d ecu she using variouts criteria , ss’i uis ’hi  euf sescrs u l  u n anufac tunens ’ equip m ent  1 c m pu rc h ususe .

hu m )  (‘or / spit  Dimensions

The cockpit dimensions of d i f f e remi t  aircraft s’sirv Icy’ sms m u n ch as a actor  of I .5. ‘rims ’ d inmens io m ms nuay pose a seriodis
c c c mms mra i n t  to this ’ designer , and it is crucial t h at hue de t e rnmim i e , esun lv iii t ime design process., the munimu m m co ckpit  simmen-
sions wit h  w i mic h m he moist contend. A lt imouig im the l u m m m u t  oh ’ re a ch by time operator auito r mmatica l l y Sets a dinmcnsi c mi i  l i u m m u t .  A
great deal may he kmm u c s v m m about  time c r i tmcs ml  cockpit dinmeumsions re la t ively  early iii the desig im of this ’ aircraft bcecause c m i  time
aerodymmamic desigu u considerations.

lb  ) Time Selo ’r ’lion of ho toma tic ’ c u r  ~h!a,muu a l Operation

The foll owinmg extracts  fro m Refere n ce 7 , pp, d )2 . 5)5 , give sonic general guiida n mce in design s in t h e  selection process.

Ta.sk.c in wimic’h (‘ump uters Excel t h i n

t i )  ‘lime perfor u mmaunce of mu many u m u c i u v i d u a l l y easy informat ion  hammd hi ng  t usks , t ime af ter  t ime and withoui t  error , is
not at all csmsy for mien it us wh at comimputers  do h c c s l ,  ( ‘om mse q uenn  t h y ,  sl im y lugir volunte  m nfornmmat ion  processing task
iii which the m iles f’or processing are sinmmp le amid esu sy is just righ t for u n m a c h u n e  per formanmce.

( )  Another  task in wi mic i m conuputer s ex cel men is long-ternm storage . They re umm ert uber immenmse aummounts  of u n n b c n r -
nmat ion and canm reproduce it e x t r c ’n m e l y  a e c u r a u e l y .

Ta” Is c in um ’hj eh t h u r  L’v u i  (‘nn npmu ters
I )  M auuy compute r  exper t s  agree t imat  t h e  mm iost unmmpor ts u mmt  respect in which tui en ex c e l  coniputer s us in the

did ’ d ’ m ’ .S s i / m i / i l l  ci! time itt ’nms iii storage. ‘ s le i m can get at a si n g le nuemory in nmany dnl ’l ’enen u t  ss ,u vs . in psmrlmcular . they can
r e c nmver miu enu ori em . on the basis of s immm i l a r i t y  alone. ( ‘onmp u ters , by contrast , h ave no suc h c’l b ’nc ien t  cn u ms s - r m i dexung

h ’ sy c b n u c l c n g i x l s  and coummp nm ter  exper t s  woui ld sm l suc l i s t  / m u t t t ’fl n rr’ u ’oguni li ’ c c m r . par t i cu la r ly  visual  pa t te rn  recogni-
t ion ,  .is an impor tant  c .mpab i h i t y  in which nu en far excel conmp nn ters.
( 3)  . . . A major v i r t u e  c m l  m e n  is t h at t h e y  have a lm ighi t n c h ’ r c u m n c  m ’ !cn r  a n if mig n.Th ’ . i’ , , g nuc , r d cs , % , au nt unr ’r ’rf ue rl r (i ’ m.le n
are able to d i c t s ’c t  vs h a t  otim er rimen mean th rough the siumog of ss bmat t hm u ’y say. amid thm ev cnnstommmar ily do son and icebr a v e
accc crshing ly. Such tolerammc e for annh ignn ity us u .isesh 0m m .m l i f e - b u g  h istory of experience vs mmi i  a inhmgu mn tv  and on the
a b i l i t y  to .mr gute  by’ analogy from one ’s own purposes to t hmim se of o ther  pec cp le. N e r t h u e r  of thuese c h i a r a c t e r u x t i e s  seem
like ly  to he available for coi tmp u tci  s in time umear  fu i t n i r s ’
(4 )  , , , One r e . m s c m n m  w h i c i  men are good .11 t c m l e r a t u m m g  a n muf e’s p l o i t in m g a u t m l c u g u n l y  is that timey c can el t c ’ c t i s e l y  translate
u€ncc ’rt ai li tv :,uto p r ohm a/ mihi t m aniot i m e r  I , i s k  in which men far excel computers

l’snn g these general g n i ms l e hn ne s  and a n t h r o p o m n e l n u c  data (see Section 2 . ( ‘hap t er  H time de si gnmer shiou ld he able to
decide which bunc t ions  require , m u n t c m ati on i , and c m  55 h at degree.

c m  In tc’grared c mr 1.) ei l im ci(t’ c/ l u /  n . m / c  ,(fr mm! ‘sm /i’, t ic c m i

In tegrated equ ipment  u mh ’ferv po ten t i a l  h e nme h its  i n c l u d i n g  cc ms t  res lu u c tuon and h igh er system re l iab i l i ty ,  however
added design and development c ot u ip lex u t i e s  ,ire m n t r o d u m o’ df and c o n msm ul er u i tuom i c ml such technology n i must  be treated with
ca nn t i on.

Three nn se fu l cons i der ,mt i ons ire

( I  I urgency mit ’ use
( 2 )  c r i t i c a l i t y  c i ?  use , and
( 3 )  h r em~uenc y c m i  rus t ’

l as’h piece of equipnulent can be r,ct cd on s’.mch cmi ’ these cr it eria , and f us cu nm this ’ overall ratinig. decisu mm ns macis’ si’s to the
kind of eqnnm pnuent needed. ‘s t ypuca l  method for Ilmece three c r r t s ’n na is shown in I able 1 .1 . and described in Rebs ’r e mi c e ~~.
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I A B LE 1 . 1

Criteria Rating Ca tegories

‘rg..’ni ’ u’ ( rn t i c  ‘a/i l l ’ l”rei 1m us ’..ur - i’

I .  imm u medi a t e  I ,  ‘s ’i tah I - l—’r e q u i e m m t
2 ASAI i *  2. lnmportaum t 2 Occasional
3. Convenient  3. Usef ’ni l 3. Periodic
4, ~~~~~~ 4. l’umx s ib ly  U s e f u l  4. ln t ’r e quent

5. Nf\ 5. Rare
6. N~ A

As sc idin as pc us smhhe N c cr  app licable

(d )  Lquip un ent  S,’/r ’u ’t hmr m

(‘c u S s’ One major puirpose of ’ t h i n s  paper is to cu c n isusher  vs ays of re duc imug cost of ummoderum a i rc raf t  t h mrouig hm t ime r educ t ioum

of avismnics complexity therefore , time cost of a l t e rna t i ve  e q u ipu i me m i t s  sh ould he a mu maj o r c r i t e r ion .

R d / i c / / c r / u i ‘lhe  relatioums im i p hetw e emm rel iabi l i ty  and cu cst  can take a va r i e t y  of ’ h ’ornn s, Som im et m nmes the simpler and
lowest cost equ ipment  t n. uy he t h e  nmost reliable. Itowever , it  nm m . m y he t h at time cim eape xt  equiupnmment  huas time grea tes t  h i s ’
cycle cost because of loss r e l i a b i l i t y .  Lqu ui pment  r e l i ab i l i t y  hmo v s ’ever c u n m i t r i h u t e s  to tIme t o t a l  sy s te rn  r e h i a h u h n t y .  If a
par t icu lar  piece of equ ipme nm t b ’

~ u l x , t ime overall  sy s tem conf i gum rat ion nnmsi y he snic h m t h ai time s m i r c r . m b t  can st i l l  perfo rm its
mission,

,Sfa i,nta inab i iitm ’ The cost of n u a i n l a i n m u m g  sophisticsited .mv i onic s can he ver y ’  h igh bot h  in terms of tIme equi m pm e im t
needed and training of time personnel. N e ss t r a i n i n g  procedures 5 amid mew equ ipmen t s  are being in t ro u i u ices l  a l ready to

a l l e s m . mte  t h e s e  problems. One appr o achu is to place the s o p hm mstmcsmt i on  i m mt o  time .ierccsp :uce ground equ m pm u memmt . so t h at ii
can locate the faul t  at time li n e rep laceable un i t  level amid , in sonic csises , am t Ime co mnpone ul t  level w u t h i n  the u n i t .  This ’

equipment  designer t h erefore m ux t  know the intended locsitr on of Imis equmpnment wi tt mium this ’ anrcrat ’t b c c r e m n v u r o n r u u e n t s u i

and l u c n  serv icing reasons.

(e )  ( n n ’kpit .Sf m O d ’ u ’ . 1  // c cr ’al io?i

‘s f e ( h u msis h a n s ’ been devised f or  t ime pro per silloc sutiomm of ’ ccm s ’ k p i l  space 1 c m  e q u i p m u m e n t  on aim object ive basis .  ‘Fhms ’~~’ sire

of par t icular  inmport ance I c c  coum u hat  .uurcraft  design. ‘Uhme pr oce olnire a l l cmcates  space t om eachu equ ipment  based oum c r n t m c a h u u y
and frequency criteria as previou sly discuissesh . This ’ a immount  of ium for t tm sm l mon for ih i s i c la s  to t Ine  p i lot  u s an oth er impor tan t
factor which sh ould incl u de an throp o ummet rmc  considerations.

(1’) (‘ockpit 1.1 i ‘out

Ilaving this ’ mission requirements m m m m m d an inmitial paper la y o muit  is nu smde \l ’sleIx c m i the aumthropon i e t r r c  chu anac -
teristics of the pilot , thum s is t h m e u m  n i o d u l i e d  u sing a cresv s t a t i o n  geomet ry  . e quu ipn me nt  l umcat m ot u . ammd ussociate ci e qn i i pm i i en t
procedures. ‘fhroug im aim u t c r . m t i v e  tec h m iu iqn n e any major f a u l t s  connect s’d sv mt h i  t ime cockpit l ay u i n n t  can be e h i nmnm n , i t ed
he f ’cmre uiiock ’ups sure bu i l t .  Following thus au m ,u lvs r s  cu cckp i t  mock-nips  amms i s i i umu l a t cc m s c . um l be c u m u i x t r u i c t e d  to expl c c re  tI me
prac t icabi l i ty  ci i  the propose d design.

I g I Pilot Proced ures

Esis’h e quipn m emmt l em m ds  to he de sigmm c s i in iso l a t iomm simid ucpera t io um cr 1  sircbm m n s h n s m d u s m l u n i t s  m mms n y be re la tm vs ’ l v  s i nmmp le .
Ihowevn ’r , when all the equmipnmm e nt  us p laced in the c m m c k p i t , the t ot s mi operat i ouia l  load may bc too great . \ ve ry’ detailed
t m mum e l ine analysis of time n u issnon can he c n mums t ru i c t e ml  I c c  show this ’  t c r t s m l  c lot vs cm rk l oas l  dur ing e ,u chi segnmeumt ol l ime n nmi ss i on
The a n i c c u m m t  of l ime a vai lu m h c h c I c c  co nm p l ehe  thus ’ task sis s l e ls ’ rn ui ium eui I rom this ’  n m m m s v m m m n  sm n msi l~ sus sum mi t t ime . immmount  of t i m e ml

,m c l u u . m I I v ’  l ik e s  the p u l c u t  Ic c  conmp k te the I .m skx . m e  comp.ur ed. Wh ere time a c t uu , u I  tummm s ’  ne ed s ’u i to cs m nmp h em e time I 5ms k x exceeds
the time ava ib ah i le , an c c v  n.’rb oad nm ccnmr s .

l’he l ’mc l Inc vs in g opt i un iv are t hm em m .:s ~mi I able:

rea lh mcate  some t .isks I c c  .m nmi ss iu m u i se gimme n il where surpl u s t m mum e is , i vaml ah le  if lime n i i ss iumul  sce nu . mrmmu vs i l l  allow

2) provide sounme a d u i m l i m m n a l  t r i m m i n g  to this ’ pilot so t h at  hi s ’ c iii c m n m p h e le  ts msk s lasher , ami d

t 3  cha n ge the she xugn cmf the equ ipment  or select new e 5 in i i pnm e nmt  sc hui c h i  h a s  s in m ipler  p nccced m ur e x  ,ms sdceusm ie d with m l .
I his i l l m u s t  ra ts ’s’ t ime premise I m i t  l ime t u sks , needed 1 cm ccperat e  tI l t’ e q mmup nm men t  are a c n u te m mour  w bu mc ii shoulsl h~
considered in en l u i pnm e nt  selection .

I Im I Op e ra /m m/u i’

So far  the design wil l bm av s ’ l cu ’eu m confined 1 c m  p .upcu  s l u i s h u e x  amid 5m rra m mgt m men ts .  Ine x p s ’nm si v e nm ock ’ups c anu ch eck pilot
reach am moh vismoum enve l o im es , a d d i t u m m n m ~m lh y  p i l ot  .mccepta imce m mf the basic cockpi t  l ay ou n t  cs i um he ds ’t o’rum um n e d vs tIm t ime mud  c mf

— — . .‘ ,‘ ‘ -~~---- .— --—- _ _ _ _  — -—-‘ - .4



ch ecklists ss i imc h require .u subject lou reach for eac h location . probably usium g a cardboard replica. Errors in cock pi t  lay un i t
cs iu u he corrected at t h is stage at nmiimimumu u mmm cosu

l ime next stage us to emu ip b oy si ground based sly ui a nmmic s imulator , t h is will allow a mu ons ’ realistic assessment umf  t h e  t c m t , j l
s~ sle m u u and its  operation.

1.5 SYSTEM CAP ‘sb lL l TY TRADE-OFF

Once the aircraft  has been desigmied . this ’ avionics costs r m m a y s t i l l  he excessive The siesigmmer is t h en faced with the job
of ei ther  s m n n p h i b ’s mmm g our e l imina t ing  avionics in order to nesi nice costs. Thue designer mm must weigh a series c u b  system
capabil i ty trade-offs . as it us of no value to bui ld  a low cost , simple a i rcraf t  wh ich e sm nim m o t p er lsurni its ummission e f l e c t i v e h y
For the , ‘s( a i r c r a f t , the Lu m r o i cea n scen ario four t h e  I ~

)
~ Os us a d i f h icu l t  m ission imm a hu gh th reat envi roumment , An~ re duic-

t ion in , u v m u c m u u c s  s u mp imi s tuca t i on  and . cou m isequeni t l y ,  cccs l un m uist  he weig hi esi sigsm u mmst these ra ther  severe c ocnstnain ls .

1.6 CON( ’L V SIONS

It is possible to reduce aviommics costs t i mrouig l m red uiction of mission n s ’ s i ni i r e nments , rise of special t a c t i c s  and force
mixes , mnmcreas e d pilot t ra in ing,  inmmproven i ent  of a i r c r a f t  . i erodyn anmic q u a h i t n u ’s . of f i dmading  of .u v ionics  to external  sources .
or addi t ion of more crew meuu uhers .  These le chmmi que s have been used in the 1c ,5s1 and are feasible. The means of cost
redu m ct i omm which ,up t ce ar s to offe r time most promm u ise is the use cml  mo ( h u n l ar , d ig i t a l  avior n ucs  As s c ums s tated earlier in this
ch apter . h ecaumse of t h eir low life cycle ccm st and iumheren t  r e h i a h i i u t y  . digi t ia l  as ionics are very a t t rac t ive  b ’ucr  futuirc ,’ a rcraft ,
But it  nu i s m y he t h at the re t rof i t  f l e x ib i l i t y  provided by thm s ’se dig i t a l conmpo mnents  sc ’ill he time mm uos t i nmp o r tan t  lactor. It
does not appear th at nmission requi rem mu emmtx  are decreasing.  huit  comm v ers e l y ,  they seeni to be incr e . m s nmmg Th ese increasing
mission requ i renuen t s  require a t remendc cus  i l c x i h i h i y on the part of .-‘s( s m u n c r a f t  suv i oun u ic s . ammd di g iha l  a v i o n i c s  are t h e
means of pruuv id ing  time req uiine u h f l e x i b i l i t y  wi t h in so u mme reasom uah l e cost com i s t r a i n mts .

1. 7 RECOMMENDATION S FOR 1- ( ‘ TUR F R E S E ’ s R C H

,“ sre ,ms for future nes s’sm mch are discussed below

1. 7 ,1 Improve Visual Target/Threat Ik ’tec lion

Although sophisticated 1FF sy s t c nm s  are carruesi  aboard .-‘s( ’ a i r c r a f t . s t t u m a t u c n n n v  can arise where u sual i demi t i f i c .cu i on of
t a r g e t s  t h r e a t s  is necessary . Du n iumg these condi t ions  it is c ruc i s i l  to sig h t the hos u i le  airer si ft  as i ’a r smvva y sm s poss ih u le ;
therefore . effots  must  he in i t i a t ed  to e x t e n d  time pi lot ’s v usn u sm l  de tect ion c apab i l i t y .  Oum e su u g ge s tes i  smrea for f ’umtur e  research
is the use of long range u e l evision d u n  infrare d ‘:amersms to e x t e m m d  the pilot ’s visual  ramige by s ‘s er a i  orders of rnagnm t ud s ’ .
Parameters to be ex ium imined incluide such th ings  smx camera ratig e , fi eld c u b  s ne ss , ansi sh ades ofgrs m y ( d y n a m i c  rammg s ’ ) .

A second research area r e l .u le d  to visual  t a r g e t / t h reat d etc ’ s u n n n m m  us lime use ucf  cueing boxes , ci nches , et s ’. Is n  ime lp the
pilot locate a sensor -deteste d t a rge t  beyond visual range. I - or  e ’s .u n nn phe , ti me A(’ airc rs uf ’t radar  ummsm y brave a range ccf SI .) nmi l es .
but  the range of visual  sensors may only be h i,) nm i l es ,  I lie usefulness c c l cues Icc s inne d t ime p i lo t ’s searc h t mc a snms u h l  p or u ion
of the disp l , m y .  u n t i l  t ime target conies i’tto visuia l range . simon i ld he inv s ’ s tn g , mn ed .

1. 7.2 Improve Visual Target Th reat l d en t i f lc a t iom i

One of the biggest pru ihl en i s faced by t ime A(’ pilot is thus ’ i d e m m t u f i e s m t i o n  of time type  ucf tbm re 5uu a f t e r  it  has been
detected ,  This is especially’ d i f f i cu l t  because time th reat may he seen in various , m t t i t n u d e s . imuany of wh ic h create visuiah
i l lusions and d is tor t ions  to time p i lo t .  Aids are needed to imm uprove the pihcm t ’s s m i c u h i t y  to recogu u ize largets lbnreats  in ummusual
a t t i tudes .  One possible approach us to show tIme  p u n t  shmdes  oh t h u re s ut  target  a m r c r s m l n  at var i s r u s  c o m m h m n a t i o n s  of a t t i t udes
and ranges , A tacbmistc msccu pe couh ol be uised imu conjuumc h ion w u t h i  t i m e  sh is l e projector to h i n m i l  this ’ p i lot ’s vie wing t inue .
Parametens to be exsmu ui ined  in l c lude  viewing tiu mm es.  ranges. u u u c r , u l l  t ype  and a l t i t u d e s .

1. 7 .3 Improve Threat Avoidance Capability

The result  of the final stages of air to air engag enuents  is often d e tern u mined by t I me , c i i n c t ’s ab i l i ty  In c  maneuver  his
a i rc ra f t .  ‘ s t , u ne muve r . mh i l i t y  is time key to both avo id i n g  t ime enemy ’s mnissibe s ansi gu ns anid to ge t t ing  i n t o  Iii ’s ‘‘ si x o ’clock”
position. The key t i m  n i sm neuve rah i h i ty  is the proper uu s c of the AC a i rc ra f t  enmergy.  Thus ’ d esign of an op t imized  display
of the energy s t a l e  of the aircraft  is in i t s  in fancy .  A great deal ummore work us needed in this  aresi . Parammueters to he
inv cvh igated  are method s of oh mx pl ay ing  Ps . msm\ imum corner v e h o v u t y  . maxim nu umm mnnmxl .u i i ms ’si t urnm u , m l c  , ,mnd aim indicsmtion
to the pilot six to how to ohta inm v ; mri ( m u ms eum e r g ~ paraummeters .
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Section .1

CHAPT I .R 2

GROUND \ l l \ Ck

2. 1 G E N E R A L

there  is a consider able  degree of co m m m iomma li t y  mm t im e h i un i an  factors . i specm s 01’ air  c c  grouu id ss eap o n mm aiming and
those concerned with  the air e o m i mhat  aircraft  imm certain ph.u su ’s of hli g lmt.  l’he t , u k e - m n I t . c l im u ml i , refuell ing and lamidimig modes
are essentially h u e  same. Many aspects of pilot  briefing v. il l  also be comm ui omi four both t y  i~es of aircraf t  Th is chuap te r  s~ i l l
deal t h c re t o re  wmth m i tems I ) ecn mh iar toc the  ground a t tack  n illssmo m m aum d the  com u mmon ehm ,’ rm m en u t s  wil l  be regarded as the same as
th ose covered imu ( ‘Imapter I for (lie a i r  conm h ah ,u ir ~raf t

2 2  SYSTEM DESIGN CONSIE )ERATIONS

2.2. 1 Pilot Workload

In considering the interaction bet~~eeu u sy ste m Conci p le \ i t ~ and t c i h u c u  workload iu m a f u tu re  groumid a t t ack  a i r c ra f t .
h u r s t  consideration is t ha t  the freedom of choice betwe en ss ste nm c o tmmphe ’s u t y  and in crease d pi k u t  workload is very
restr i cted , since there us only  a h im u mited  nnmniber  of th imug s  t i t a m  a man eamm do well  in th is  role part icu lar ls  , Options include:

I’argct recognition.
ld e nt i f i ca t iomm of l ive  as opposed to dead targets . th uo cughu ml  us I c cu ss ible  t h u a t  a v u c m u m i C  v ’ u msor s  s~ould he c u f  assistanc e in
th i s  respect .

Selections anmon g m u l t i p l e  targets  in ty p ica l  m a ct  m e a l  s i t u a t i o n s  such as t .u r g e t s  placed or um movi ng along roa ds .
,. ‘s ssess unien u I of counter .1 cm u v n t v

2 . 2 . 2  Machine Tasks

I bu er e are some tasks  n u m s n e v e r  wh t m ch  m m m ac h mine s can do we l l . pa r t ue n i l a r I ~ t lm o se wi mich  require comm m l c u m:u t i o imm o u r caleuha-
t m n n m i  - I t  us well known t h at a man tj noh s it d i f f i c u l t  to c , m h c u l . u t e  w l ten airborne . p _ u r t i c u l a r l~ if he Es engaged i n , i t m m m m h i e r  1_ i sk
such as p i lo t ing  arm a i r c ra f t ,  Broad fields of .uet is i ty best left  t i c  m ima cbmine  i t m ~ hu de

Na s ’igatiomm .
‘si~ e . u p c n m i  Release Point  inform i i a m iotn  in c l u d imig  ‘‘tc a l h u s u u c s ’ ca l culat ion.
Improvement  c ut n ight  or p m n u m r  weather  vision.
Storage of positional infor t imat ion n u n  .t second p .uss , u t l , u c k  or for phmot um-re c onm iai s san ee purp nmce s

2.2 .’~ System ( mmuu i p I e s u m ~
l’here ,ure ah c nm areas where m uuh y  an increase in sv s l emfl  comples it  c i i i  lea ch m o m any incre .ise in e I Ic ’ c tm v eness . and no

amoun t  of workload reduction ca mi improve tine p i l ot s p erf ormmian ce.

I he pi l o t  wcmrk l mcad  sy sten n cotiip lc ’v i m ~ a l l o c a t i o n  q u e s t i o t i  m m g l m t  be _ is s nst ~d b~ a con i s idera t m omm of th i e  prob letim ni
t erms of ‘‘h ’ r ou c e s s m n u g  L i m m m i l _ u t i c n m m s ’’ us suggested by I)  ‘s ~s o m n u u i a n  and 1) G .B oThrow ‘‘On L), m t , i - L i n m u tech ,m uid R e c c m u m r e i .”
L u t i m u t e d  I’roces,ses” (‘um g n u i t i v e  I’ss c i m o l m ug y  44-~ 4 I m 7 5 ,  T lmis p i p e r  ui n , Iws  the d m s t i u i e t i o n  between tIme two I in u i t a t i on i s c u f
. u s a i b a h c k  c h a h a  . i u i c i  , i v , m i l a h l e  proce ssing et b u n t

Resimu ,ru ’-/, n n m n i t u ’ c/ /‘r c c c  e ss m ’s Up I c u  sonic l i u t u i t , p e r t mmnnu na tmce  can tc~ e~ pectt’d t c c he re l a t e d  b c  t he  a m o u n t  ccl
resources t su ch as tcs~ c h n o k u g u c a l  effor t  I exc ntc ol  to ( h ue  task.  If I m m u c  l i t t l e  i t  some pnoe essung reso curce is applie d
I p erh .qm s because ~cr iccssing resources are l i t i m i t e d  h c~ couu p e t i t i o n  t r o n u  o th er  t . m s k s  b eit i g pe r fo cruti ed at t h e  same tim i me )
l inen  pot mr Ice r form .mnc e coin di he e s pe~ led  , ‘ss mimi c .u m mcl more nesm mur cc ’s .I ne up p1 mcd to th e I ask j u re si i maN y he I t  en an cI
h e l t e r  perfort imance would re su lt , w i t h u i n  l i m i t s ,

Data-lim ited / r c c c  n oses . Once all the j c rcm c es s i l mg m hi a t  can he olone has been e ou mip le te nl . perforu m mance is dep cn d emmt
solely on the q u a l i t y  of th e dal i Increas ing  the a l lo c a t ion  c u b I c rume es sing r esour ces can have no f u r t h m e r  ~ I bee t  on per t c ’r ’
mance . W h emm ev ’ i’r p e r h c i n m n i . u n i c c  us m n hependen t  u f  proce ssun ig  re sources . s~ u ’ s.ny t l u a t  t h e  task is d a t a - h i m i m m t e d .
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It  liar been ar gue d that  all processes in use  are is m i  wh ic h t h e y  s n ib ’t ’o’r t ’rom eit h er resource or data hi m l i m t a t i o u l s .  ~l . i m i s
processe s are ei ther da ta  ocr ne sonirce h i m m n i t e d . bn i t others are changed tr ( mm lm one to the o t lmer  by im u cr c ’ase d m m du .’c re aseoh
resource allocation.

- I i n alm - s i . o . Sim imi l ar  c u n c eh i l s  can he used to auu , u l s  se sy su cu im co m imp l c xu ty  or thme p ilot s t , i sk s .  ‘Iwo  es a imm l c le s  .ure

\cj i ’ig uti u ) ?m the p i lot  is ne s c uu un c e  l imm u i ted , ,ms he could do m the jo hi if given em i omug hi t ime to coniplete m l .

.\‘j g c c u ’ a ?ucI P oor boa t /u i r tIme pilot is da t a - l im n i ted  in tha t  he does not have the qua l i ty  o m b  data wi thout  aiding of
some sort to perm u mit  hm i m m m 10 bly as the o mpera tm om mal  h igh - mt regm m mm o’ rc’qui i res.

2 .2 .4  Resource Uti lj sat i on

Fronm the pilot ’s s tandpoimmt  two ~u cnss i h l e  are as of res carclt anise.

( I )  To obeb ’i i m e those ai r en ew l , i sk ~ which at p re semi t  are n es i nu rc e - hm nimi t e d  in t e r mn t s  oh ’ required perforntia nce and to
commd u ct exper i lum emi t s  t cn  o h e t e n n ’ m i t u e  j u s t  hmc c w l i t t l e  sys lennu  c o u u m p l e x m t v  mui ere a se would turn  reson m n ce -hi nmited  tasks
into d a t a - l i m u m i  te d m a sk s .

( 2 )  To define the current  ut i l i sa t i o cmm c u b  pilot re sccurc es , e.g. does he spend t i mmme usele ssly t n ~ m umg t c n  get mmmformmmatiom i
frotn displays whic h - i  . m e  resonir ee l i m mmited . ammd C m i i  he h u e t rained to a lh c n c , u t e  h i s  resource s n n uo mn e  eh t ’e c t i v e h y

2.3 MISSIO N REQ U IR l i~ l l - N T S

Operational  sc quemmc e ch iagra n ms wh mi ~h have p , u r tmcu l a r  rel es m i c e  1 c m g round  a t t a c k  m i muss iomums  arc included as Figures
2.1 , 2 ,2 and 2.3 at tIme end of ’ t i n t s  chmapte r .

2 .3 1 Task \llocat ion s

Sonic ,m re .m s of a c t i v n  lv re q u i r e  nidg em mmeum I ocr exper iment  toc d e t c ru u mmmme wIn d / men  or mmc m l the t . c s m ~ s i u c u m i l d  h u e go cmi to
man , left t i c  .m n n n . u c h ine  . or p er io rmt i cd by a mm m , u n n w i th  sum ta icle assist m i c e  I m ic . ih  ,ire .i s immchude

I ‘l’anget  f i l t e r i ng .  i .e  t Ime selec t ioc m m c i t  l ike ly  t . i ng c ’t s h ’r ommm se v er a l  pc u s s u i u l e  t . ur g c ’ts bs thermal  or other um eaii c .

I 2 ) The selcem ion ot ’ J i l l  c u n n i . u  t i c  w c’.ipum mu a i m uui umg u ime thmods as Opp c us ecb I nc  unan :ua l  ammi m ing issus m ed by some smn mipl e a ids .

( 3 )  1 . i m m i t t a t m o n  of low tly ’ ing cap ,ibi l i t s  to en t Imer  t i m a nmual  te r r a i mm a v ccu cb a mnce . vs th t  aim ,ic cc ’ p table  p i l n u  t workload and
fat i g o ne  problem , ocr t h e  acceptalmee cml  c c m s t h v  sy v u e m m m s  In c perboru i m the terrain t’o lhc cvs m mmg or l cr r am n avoidance t u sk
Given suh ’iu c,ent cues  and t r a i m m i n g  i t  is kt m o m v ~ nu th at p i l o t s  c a u n  f ly v e r y  low s a t e / s  soot Cl t i c n e n t h ~ , thoug h m only
in acceptable  weather  l im i t s , ( ‘ui nc s id o’ra (c le esp eri etmce in ‘m~ c u r l d  W .u r I I  p r oved  thmat  5cc l omig .us wo’athmer condi-
t i on s  were  not ( cm so’sc ’re , fa ir ly lo mig so r t ie s  o’om uld Ice _ u c h ueveo h at h e ights  h i e t w e e n u  51) aum cl 200 It  diver parts  of
Fur ope whm i ch ,ir c ’ I . i n rhs  h a t  . .ut speeds in t h e  c mr d en  of 15(1 kmi o t s  I. m i m ic / ed  miman in i a l  t l y i nm g w as  norm u mah m m  u b ies e
C ir eni flis I .u mm ces

2 . .1. 2 %f a mi -mact in inc h im io ’n 1 1 0 0 ’ s

l ine w h o l e  ,m n e ,u i f  p i l m m l  n ta c h iu i o ’— t n i u m c t u c m u i  i l l oea t i m c ui  , i p j ce . u r s  to rev’ o chse  . i r c n u u u id the ‘ ‘ I  .u m lo rmng ’’ of the o mamm umi ac hune
inn l e r t  ic e l ime to atm -

- tu m .ic hi i t u e  i i i  to’ i_ c c l i v  e sit  n i a tmo  m m is cm in c vs In c re a large pri m port mmmii  cm l t ime l i t t l e  rese arch done so ta r  hi as
been hug  im ly spec t i c  .i mid ci c c c’ s m u t t  p er th i t  I lie c’. I rae I momu ‘I basic umu atm / iii ach inc mum le t  I ace d c’sign pri mmc m p ks  It  wonil d Ice
val u able if a gemmera l  mmm e t ho d c t 1 ~sk “ sn m. i ls  sis w a s  agreed , t c u n  i t  us omm ly by detailed specit u c , u t m c u m n  of amrc r ew t , i sks  umi hent m i s
c m ?  d a t a  i n p u t  u ic ’ce’us a rs ne l ions amid t eeo ih c , mc k pros ic h ed tha t  m mmami / n u i a eh i i mme des ig nm pn mmc iphe s  I c mmi c c ’ d e r i v e d )  can he
.ic h c ’c t u i . u b e h s ~p plmc ’ch

2 4 PR O B L I - M -~~RE ~ S

2. 4 I ~So’apc)fl  IkIi ~t’r v

.\ severe p rm c hh en i  us set by t h e  ~h i ( h i c u l t s  cu t  t i n g e ?  I ocat iomm and mdo ’ n t u h u c , u t i c m n .  p a r m u c u l a n i s  t i m th i ~ single ve t p i lo t .
-‘sm ! area sca n l n u s t  he t t l a dhd  and l i k e l y  t a rg et s  m o l e u n t i t n o ’ch mum .i s c ’r s few scc’cc u m i h s . geti er . i l l ~ a t c c u c i t  .~ . ml ’ t Ime a i r c r . i t t  is f ly mm mg at
200 ft c u r  su m above the ground.

At low level hi gh speeol . thme (argo t i d c n t u b ’ ic , i t uc m n i . w eapc ul m a l m i ming  and s u n m r e  sc ’ic ’c t i c ) l i  mu st he c c m umu p lete d whi le tIme
t a r g e t  r e m m i . m u m n s  in the mi d d le distance If a r ve tammg ul . m n display is available in ei t h er a ‘bue aol nip ’ or ‘h ead down ’ conl ’tgnir . m-
lion , then t h i~’ e r n t m c ’al area c c m n i t . u m l m i m m g  t Ime t a rge t s  at t h i s  so’l e e t m n c n p lma se t u n i c  ‘t ’ is on cum i a n mm e o l  in a uiarr ocss t i m i o hd l e  s m n u p
formed by the hm umnu , mmum and the  w eapon r el e , ms c m im a r kc r  is shown over le ,uh -

[‘lie t . i r gc ’t w i l l  not appea r  above the horizon tho u ght it  u s iv , im lj hk as a cu d’ . h i m  give a measure ccl sca le  to thm c so’et manu o .
and .is 1 re t erenc e

_ _ _ _ _ _ _ _ _  
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,‘ss the targems appear h elcus s th ~ rectang le l I m e s  can he ident i f ied more ~c n n s i t i v e l y ,  if thme aircra h ’t cont i n ues along the
sanme t r u c k  .is at timmie ‘t ’ . At  th i s  later  t ime l n c m w c s c ’n t i t e decisio mm to release time weapoui c~i ll  have been made. In any case
an escape n i am moeu vne wi l l  l i ,uv c been a t t e m p t e d  I c u  avoid re ta l i a tmo m i  Icy time ground targem de b en u ces

It becomes a priori ty task on t h e  par t of aircre w at tmm n e ‘t ’ thn ~ ret ’ore t o n ident i fy  thme targe t p cusmtis’ ~ h y amid rapidly and
to nmark it . lock time aimmming 55 slem to it amid / i re .  Aids wht i eh i  eami ,u ssi st th is process vs i l l  he useful but  only if they ’ can
meet these cri ter ia .

Options u ni c lude the increase of avoinic s y v temm m c o m m i m p l e x i l s  I n n  provide

I )  ,Aith m flm atic il ight to reduce time p i lot  workload to m aim acceptab le level.
(2 )  Au tomat ic  aiming once time target is i den l i i ’i eoh.
( 3 )  ‘si i tocmimat ic  cueing ,

All of these aids , if a u t o m u m a t i e .  wi l l  he co st l y  and ser s  c c u n m i p l e x .

If targets are to be at tacked in groups wit h  tim e a t tack imig  a m rcr .m f t  making a single pass only,  the con l iche s, so lu t ion .
thoug h accurate , nmigbm t well  offe r a m um n ml t i p le se l l - target Ing vs c’apo ui .  i’hme s im n p l er  s o l n m t n o n m . vu l i m e/ i  relies bm e avi ls  on time pilot
Ou r ot h er aircrew , nmig lm t employ a single area v s e . i p n u m i . which , t htooig lu  cci sc’ring the  l . i r g c ’t area nm . m s not have an acceptabi s
high we ig h u I ci feel ye m es s  ra t io ,

2.4.2 Avoidance of Em ien m y Defences

Options e~~isl which pr o)Vide for autommma t ic  warumit i g  of n i u s s u l e  threat  or h u e  provu s i o mi 01 suf h ’ie ient  h eld ot v mes s to )
gu se t h e  pilot a ohegree of p r o t e c t u i m m i  using visnial meam i s.  T l mi s us not a ve ry  S J t i s ? , i c t c c n ’~ som l n i l i c m n m  at pro’sc’n l but it is con-
ceivable tha t  a high state of t ra in ing  coup led w i t h  some ver y ’ s imple but l n m g h h y  o h v im m ni s  opt ical  visual , .nds may provide
adequate p ro tec t ion , at  le ast  in somime c i r c u n i i s t . u m m  cc’s .

2.5 F R U I T F U L  A R E , .~S OF STUDY

2 .5. 1 We apo nm A i n m m i m mg Systems

flue p i lo t  ‘ sy shc ’ ui u i n t e r t - u co ’ m u s t  be opt i r n i se c h b u n  provi d e m , i u o i r a l  p i l o ul  . i c t i c n n m v  vu l u c ’ u m e s c ’ n he m akes  .ini m u m p u t  t c c

5’, stenms and wimen lie receives data I’rom them ,  I - \ pe rueu ice  p oi mm l s  to time need I c r  i m p r c m v e n u m e n t  mtm t Ime e nmnt r o l  ol .ui r t c c

gr o cn ind weapon aiming systems. Oftenm preference us g iven  Ri l iuc (‘o m m t i m m n i o ously (‘omputed  ln m p. iet Poimim ( ( l I ~ I me thod
m u f  a i t i ming  ra ther  than the (‘o n t i n u o u s ly  Computed Release Po m m u i t  ( ( (  ‘RP ) nm et l iod.  ‘s s tud s  oc l t i me reason ’, of th is  p re-
bc’rence would he valuable.

2 .5 ,2 Target Tracking

The a b i h i l v  to t r a c k  targets wi th on i l  cons t ra in ing time p a l / i  c m i  the a i rcraf t  wou ld ice a va luab le  m m p l i o m u ’ . usun ig  .ug i l e
go iid e d honibs on missiles sv n t l i  auto—lock des iguua tcn r s  Fhese sc cl o i t iomm s are cu cmp i e s  amid c m u s l l y  h i c c u s c u e r  Ls p erm en ee
indicates  tha t  a he lm e m sig l i t n n g  -y stem can he used fc mr t urget d~ si~ m m . u t  d i m  I I m m e  a l t e r m c a l m s e  is t ime u s e  of a I t . - .1 Up
D m s 1 c E  cy ( h I t  1) 1 emp h m m v i n g  a marke r .  Such an i u m s t a l l a t i m n u i  i i i . i \  he c’/ m o .up er m m m c l  ac curat e  h nm l  w i t i m  lo ’ss l u c I d  c c l  v i e w

- \ n i c n l h m e r  option is to slew tIme a i rcraf t  using ani t o m ima m ic  ll ig hml control  sum t h at th e ho r e- s ig h im is aligned w i t h  the  targe t
for we . up i m m u release . The , u i n c n a f t  r e t u r n s  ( m m  i t s  o r ig ina l  heading , u I l e r  neh e.i s e . tIme h l m g hmt  pa t h  sector however r v n u m a i n i n g
umie hanged t h u r o u g h i o n u t  the ainming a um ol release op e r . u tucm m i  Su ch a t e c h n n q u m o ’ is v u almle on ly II .1 ver~ wide field of io ’~~ is
, iv .u i l a h lc  to tine w ’ umsuun and n b i s p l a ~ in the , u n n c r a t t  I / m i s  i s a form c u b  control c o n i m g t i r a h u m m m i  anol is l i k e l y  to introdu ce
s ign i f i can t  degree n i l  sv s t o ’ m u m  c c m m i m p l e x i t s  1 mm the a i r c r a i t .

2 5 .3  Gun  Si ghts

I racer Is - I ce gun sig h t s  u mu .u y  he designo’ ui l ou give ,i s s i S i ~i n i c c  i n um i l im i n g  m i t !  t ime l . ur gc ’l 1 c m  allo w fou r tun ic  ccl flig h t of th e
hulk ’ Is and t I me manoemu v rev oh tm i c t lm target amid at t a cker .  The mu fo rm i mat i o mi  us di sp layed omi I hue 111 , 1
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2 .5.4 \Inmmnua l  or Auto mi matic  Ssstenms

The potent ia l  accu ra cy c m l weapon ainmimmg systenms is cl om se ly  r e l a t e d  to the ass n o ’iated pi lot  work load .  Pmhot - induced
o sci l i at iomms c a m  result during targe t tracking ii the veloci t y vector lags h i s  control of tIme targem mark er .  D i f f ic i i l t~ can be
experienced in keeping time target mmmarke r s over t h e  target. K inenumat ic  ranging require s tracing the target for several
secoumd s . this  introduces a preferemice l’or mu m a um ni a l  rather than aomtommmati c  release , vs hi cli us g e m i e r a h l s  less accurate. h ur ther
hummian factor studies arc needed ,

2.6 FURTHER DESIGN CONSII)ERAT IONS

..‘shl th ie e~ anm p les oluote d above poimm t  to time workload adv au mtage s c m i usim ig l ine ‘‘n m j m u r a i ’ ’  me t h od t h at time pi lot  uses
for e x c iu anig i umg im i lormatioum . lie d oes not imm i d it easy to op r u t e  t ime a i rc ra f t  controls wi t h . say . the r i gh t hand ss i i ihe
nmaking conip l~’\ control nm o ve nme m its  wit h t lme l e f t  hand cc )u ’ , r u o ’ t e h y ’  d i ssoc i , u t e o h  from the pm l o t in m g t .u sk.  The penal ty  m e au ms
e\ l r a  si s l e m n i s  and c onipni t imm g c m m u n u p i e x i t y  / m om we s ’ e r .

2 6 . 1  Target Designat io mm

A natural  way of o he si g um at i rm g a targel on time face 01’ a ( ‘a th uode R .iy Tube ( ‘ R I  has not vet / c ee t m foum id.  ‘s n a t u r a l
nmct imod 0) 1 de s ignatiomm could he to place a b i u m ger  on the  t a rge t  immuage , t h o u gh th u s nmay he imi i p r . u ch i c a b l e  under  c c c t m d i t m o n s
of high ‘g ’. Mark ing  of the inu ,ug c ’ , ev en  oIl a ( R  I ’ . vu bi t l im e aid of a he lmet  sigh t may ’ he possible. Th mms sub ie c t  is consi-
dered one req u iri lmg t ’ni r I / t o ’ r s tudy  to del e rtmm inc the hi u mm m a n Ii nm it  at  m c m ii  s.

2 .6 .2 Targe t ..%cquisitwn

F ‘s in  to grounid a l t , m c k s  in mi m anm y insI . inees  mmmu s t he mimade at b m w  level. I / m i s  us m m c c c ’s ’uar ) for prommect iou i . The geotimetr y
o f t / m e  s i t m u . m t m c n n  causes the target  to appear d i v - en t h i c hori zon on ly  a hew ki lometre s ahead at time nm os t . wi th  no nmore than
S S seconds of Ili ghi t  t ime dur ing which ti n e p i l c u t  nm u st ideum l i fy  tIme t a rge t , arm his vs-e .ipons , sor t Imin ise lf tip i’or the a t t a c k
by tn inuminmg imit o time capture a nug l c  bor im i s missile , d c s i g m m . u u e  t i m e t . n r g c ’ t ,  heed it in to  the N , u v .- ‘ s t t .uc k sy stemmi and in som ime
eases re le,us e time w e ap o cum. I f i s h  m o vim u g target s u g / u u  I m n e  mi ma ~ also h ave a hig im slew rate. -‘s h i gh k i l l  j m r c T h a h i l i u s  canm be
aci ui cved on ly if the pi lot  cani _ i c / m n o ’s e t h ese r eq n i i rements  a ecnira t e l ~ am ud vs Ui one i n S Ic on  fu n u ct ion .  Time a l t e r uma tmve  us to
provide c oc mni p l ex , u v i c m n u u c - . w hich nm ay s t i l l  p r c m \ c’ i n c / I C c  uus ’e vs - i lh mo u t  time app hmc at i v c n c u t  e x c e h l c ’n i t  j m m d g n m e n t . tar get r eeog mmi -
t ion and t , ic t ic ,u l  h l e s u b i h i t s  oh k ’red by the h m o i m m ma tm cp erator .  II  us dmf f i e n i lm  at th u s  stage to dc-I inc prec tsc ls a research pro-
grarnmc which can irutpr ove the hum an abi lu ly u i  h l t i .s nc/c tcu i (h ere is m o o-/ n I c u  he gamed ii u m n u p n m c v o ’mn en us can he mmmad e .
l ime tasks tal l  h u noadly  th e reh ’ucre i nto t w i n  I s  1ces . l’i i s t ( ~ , t hio ’ se arel t - i o h e n t i f u c a t i o n  amid des i gm i ation of targets . and secondly.

time control of ti n e p r m c n n i t ~ f u n i c u u o n  cc l  b 1~ i m h g  ( h ue a i rc r ,uf t  whmih e  p e r / n u r m m n g  1/n e se. or s o nim m e ut u h iese , tj sks .  ‘ s h i n e / i  coculd ht’
a ehi cuo ’ch fronm researeiu using s u u i i u h a t c i n s . / u t  1 w i l l  Ice ume cess , ur y  1 c m include the cn m nm si der .ut i o n ol all faceis of time subject

ni thesc st iC es

2.6.3 Disp lay s

Dur ing  a t tack , t ime single s e .m n i cu ho l  wi l l  he required to c c m m m c e u m l r a i o ’  n mpo n tI ne target , u c c b n u i s i l n c m m i . weapon release and
then lIme escape mano euvre . \ I o m s h  c m l  m i s  a t l o ’m ) t ioh i will  he directed c u n u t s i c b o ’ t h e  a i rera i l  ami d , i t t cm mt i o m i  to h ead Dow-n
Disp l. u ~~s and eom mtro ls  will  ice ver y l imi ted . i i  liol u m m m p n n v s u h m h c ’ . ‘ 1 /mer e v u c u m u i d  appear to hu e l i t t l e  ma / t i c  in clut ter ing hums h lc . md
t ip h ) m s p b , u y s  vs it hi u n m h ’o r n ia t i cm t i  vs hich wil l  e i t h er o h i s t u  .uct h im mm or icc ignored. (‘s ci L has / u e en douse to im mn i cnom s e  the guide—
I mmie s  c cl  h ’cred to th e  ss s u e m m i  ohe s i gne r s  in t h us respect  h u n i l  niore g c c u c / , c m m c e  i s  tm ee ded -  II  sv m imho lo gy us to he dm sne g au oi ed . t h en
i t s  p resen ta t i o r l  nm 1/t o i h V h )  our  h h c l m n e t  l ) msp b . i s  is ir no ’lo ’ vanu l  auu o l b l n o ’ s s st t ’um m cou ld t l m e re io r e  ice re dnieed m m co n lp h e \ m Is
h e mie  i n c i , u l l s  -

2.6 , 4 W a r nim m gs

\ feature  n u t  mm u oder mm a i rcraf t  is tIme in cr c ’a s in ig lr cr m d l c d  pn cus  i d l e  s y s h c ’ n m u  am md t i m r e u u t  ‘~s unmumig s  s c h mid t  iii some c u n c u i n u m -
mu tat mc c s vs il l  cotm h ’ni se the p il oct ii  i mmul t ip le i , u u i l l s  om u ,’eu ir . if false aha r u mi s  ire produced , or if daniage o cx p c rucmieed ,  I h u es w u I b
(lien he igtm ui r enl mu ma i m s  i m i , t a n c e s  s imice wor klo aot  may be h igh , Res e.i rc lm n a ’ ,  been c d u m i d i u u c t e d i  t n  imprm uv e  w arnmng s y s l e m u m
d esign hu t  some r a m i m i n u a l i s _ i l i i c n  of r e se irc im nes u i l l s  is it ee oic ’ c i ,  - ‘ s I t e r n a l u v e s  to , u m u r , m h  atid v i s n na l  warnings nm a~ he mme eded and
ml is recommended thua t  t i t er are i n v e v h i g , u n o ’mi t u u r t h i e r ,  The m a x i m u m i i u im u mh c er  c m l  w a r n i n g s  t o c which a hniman eamm react
correc t l y  - nm tm n h qu i ck ly ,  re qo m m r es  .isse ssu uu o ’m t t  summec t h i s  vs i l l  iu mf l ue n ce  c’ c u n m s m c i c ’r ahh ’m i c o t h i  the air  1cm g n c m und and the air  combat
,i i ren , u t  I sys lems design -
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Section 3

CHAPTER 3

THE HELICOPTER

3. 1 INTRODU CT ION

The main theme of this chapter  on helicopters us the optimisation of the balance between h u m a n  capabi l i ty  and
system autonmation with the object of providinmg thm e -nmost effective operational sy s t e m  and thue  most cost e f fec t ive  designs
of both helicopter  and e q u i p m e n t .

..‘ss wi th  fixed wing aircraft , the designer mus t  ensure t h a t t ime helicopter cabin envi ronment  will  not adversely affect
time crew ’s performance . He must provide the crew’ wi t h  lime infornmat io n t h ai h i ney  require and have time abili ty to pr oces s
Etc must  also arrange that  the vehicle and its systems c-an be easily and e f fec t ive ly  controlled.

In the past, these aspects have received relatively l i t t le  a t t en t ion  iii helicopters . Possibly, when the early ’ he l icopter s
were l i t t le  moore than curious flying vehicles with no specific role amid time en m ~ -neering amr d aerodynamic problems as~o-
ciated with them were great , the  luxury of human  factors inpu t  ssas s-cry low on time list of priori t ies.

Today, helicopters perform .u wide vari ety of speeii ’ic LuskS , ranging fro m b m w  leveb “h a p  n n l ’ the c a r t / u ” type sc u r tues  of
the smaller amy helicopters . to time tasks of ant i -subnmarine wa ni .u re I 15W I or the tn ~m nmsporti n g of heavy equ ipmemmt  by time
larger helicopters. Nnc ss - , unless imunian lactors and sy st em desi gn ex per t i s e  us app lied to optimisc the mau l machine in t e r -
face of time helicopter , time full potent ia l  n O ’ ti me sy stem w iib  m icct  Ic e realised. Wh u i le  much research st i l l  requires to be per-
formed in this man , m,j ch ine inierf aee urea , there are some areas where knowledge ,u lrc aoh s e x u s l s  and can he applied to the
bme h icop t er to improve the overall efficiency of the system.

“s brief summary oil these areas , and time essential differences between fixed and n o mta r v wing aircraft  are giv en belo w
Because hmelicopters are so niarked ly d u / I c r e u m t  fronm fixed wi lmg a i rcraf t  in um m any re s lc e cts . sotime of the h el icopters ’ un ique
characterus l ics wi l l  he explained in o he ta i l .

3.2 COMPARISON Bl-.T~%E ’ . EN HELICOPTERS \Nl) FIXED WING AIRCRAFT

It  is d i f f i c u l t  to make di rect  eonmparisons / u c’t ss e en fixed and rn ct.u my wing aircra t ’t .  The hel icopter ’ s \-‘TOL abili t ies
result  in it  being used in d i f fe ren t  ways and b un d i f f e r e n t  pnirposes th an i i x e o h  w i n g  a i rcraf t .  Hc cwe sc ’r . s cnnu e  roles are per-
f iurmed by bot h tY pes mcI a i rcraf t , and 1w cm comparisomms are listed overleaf. (See l abie 3 .1 . )

Both time fixed w i n g  Beaver and Scout h c h u c n n p t e r  have been used as Br i t i s l m Arms reconnai ssaumce aircraft . Both types
n a ve similar weigh ts, p. iyloads and engine power , thoug h the heh i copter  speed is lower and the engune po w er  is greater.

Similarl y , the fixed wing I racker and Sea King iu eli cot icr are used in t lme au i t i - s uuh mar ine  uv ar l a r o ’ ( - ‘ sSW )  role. Weights ,
payloads and engine power are s im i la r . thonigh the m \ o ’d wing m a x i m u m  speed is greater than  t i ma t  of time hel i c c pme r. In
general , helicopters require approx inmate ly  1 .5 SL IP i n u r  every l O l h s  n I all-up-vs c’ m g h m t , whereas propeller driven Fixed wing
aircraft  require only ab i miu t  om u m e SlIP b mn each 10 lbs al l-up-weight.  Thus he l icopter s  tend to ma ce  about  S0~ greater engine
power than  fixeol wim m g a i r c ra f t  for a given A1’W . l ime rat io m l  pa s load to maxim o i m - ‘st~~ remains constant at aroun ’/
4(i~ for both types cmi ’ aur cra f t

Thus for a gi v emm a i rcraf t  weight , the payload . c ru i s i ng  speed and to some e x t e n t  em i g m ne power h c c t / m  typo ’s  of a irc ra l t
tend to he about time same , t h i s  is where s u m m i i l a r m t u e s  eimd an iol . from blu e human  h’actocr s v i ewp o i n i l . c l u b  ( em mr n ce s  b eg u mm

The l t el icu p t e r  has niore i t mi mami  a c t  mrs problems than  (he t ’i ’, c’ c h vs n ng a i r er a l  I The nm ec han i s n m for sus ta in ing  fi iglm t
will now he ex u mm i m i mmed to prov i cho ’ ( lie reader wi th  a h c ’u le r  uunde r s t , i n i i mng  of th ese problems.

Both heli cop ic ’n s and t i s e d  wing , u u r e n , u t (  depend upon the generation of / u l t u n g  i c cr cec rum air h im u v o over ,ierofoj l
surfa ces. ‘l’he Fixed wing  aircraft  g en er . i t c ’ s  l i f t  m a i n l y from its wings , as a ir  flows over them in fo rwar d f l ight .  l’ime
helicopter g en era tes  l i f t  mu a s inmi l a r  so ay.  except  th , u t  i ts wings or r c m t d i r  blades are r m m i . c t e c h  t h rough the ,i ir to cne ,cu c ’ ,i mrflow
over them.  

- -— — - -~~--— ----- , ___ - -  — - — _—  -
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1mm time t’ixed so mmmcm a i r c r a f t , w heum time p il ot iumcn c , u s es  e n gumme povv er In inoduce noire  t h r u s t  - speed at u d l i l t , m i me a u r c n . u t

vs i l l  c i c n m t i umoic to chim hc so iti u l i t t l e  h ’n i r U mer  a oi l n i s t m i t en t / m eir u g required l’rommu timo ’ pi l ot t mr sc m mm c - u min e I /n e pu n t r ed ui in ec  c nuul ~
a coh n trol cc i buu i um m , u mto b ru o h o h o ’n pedals ton bah , imuc c  pit ch , roll , anmd V nw oil t i n e  I i  \o’di so i ng ai r e m _ i t t

I t  is som uu me w / m a t  m m u d u n c  c o i m u p h i ca mc _’d l o n E  l Ime h me hic opt o’r p i lo t  w b n e u i  bm c - vo , c u i t s  tm mu n c re ast ’ m ik~ n u n  b m t t u : m m ’ nm: ’.. r ~. ‘ ‘ c c ,

ot ’i’ or cl i t imh .  h um genera l . /io ’caoise ti ne n’ c u t omr b S l , i d l c - 5  bias’ s’ eomnm s iderat i l e u u m e r t i a  i t  us  to u t  j c c n s s u i c l e  s o i d d e m u h y  I c c  u u c c u o ’,usc m m 5 - ’ ’

speed .immd lilt by inmcre ’asing en gimm c p c m sv n,’n l ’ b u e u r  speed us u s o i , u b i ~ n i a un t a i n e d  c m v e r  ~u mmar r cmoo  m h uge cc i  soc -en cer ta in  l imi t s .
L i f t  c /man g es  are ,ucccm nmp hi s lue oh b y ch u _ i mm g i  mug tIme un u c i o i s ’nmc e oil’ tIme rotor ‘b .idc-s . Vc lien F t o n i  h i _ i d e i im cm de nmc o ’ u s un creased

um m ore 1)0w-er Imas to lie supplied so t h at t Ime  ro tor  speed is kept w ib lu in  i t s  range my usc c m i  t ime t h r o t t l e . I m u  u m i o r e a s e  t i m e

blade in mci oh e uuce mcmi all nmain ftmt o r t lades , t ime p i l o t  u s provided so n m / n  a col lect ive  es en. vs i mic hu us ime ld  in hums b e l l  bmauu d I h u m s
leo c -n .i l s nn  c o mm t m i n I  engine j c o n o v e r , nm s’ ,u si i nc -oh ,u~ mm mau u i t o  bo b t i re ssOi ne  mu mu p is tomu c - mm gu um e hue / u c nn p  t en s  or _i~ to ni sue c c i  u_n .iS t u n i c  mmmc
e m m ui nmue  a i r c r , u t ’ t 0mm t ime  alder t y ’ 1ccs c_cf l i e l i c o i p t e n  t i m e  t / i m m n t t h  c o m n m t r o m l , mum t i m e  h’orum i u_mi ’ ,u isv st em ii ’ . is . u t t , u c I m s ’d t , c  t i m , ’ o’uid
o u t ’ time collective lever I n c  control e tu g ine  sps’o’ o/ - I / m i s  co u n i tc imm . n  a i im of sOu l I rols can lie co mm m s ude  red as time up oh mw mm c m m t  rm ml
/ ‘c n n  t ime h e l i c o p t e r .

I / i c  im o’lico pr e r  p i lo t  also m i s  a c~ chic pi l ch m s tuck  m m  h i s  n u g h i t  i m a u m d .  t i t u s  is used tcn chmaumge the p m t J m  c m l  t ime blade s is
t i m e  p uss t huroug h m a p a r t i c u l a r  s c o n c E c m l  t h e  rot or disc ii i  ~u i c Iu a o sa y-  t lm a t  mu t i l t s  t i m 5 ’ r c c t c c r  disc i S i s  iii a d i ree t ioum para hhe l
t c c  l i m o s t u c k ,  l i m o s  ( l ie hue h ico p t e r  to ’ mio i s  tnm i nc i se m m  t ime sam ne o h i n e c t u c n m m  .us l Imo ’ .i m om ve mm ment  u _ mi t Ime c y c l i c  s t i ck .

If  eacim c m m n t n o h  .uc t io ni  c o mul d  be tmm .u d e ium i so i , u t i uumm . t i u c u m u c - b n ~ c~I c t e r  f ly  m u g  v s c n n u l d  icc l i t t l e  umi ore d i i  t u c n m h t  t imamm i ’i \ C c i

s s i mi g h l y imig .  hh i c s s e vc ’r , ill t I m e  h e l icopter  a o’/ ia m lge  in p c n s m t i o m m  c m l  , um m y one c o mmtr o l  o s u b l  lmas ’e aim .u pp nc c i ab i e  crcns ”  coup hi m i g
c - i ’fec t vs - i nc - lu will req u i re  , uo i iu s tmtmen t  out ’ t I m e i m t i u c n  Cc i l t c n i s  I I , c n n  e’, . u u i m p le . th~ pilo t w ish es  1 cm tm moio ’ forward fr om m i m e
hi o sen p c n s i t i o n ,  hu e s c u l l  push I/mo ’ c~ u_- l i e  st i c k  gu_ ’ m u t h y  f n i r v v j r c h  I I nc b i e b u c c u p t e r  vs i l l  t c e g n u m  to m m ouse tc cnv o ,und h u t  will  a ism i  s t . unt
i c c  s i m i k ,  I n  t c r e v e n m t  b / m e  s u m i k .  t i m e  c c m l l e e t u s e  h o v e r  nu must  ice n , im se d to m micn e , css ’ t i m e  col lect i ve p u i c h t  cmi t i m e  n o c t n m n  i c h , u c b c s  ammth
i ncrease b/mo ’ m i t ,  Time t h n m m l t h e  nudi s t  the u m lie miscc h  1c m u m i , u n m m t , n m l m  e u m e ’ m m i e  amid  r o t m u n  speed by ’ I lme re , u s mn m g thue lo cr o i nu o ’ t o limo ’ t ut o r ,

‘l i ne a o i o h i t i o m m i a i  tn ,ro h nie  v s m b l  v ,u s s  t i m e  i i u s e l m u g c ’ in t h e  c c t c i c c m s u t s ’ dune c t i n m n  to t l t o ’  o h i n e c t m o u i  c c i  r o c ( a m i m u u i  n u t  t ime  mim a i t i  N u t , n m t h u s

Sw m m mc w i l l  ima v e  t ic  he c on i um ( cna e t c oh  I c y  t ime nis o’ n u b  rniolden p c d .u l s  ‘s i b  oil t hues e  comitrol a e t i o m m i s  w i l l  be perfo rmed a l i m u c u s t
s imultane o o is l v by ’ .u sk i l l eol  I m e h u e n m p m o ’r l c i l c m t  mimI ,ur e s m r t n i a l t v  u m m u m i m s e r v a / u h o ’ Icy  a h a v n m m a n ,

\ I c m s t  o’on tno l m n o v n n u u m e n t s  i c y sk i l l e o l  p i i cnt s n rc - s u m i a h l  ico it o’um u m t m n u m u o m n i s  in  u m m s t a b n l m s o ’nh i io ’ l m c m i c t c m - _ ho r  t i m e  mnaj on i (y  of

hl ig hm t .  ‘t i t u s  n , u n ses a n o t h er oh i h ’feretmee be t w e e n  l i v e d  v s m m m g  a i r c r , n u t  and i u e h i s ’ c m p t e n ’ s , I hue b n x e d  ss m nm on  , m m m ~. r . i b t  us in general
0 l v m m u n u m n c . u l l v  s t , i l ’ l s ’ , which  Iml e amis  t h u a t  i f  i t  us s i i s toir he o l  mum e n ’ i u i s m u i g  flig h t . ton  o’ \ a i i mp le /c~ m m goism , al ter  a Ic-sc so’commd s i t  so - ill

r e t u r n  t m  s t m ,’, uc i y  bli ght  w ’i thonit  ;cn l m n t  , n c t i on , ( ‘ ono enseh y  , t h i s ’ basic he l i e n b m i e m ’ u s 5 i v m l . i m n u i o ’a h l y  u i m m s b a h l e .  if  i t  us d i s t u i n t c e d

b~n .u gu st dur inmg c_’ n m i use , It os u l l  c i u m l y  r e t n i r u m  I c c  t l n o ’ or iginal  co m m i d i t m o t m s  by .nc ’ t n c c m m  l roumm ( hue  p i l o t  or , u u i l n c ’ s t , u h i i l i s , i t i o m t i  vs s/c -n m

if l it t e d  T lmnis  c c c u u m m m m u u c c m u s  s u m u , u i b  a o i i u i s t t m i o’n t s  mo is t be u m i , u o i e  I c c  t i m e  s o n m m t m c c ls  c m i  t i m e  n i ’ : s m , u h u i n s c o i  I n e l u c o p t e n  l u s t  to m m m a m m m t , i m n

st e , u m i c  t l i g b u b c c m m m c h m t m n n n m s .

I lie ~‘ssem u t i a l  o h u f h ’ercnie es be t o s c c - m n  t Ime  h e l i cop te r  um nol t I m e [u sc -oh w i n g  , u m r 5  m l  t s o / i t c h  ,ure o imscomsse o i  briefl y , u b c u s  e. mas’
ti c - h p  m u m  ex p lain wh y t ime  lue l i c c m p t s ’ m / m a s  s n m i m n e  b u n m n i m m i t i  t , u 5 ’ t u urs p r m i i ’ l c - m m m s . in ,io l o l i ( a m u i  ( m m  t iu c m s e  norn ial l~ u_’ u n 5 ’ount ere oh in

eon vetmt ion uu h a im c r i b

.3 .3 L I I I  I hI : L , I ( ’O P lLR ( .\~~~~ \ I \ ‘s ’ l R O \ \ l l  N T ‘s \ I)  I t S  1 1 1 1  ( I I, PUN U’s ER ‘ s i t , S\ S I t  \l

I’I R I  O R ’s I  \ \(  I

‘[hue h i a s u m . ol d i e F e n m c c s  between [ux eol  ,uno l r c m t . u n y  w - u u m g  , u i r c r a h t  m e h e r n e o l  i c c  e , i n h u o ’n in l I n u s  I m a p ( o’r. .u ec c m u u m m l  , u l s m m  t c c m  t ime
ml i ffere mm c e s in noise anol s - ih r ;u t ion  o n u s  in d i u m tum em i t s wi ( h u m  t ime  ca h imm s .  l imo ’ hu e h i c o m p t e r  usn i , u i b s  / u as gro ’.i te n imm s m ,u l l en i  power

t han .m i ’ i~ c - ni w m n u g a i r c r a f t  of s um u i l a r  a h I ’ i u t c ’ o s e i g / i t ,  I l ie  c mmg uu mc u n  s c n m i l u i d . d i  to t h e  r n i iuc n ’n s u , u  g e , u r t c cm x o ’s and t i , u m n s m m i i s s i o m m
sO s t c ’ m m m s  which  lead to s t i l l  Inure muncuse  ano l s u l u n , m t m c m m n  I t  d e o e i o n l m s l u / I  mm m i d r u g ,  so r m t e whu.iI  ,uss u m m m m m c i n i m .  aIls , from mIs  n uc ( u n s
. u t md usually 5 n m m i t , u i n m s  l arger an t I a c- i - abc - n  n u m u n m u i c e r  c m l  u m ’ t , c t i m m d n  c’ m cmu m p c m nto ’mit s t 1man atm o’c j i l u s . u h e m m t  sm / c - c m i  f i \ o ’cI so m mmii  . i m ro ’ral ’t ,

‘s m c , c ut -c c i—ba lance ho re d’s ti ni e t i m  mIt  eve rota II umg ni.isses ire ( rum mm s u m m i t  Ic ml as s ib ruu t i n  mum s t I m rough time St ru n’ I ure and hi  nul lly
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through the brackets and seats to the helicopter equ ip lnent  and crew. The vibrating structure and panels also act as
additiona l radiators of noise ,

3.3,1 Vibration

Usually time v ibrat ion spectru nm of a helicopter is nmade up of low i r e q u e n m e y  , low ampl i tude  background vibrations
ranging fro m a few h i  to a c c - W hundred Hz . Super irumpo se d on this wi l l  be found a number  of peaks of high amplitude
vibra t ion  corresponding to the main rotor blade passage frequency.  ( S R  if tim e rotor imas 5 b l ades ) ,  the main rotor
frequency R , mul t ip les  ~cl SR . e.g. b R , l S R , et c., up to 4 m ) R perhaps , the tail rotor frequency I, its blade passage
frequency and m u l t i p les of it . e.g. (n I , I 2T etc .  if it has 6 blades. Gener al ly ,  the grm m , i te st  pea k is ,i~ SR w i t h  still consider-
able energy peaks at I R. l O R and IT for a 5 bladed main rotor.

It is important  to note that since the vibration peaks are generated by out-of-track or unbalanced rotor blades .
asymmetric generated lif t  and drag forces , and blade vortex cut t ing ,  helicopter vibrat ions are not l imited to the vertical
axes but  occur also m m  equal  magnitude horizontally in lateral  and longi tudina l  di reet io t us ,  In most fixed wing aircraft
the predominant vibra t ions  are venmica l . and the horizontal vibrat ions are ani order less in magni tude .  Thus ho ’h icopter
v ibra t ions  are usually greater imi a m p l i t u d e , d i rec t ion  and cause mimore h mun m an amid equiprmmeni t  problems than those of fixed
win g aircraft , The vibrat ion problemim contributes to nedu c -e oh crew ef l ectms ’e mm e ss . increased ec us l , due to the mmeed for anti-
vib r at ion p a lhi ati s ’es , increased maintenance , redo iced c oummponent  l ife and reduced h el icc np te n  u t ih isa t ion ,  Reduc t i ons  in
vnbra t ion  level there fo re h .mv e immense long-tern m benefits.

Thuere are short, mid and long termim solutions to tim e hel icopter  v ibra t ion  p rob lem.  In time shuort  term , when a par ti-
cu i lar  helicopter ’s v ibr atiomi charac te r i s t ics  h’meconme unac ceptable , it is usually the result  of amm ou t -oh- t r ack  blade or worn
component in the rotor or t ra m msrn i ss iomm sy s t em.  Appno mpriatc  main tenance  w i l l  reduce the v ibra t ion  to an acceptable
(though still high iii comparison wi th  fixed wing I level.

‘the mid term solution is to reduce the pr o u mm inen t  vibration peaks by ant i -vibrat ion mountings of /he equ ipment  or
man.  Anti-vibrat ion mounts  . m e  not always very ef i ’e c tmve iii h e i i eop tens  due to the  large f requency range of the vibration
peaks and the mult i -axis  nature  of tIme v ib ra t ion .  For example , , m n i t i - v m h r a t i o n  se, lts  are often used to reduce time vibration
to the vehicle crew. These seats, which consist om l springs and dampers , are usually tuned to a t t enua te  the vehicle ’s pre-
don m inant  v ibra t ion frequency in heave (vemt ic a l ) ,  Oum c such seat was tested in a helicopter which had hig h levels of
vibrat ion at the 4R rotor blade passage fre qu e m mc~ , L u i l c c r t u m m m u t e b ’ , . a l t imoughu t h us se,iI did ne mu move most of this vibration
in heave , it did l i t t l e  to a t t enaua le  the 4R l tor izo m mt a l  v ib r a t h mm is ,  Furt imermone . time seat n a toura l  f requency corresponded to
the I R frequency v er t cah vubra t ions .  F/u ii s t h e  pilot was protected from some of th e 4R vibra t io n  reaching him through
the seat , hut  had to suffer Imu r higher l e v e ls  of I l ?  heave vibration which  exci ted i mis  body resonance in heave 2 .

When a v ibra t ion  problem he coimmes app , rent . h i f i l a r  head vih ’cra t ion  absorbers are so m mw t un m es incorporated into time
main r c n t c m r  head to reduce the level of vibra t ioum - .- \ m m c u t h e r  me t h od by ’ which time ex is t ing  s m i c r a t u o n  levels can be reduced
is to make use of heavy eo)mpor i enut s vouch as the hel icopter  h . i t t e n v .  1mm some helicopters , t / me main battery is carried on a
special nmount ing  in time nose and a higim neso hmance is i t io j u iced in i ts mounts  so tha t  a ve r l i ca l  v ib r a t ion  node is forced in
the cockpit are ,u

The long term m u nss ver  to time helicopter v i b r a i m c m n m  problem is to tackle i t  at on near to i t s  scmiinec at time design stage.
If a rotor anti t ransnmi s sion systenm cannot  be designed to h ave how vibrat ion c h a r a c t e r i s t i c s , then the fuselage and its
human and avionics con te h mt must som ehow be isolated fronm i t ,  This can he engineered h at taching the fuselage to time
rotor , gearbox and transmission as se imubly at posit ions sci t ic h i  are the nodal points for time predominaimt vibrat ion frequenc y -

For examp le , the rotor-transmission systetn can be moon It ’d on a beam wh ose nodal points are used as a t t achment  points
for the fni so ’Iage . In p rac t ice , the  beam size is reo lniced by using a l inkage of elastomeni c hearings. A sligh t weight penal ty
is incurred u n i t  t h i . v  is far outweighed by t i m e  benef i t s  produced icy the reduce oh v ib ra t io n  levels.

3.3 .2 Noise

\ nmi sc  us m n f r e n  a greater source c m l  d i s c - n m / c u r t  to the crew of ( hue imebic ,’ c c p te r  t h an v m b r a t i ~~ , N c ’cise can reduce time
cre w ’s efb iciency h ctht  i nd i rec t ly  b y i , u t i g n u e  ano l d i rect l y by maski t i g  a m u n I i c c  s ignals ,  It  c- atm also reduce t h e  cress’ s hearing
ab i l i t y .  bot h temporar ib y and permanent ly ii ’ the y are exposed to high he l ieop ler  hiO i sc - levels over a long period.

The noise reac h ing the ears i l l  the helicopter cre w is usual ly h om t im g re , n te r  and more c-onmp be x than i h m .u t  r e m nehing  time
pilot of a fixed wing ai rcn ,uf cmi  s imilar power , I he Imel ie mcpt e r . so m O m n b man y  r o t a lun g  pa r I s , g etmo ’ra les  aenodytmami c mouse
i rcn lil i ts nc c t o r s  amid engine , toget h er w i t h  nmech anica l  noise fr om nm flue tn mi umcmu s s i cmn and other sy s tems .  In a d m b u t n o n .  th e
crew wil l  receive noise from the m n t e r c u m m n m u m i i c . u t i o n  system The low frequenc y ’ par t c c l  t ime aeo u nu s t i e  spe etrnmm is
donmin uu o’o I by main rotor noise . This cOns i st s  of r m n t , u t u o n a l  noise at mo i hroma ol hand m m ( m m s e , c

Ro ta t i o n , u I  noise has peaks c m l  energy at spe ci f ic  frequencies and t h eir imarmonm e s whic h are related to main and tail
r i c or blade passage frequ en c-mo’s lir ciad band c u r  vortex noise usual ly  bias a h iuu nd of random noise spro ’ .ud os’er a much  wider
frequ ency range -‘s typ ica l  maiti  rOtor would ium i ve I tS hr m c aol  ha um ol imo is o ’ el m e rg y concenutra te d in a haimol fronm ab on u (  :00
to 800 lii.  l~cmr a t v . c c  hladed r c m b m r  he l ie op (o ’ r (lie r c c o u m n o n a l  nu oise wil l  he i nugimer  t / m , u u u  t ime broad bat-i d noise . If the
n u n m h cr  of rotor hl aole s is uncr c .’ased ( o the r  e u m n d u t i t m u u s  n e m a u n i u m g  the same) .  (h e ro ta t iona l  n ioci s e vs i l l  decrease Icy
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a pp ro no i i im atc ls ’  4 m.h B pc-n bl aoh e anmo l t I m e  broad bau d m m o m m s e  s o u l  .15511 m i m e  i m mo re  u m m m p c  n i l  a mu cc- Tip speed u s ~i l5c i  atm mii i  t1~ nt~m mu

factor amm o h ,us it m nmcm’ e.us o ’s so c o t o c c - s  the  r o m t , m i m o u m a l  n m c u m s e  I c - s c - i

.- \ m u n n t l i e r .  c-s-.e u n i m , u l l s  ,u mr b o m ru i e ,  co immp oi ie mm l of t I m e  um o misc -  u n p e c l r n u l i m  c c m i m u c - s  h ’n o imm t Ime  em m g m mme.  In  l i m e  case o c t  a p istol -i

e m u g i m m o ’ tI m e nimaimu sccni rce us t ime ex ima u s t  vs b ic - l u t u ro ~ l inc. ’s’ s hm armmmo nu i c s  out I h o ’  u_’ u m g u m m c -  f ir mi mg i ’neo l uo’ mu cv i l l  t hie :oo I 000 I I t
r , m m m g e ,  \‘s t I m  gas t u n i c i n u e s , t Ime i m m l e t  c c r  m.’o c m m u p r e s s o m u  mmoi sc ,’ p redomn u na l c s ,  I b u m s  u s n m s u a h i ~ a h igh i r e q u i e m n c ~ co lnno ’ c m i  10 k h h z

, mum d ,m b n n s  c- . ‘ l Ime u_’ .\ i _ m u s t  m o m i s o ’ is n msual lv  mm iask ed i cy’ r n m (  c u r  u l o m i s o ’ and us t hmer et ’oru_’ h o t  a pro i c i e m um . \ mn ma t o n  so coir ce n i  eah c m nm

umo i i s c - . vs tm ic -h is iarg c -h s ’ t l mo mu g i m to u t  e n b n r m .’ h s  s t rn i e ( o m re h o nmme , us t h u a t  of t i m e  t r a n m s i u m u s s u c n m m  I i i i ’ . c - m n m u s c s t s  c m l  gear mu m u _ ’ s l i i ng

i reo~ u m m. ’ m m o ’uc - s 55 b u i m. ’l m cou n t tr ih c o m b Ic c  v_ ,ur c is blue broad h and s(u ec. ’ i ru th Inmost ’ b o ’c o’I , I I n i s t r am u s m m u iss u on i nu n misc u i s u u , u i b ~ pro’dommm m u u a t o ’s
m mit ,m ro m utuoh I 000 1 it

I In u i _ m um simt’cc bt inc - S I li eu o’n o ’s n a ing e  b ’ r om nu ahot i b 30t) I It Ii ) 3 k I It au th I Ii us gear mou s e is parm u c u h a n t ~ .in i n mn m ~ m u g  i c c - c _ m use n u b

i t s  i l m t e r f e r e m m c e  so i t im  c ’omt i u u i m n i i m u c a u c c m m i s  - ‘ smm u _ m ii l e r  u m m n p o c n t , u n u t  s c u u l r c e  ou t  mo m n s c  wh ich us c n i i e n  o v c - r l c m c m k e o l  c u t  v o i u m c h i  m.’a u m
ad v e r s e l y  . u t l c s ’i c c c m u m t ’ort au th I m e n i n m r n m m , u n l s ’s’ i S ( i ma t  i rncm ui  t ime m ui te r cou im 55 s i c - m i t ,  l I n u s  sy s lo ’Iii w i l l  mu o m t n m u u i y  re l , iy spcm o’ s i u  i n u _ m u m u

t lm e m.’r o ’uo ti u e ,u i hc n ’ns . n. c/u m mn. am ud audio oo’ , u r m u u m m c . n s to - i t ins ’ suu ic j ee l ’ s u _ _ i r s . c i i i i t  v s’ ill m n l s c n  p i ck  n ip e a hium m u _ mis c ,m n mu _ l s’b e 5 t r i c a I i ~
geumer a teo l u m omus m. ’ mi no l ic - m ci i t  d i m s ’ . t i c , I n c  t Ime m.’ .ins . S c m u i m m , ’ t i m u n c ,’ s l i m o ’ , u d 0 h u i u o m n m a l  spec -c-hi aumo l i u m t e r c n n m t m  m u c m i s s ’ t i m  t i m e  c.’ x u s i u u u g  c a f m uui

m n c u m s - ,’ is ‘oil l m m . m e m i t  b u m  n , u u s e  ( h u n ,’ c m c , c - n m i h i  um cmlso ’ l e v e l  i t  th i s ’ c_ ro ss m m m o ’ m m m i c ~’r s ’ o n u s  i c c  o b , u mum .mmn c r isk le vel.  i’ c u m  e x a m p le .  m u m a r e cemmt

st uol y ’ oil t u e i i c n u p t s ’r c.’,i huui  no se , t i me m i o m u s e  i t  t i t e o’ m c. ’vO 5 i mc m io l p c n s m t i m m m u \O. u s b o m u m mo i to m ice lIP ” 0i B or lOll  dli  I ~c i . I mc - miou s o ’ at

t i me c,’.ins s ,is d u c t c iB or d o  0i 1) ~ \ n w i t / u  fime u m m t s ’n co mn m u c m t ’ l ’ . oh io’ i c c  ( l ie , i t t e mmmu . i t i ommi  mi m ic - l i  ic y tIme f c n c m l e c u n s e  h u e l m m m e t .  ‘s’s ml ii thums
i u m t encnmimm , u c t u s u _’ , i h to ’ c - o i u u u o . i l e n u b  m.’ n m n n I m u u u o u u u s  nm o ise lcvo ’l so- i l l  unmc r s , u s e  I t  .i 0-ness nume i u i b ’ o’n u s c - \ I co c s c - o i  In c  levels greaten thu _ mu m
°)0 0hB ( ‘s I for x inc u r s  .i c i . uS  n c r  c i ,~ ~i8 ‘s n i c m r  4 imsm nuns . d im o h I l  I ‘s i m m  : imonurs  etc.  t h m n o u u m g i m o m u t  bums  v o s m n k u u m g  h i s ’ . Ih s ’so’ h o v e l s
sou l  I nesoilt u n c u t  c-oily in to ’ nip n n u n s  I m c - m i r i un g  b uss hu t  mum souume siegree n u t ’ ; m e r m t m a u i elu I iu ea n u um o o ian u ua g s ’

‘ss vs i t  it  v ih r .m ( aiim . I / i s ’ u- i ou i se p roih l etmu u s Icc - st t , i s ’ k l~’d , ut t ins ’ oh e sugn i  si .igs ’ . vs his ’ i t  i t  mu ,u s ‘mc - pn n s s u  h Ic- to cit amigo ’ time
‘urunim _ ir y um omuse sn u uins ’es , I c r  e x . i n m m p l o ’. t o n u s s ’ m m m , i s  ims’ reduc o ’n b icy inn s ’ms ’.n smmn g t h i m . ’ mmu u mm (c e r  ot ’ nc,u t n m n  h i _ m is ’s , m i t  mtci i  u m e u n u g

s t r u c t u ral s h m mm u tp i mug .  oc r sc .m m i ums t  pr om o m liu mg, w i u n c l n  u n m u s b  bc - m n m c c m u ’ i u c n m , i I c - d  i i i  t i m e oc n ug m mm . m /  sic-sum , h l m m c s e s s ’F , s o m t i u s’ \ i s t m u u g  b ueh i-
cin p us ’ns i t  n u ma s  he p n m s s u h l s ’ I cc  a l ter  time non s s’ ne ,i s’ l m m m u m n  t I m e  cars ni l t i m e  crc -v s Ii ’, immocd m b v u m m g  o i e t a m i s  c m i  p ,i rtmc uu b .i r ~s ~t e m m m ”  For

o’ v , u m m m p l e ,  t i m e  cr c - co m i g h t  m o’ p r c c c m c i s ’ ch cc tI n lu c - i mm i ets  so i m n e h u  g ive g c c c c d  n c n u s s ’ , m t l c - u m o m a t u n m m m  au md t b u u u s  nc - ohm i c - s scc mume n u l  m Ine musm us s ’
.s’ hich ic- i c - h i s’s the ears ‘ s i t 0’ r m m , u t i o e i y  , li mo ’ unmten co iu mm 55 s u e m m u  i u m , u y  he i l m i p r m u v s ’oi Ic y ’ s’/ m u urng u mn g t h e  u s ’ s l u c m m m ss’ c m i  t h u s ’ u mi i s ’ro c-

I ch u o nm es sc m tim _ m t t i n ’ s ire i m m c u s i  ss ’ m m s i t i s e  o’er tIme speech fro ’ n l m u s ’u mcv rau lge . I cu l  l o s s  ss’ n u s u t u s s ’ t om o t l mer  irs ’ n l u e n i e u s ’ s, I / m i s  so i l l

pr s’v’c - m m t lovs em an oh h u g  inc - n fretj n i e l mc io’s frouum hen mug pm k c~i up so m m s I n  n u m ask t im e  s pc - s e lm ,uui o i  u t / m e n  .m ud 10 si~n m m .c is

Si m m m i  b , u r l  . ai m .u u s1 cc  vs a nu ming  s ig m u. uI  mu as’ i’s’ c i i _ u m u g s ’ci mum I nc-nt uu s’mncs ammd ro’’si m .npeo h t i m In c free cmi m m u ask m um g mouse . I’ igure
3. ! s lm c n so s Im c uv o aim a u c h i m u  smgmi , i h  imm f its’ : x l  1 ,1’ k h I i  i ’ req oi emi s -s b a n is h us nm , usko ’d i c y  in c -an umio ’ s h i m i g  m m c m m s s’ , h is unmenc - asung time
,u n u o h o m s u g m m , u b ’ s freo lom eui c~ r , n mm n n e i c c  , u l c cc s o’ I I n  k I l t  time s ig mu .m h  v s ih l  min i  h s m um ger he t u u , u s kc - d  by ’ t ime m m c u i s c - ,  In _ i ofo i mt in u mm ,  so’ith m C /m i s
Fs’’s i i . i p e o l  audio  sugum ,u h  t i n e n u v s’ r , u I i  he~’ el cm l s i g m m~u b p l u m s  t m c c m s e  vo’ ill cs’ I ccw ’er au msi m l u m s  s o u l  nc -du nce t lu e  dan ger c m l  I mean mu g dau u magc - ,

3,3.3 (_ uic kp i t  ‘s i s i c c u i  m i u mo i I ) i s cI ; ms  of l i m t o r i m i a t u o u m

‘st present d isc -n n u ll -
. 

m m f  mi ll eurro ’m mu imeh icc mpi s ’r Il~ mu g us t ie t c r m m u s ’ n h ium c l a n  l i g h t vs I n n / s  ui v i s u u m i b  s’cu t i tact  so mb t ime g n c m u u n u o i

unoler  \ ‘FR ( ‘ s ’m s u u , m l  F h i g h n  R u I s’s I ,  \ h n u s t  n i l  th us ’ u m u t o n m m m m ,utucnuu i /m a t t I n e  p i lu c t  mi ec -ols t i c  u_’onlrcc l lImo ’ aircr ,uii s’cn muic - s i’r ouim s m s u _ u b

cnme s c mn m ts i de  bhs ’ s’ c u m . ’ k i c m t  i ’huu s omme n u i  m i m e  n i c u s t  i lu mp um int l r c - n l l uu r e nm e t i t s  c i  ,n h e t i c nmpto ’r 5’cns ’kp i (  us t h m.ut  c l  m i c n n u o/ i s u , u h

0’ i m m u n , u s ’t s ’ r is t i c s ,  l I s’ b u c c m p l s ’r ~s’i t ioloc ~s i n c us s i u c m i u l o i  be . anti tn has - u u i su i .u i i ~ ,mn e . m u m i u c h i  b . i mgs ’ m t h , umu ou r  [ux eo i so ilig a i r c i . u t t  s i t

su m n m i l , m n  s m / c - ,  \ m m t  uum ml y ’  s i u c u s i l ol  t h u c - s o’ ( r 2 m m s u ,un o ’ m m s ’ic-s ho’ i ,cre n’ icu( they u ui m o mn il oh ice s : t u . u t s ’ c b s s ’m liu t Ime im e h i c o p t c - r  pi oil S t u sk

reqn i i r e mmmeimt s  in t mm i um d . l ime I ue t i eop te r  c c l  I c - m m  imam o Ic c ma um o c c’oivre ium r e s t r ic ted  i n c - u s  s i i c - h  as ic-crc -st c le arm i m gv . or he l ips unts
vs Imi ch are vu nrouno le oi by m m  es’ s , h n m i i o l i m u g s  and oct l i en  n m hc s  I m m m c i  m m m v - I his ’ pilot lrec~ n c - mm t h y  mm o ’s’d s t o m Soc olow ’im vs arohs m m  oh re ,m r ’
wards anti reo nmi no ’ s s v imunl c  n so s i u m t h i s ’ approup n iame pla s’s’s - I t  us tm o t  al so is s m cus suhc le  to m nc o ur m o crate  ( / i s’se mi to m thue cock p u t  ~. sif

big hme l icopt er s whic h bm , ms s’ I .mrg e f r e igh t  cabins I ce/i ummoi , h un I i t  can n u su , u I  Is ’ he ,ucs ’ cm n mm p his hic - si  so i t l i  sn u m a l le r  hme hi s ’ o m p ts r’ i t

c c n m m s u c h s ’re ol ,m ( t ime smar t  c c l  t h e  h e h i c n u l c m c - r  s sic- s ign m n m m o ’c’ss

Somime i i e l i c c m l c t c - n s  hegium l i m e  s o u t h - i  ,u m umn mre  th i um n i  m n I c - n i u m . u t c -  vs i t i o l mn oo crc - m u us m mmc l i  i s  t huc - im  rs’n h u s ’c-sl t i c  ~m tm u m m s , u t m s I . i c t o n s  Is ’oeI
m s at iol i t ional  eq n m i pu mieu m I us fit I c - n b  - N m u  igat iomma l m i o l s  ari d rati os ire anmmoumg t ime  ss’ n c rsl c m l  Ic - m m c h s ’ ns - i h i g lu I bogs mire s c c m u i s ’ I n  mis ’s

b l u e d  tin l c n p  c c l  l ime  comm ib itmg i m m m i m m s ’ c h i , c u e i s  tm f ront  ol time pihot  and t ltess ’ g m e . n t i y  shegr .mo he his forwan t i viess

In I lie 1m ,i sI , wi tI m hoc so ps’ r I m  m mimi  ,u i t s ’ s’ lie l i e n c to ’ rs , vs im md cus s areas im .u vs h u es ’ mm i i i  c rc  cv c -ni  I c y r imo m v um g sc u u mme c m i  the less

f r e q u e m i t i s  nu s eni  c c n u u l r c n l s  , u m u c b  s v o i t c l n c ’c. m m cm ii  t iu e i ’ notm t pam m o ’l i mp i n to  I / t o ’ r c m m c b  \\ n i h  mms ’ss o’r . h u gh ‘u s’ u ( c m r l u m , u n m e e  imma ch m i ne s .
b i n s  b lank ing  m m l i  n c s ’ s’r (h ue n m c c c i  ,m n s ’,m i s pros imug t m c  he j ut  o’ u um l m . m n t , u s s n m i e m n t  v , i iem m pt’r i c m n u m n u t m g  st o ’ep ( O mrm is  , um nl ob hi s ’r s imi la r
iii .1 lId mc m i s ’ no’

to i rm mprm ’ v e tI m e view m c i  this ’ c m u i t s i d i e  n smc r hJ from ins u lt ’ m im n ccc s ’ k p i l , sc c m n i o ’ n m a n m u u I , i e ( u i r s ’ n s  Im m use n c - s onic - oh (c ’u i / i s ’ Oss’ oh

s nm .m h l c - n  m n s i r u m i m e n b s . • i t m m m u i t  m u l l  cmi l i ne  oh ianme ( er  of b l u e  imm u re eo i mm l mmo u m .~
‘‘ 3’’ i S O  mummum “ S m u m )  o hu ~i i mto ’Ien aircra l u u u i s i m u -

m i en i t s , ’ s b l bt otig / u t t u o ’ss’ result  iii  s m m n a l l e r  im i s t ru b i i en (  p ,un ms ’I s . ( Ins ’ m u i u m m u , i ( m i r o ’ ~h spi .ms s mine o c f t e n  c t m h ’hjs ’ u u h l  ( o m re a sh ac -eura ( s’Is
or qu i c k l y , s’s cec i. i l l y when in flue vu i c r .m t uu i g  c - n v i r o m m m m m c - n o  mcI ( hue  h o ’ l m c u m p t e r ,  I Iis ’~ als o te im ol i o n  s n u i t e r  t r u m u m i  u t m a d e qu a t e

l ight ing  i c c r  n ight  is uu mg purp u m se s .

\~ bias hes’n t m ien t i cmuic ’ m I ahu n’ s’ . m i l t i u c u u i g h i  t ime m n m , m i u u u m i v  oh i c - i a  c m p t o ’ i  l i v  m m m c  t . u k s ’s place nunder  \ I R.  uums ( rnu m en l  fis ung
is c u c u u u i n i u m t m h y  pr a et i ’e ch I Inn s s ’ev er. m n mo ’ u n i s ( r u m i i e n (  t l i g hu i . whi s’re tIme pil ot g e t s  no ~ i s u i . u h  d i me s  hr om nu u itsmdo ’, mi s (or s’c,,un unp lc-
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wimt ,~ti ii i  c l t mnms i . ne q o munes  great  sk i l l  and e I i o m ( . o’s c s ’s’uall y vs - d im an oin s t a h h m s c - d  hn ’I mes ip l e r . I n m s tr m m uam o’nb b ly u ng  problem s a l snu
s I c - m u  f r o m u u m  tIme need I n c  det ect  snmma ll  s h e v i m i l u c c u m s  h ’noimm -time ns’o i o mir c - oi hu g /mm pa t i m sn u t imat  t im e s can he cimrre cted m u m u m u n e c i u m i t e h y  and
not al ki ssed I 0-u hu i l ol  up in to large errors. I Im s I m n m n m u e m m  t il ig h it  u s no mt h elped [us’ t hu c -  i met  thu at o I l s ’ ii t lie p r i m  cm n-_il oi u v u la c

( n c u i i i d  in h m e h u e n n c t c - r s  wers ’ or iginal ly  designed b u n  l ’i x eoh vs ing aircr af t , t h o u g h  the c r c - v s  m i m i  m a t i o mi  requ i r em emmus  in ic - h i ’
c i n d e r s are alnmn ms i c c - r t a i u c l s  d i i ’l ere mmt. ln - h l ighmt  e x p e r i m u m e n u t s  bas e  sh own 1/ ma b  pilot c - t t ’nc r t  us g r e . cm l v  incre ase d d n m r u n g
i u i st rL it t meii ( bi ig im t ~ , 1mm ons ’ snme h i c - v p e n i u m m e l u m  in aim n mmm st a l c u h ise o l  h e l icopter.  cyc l i c  c mcnm l nnch  n u u s e m m u e u u t s  were m e m msn m rs ’si dur in g
hm sc ( h u m c m  r m u m a l  s ’m snmah h i m g mu I au md imi s ( n O m iiic ,’ti I i ’Iig h m I , sn ,n t i t a l  ,u csmnu pan i s n )n co iml o i his’ muma de c c I p i l oc  I ao’t in . u Iv Ic - s c-is I ) n m n u n u g  u rm st  i m u—
m e imt  h ’h ug i mt ium c r ou m s o ’ , c-s d i e  m u m o s e i m m e m m t s  so c-ne b’oi uui d t ic increase by m m S  r ov er t h u m m s s ’ d u r i m m g  s u s u m m m l  b l i g i m b .

I i n u s , u m m t i l  n c - cc -nt Is ’  the he l icopter  h i s  been nm s ed c r i uu ma n i ly  as a d , u v l ig i m l  op er a t imig s - ehi ich u _’. I I  m a y  mmmcl  been hi lly
Li t i l  ised t h u ro o mg b m o cnmt dm m y m i mmci n ig imt tco’s’m unuss ’ ol iii , uob s’d h u . ucu o’ s in comm ( noh and s ’ u s um , u I pres o ’mm ta t  mon c m i  mum I n m m n m a t i o n  to tIme Pu i i i
( ‘Is ’~m n h y  , great gm mimms in cn p o ’ n , u l n n n m u m u l  et ’i ’e et iv e nu_’ss v_ m i ld  ho ’ ach ieved if time h elicopter p u l o m l  e u mu i lo i  he gi s s ’ u m  .i re l iable anuto—
m a l ic  t l ig imt c o mmmtr om i syste nm ansI e , m s uly , i s s u m uu m l a t mi e  il ng hmt u u u h ’om nm uma ti o , um ,

Ss’ver al  t m m c - I h m n u c / s ,ure c omr r s ’n ( h s  ,i sa i l ah l e  i c m r  pne seu mt imig  flu e c c u l t s ’ c /c -  world m u m h ’o mnium ab iu mrm t h aI tIme pi lo ct reo l mmr c - s  / m c r
h e l icopter  n igh t  h ying. Thiev e im m e l uo l e  inmage i n t e n u s i l  is’d n igh t g c ng g / es . lu _ m w l ig h mt Ic - le o simm and t’or ss’ , m n o i l o c n k m m m g  m i t  n a - n c - n b
d isplays Facit  obe y es’ h ,us i t s  pecom l i .ur  ads mm nu I mmgs ’s au th l i on t a t i o m m m  s ‘sI I i u c n u u g l m c - a c - lu I pe cc l n i g h t  vis ion auo i pr n co isles flue
a t c u l i t s  to sc-c- in loss l ight  leo - c - Is , ( hue p resc - mmt  dev ices  also require  a grc - .i t  deal of c - b i c u r t  I m m m ii the pi lo m ( - I he i r  h o m h h  po ten t ia l
so ill only be b i l l y  ne mul ise ol w h e n  time s u s u o m u m  aid c l m , u r m m c l e n i s i i c - s  imave icc -eu -i can et ’n i i h  I m iat chied to tIme r e q u m r e m e i m t s  and ab i l i t i e s
oci the m iser. (‘n u r ren t  t ret ds appear I n n  be i h i v e n g u m i g  from tins p imi l osop l ty .  (‘ou m smderah l e  e l / c u r t  us t c c - i m u g  devoted to
pro vio lmg niore amid more i n l o n i u m a l i o m u m  to time tmm a mm . Fc-sc ‘cciii to have o i nmest io ned wh at immf o rmmmatno l m us reo iuire si hs t h e
helicopter 1cu lot  to ps’rformm i his i,isk mu n ic h joist iu ow m m m n m e i u  he eani process at .mims ’ I u m o n m e m m t  in t imne ,  Fu n es,.mmm ipl c - , snunne he h mmm e m
u mmo o inte u _ h displa y s p n cuv i ob c -  ,m p ic ture  01 the c u u u s u c b s ’ w c m n l s l  upouc vs hi ci m us s n m p c - n m u u i p o m s c - d  m m commsiderah l e  o o m a n t i m y  of i r n fornma-
l ion . it o rmum alls disp las sd on the o’o m n v c - n ( i o n m . m l  Iic - mio i n lo wm u cu cck p i t  i n s ( r u n i e t i t s .  ‘s li m e / i  of t ime I m u t l e r  us nc - o n n mred  onl y ’  .u he ss

F t inmes pu_’r sortie , y e t  m l renmains  c l m m t t c - n i m m g  up tIme ohisp hm m y lh ur cmu ig i n c n m u i  f l ue com m uplete  fl ig h t

I Inc - re  is nu o mc h to-i he gained in ex i e n o h i n g  and a h i m m o st  dou i c l imm g the h e i m c c n p i c - r ’s u sefulness Icy enab l ing  i t  to o i p e rmutc -

at t mig i mt ,  hu t  th is  vs i l l  not he ,i c/u uc - ves i - muon vs - i l l  i t be c n m s t  c - i  i ’s’c- t m v s ’ , un less  l Ime  p i b c c t  t ic - c- ohs  are m m m a t c h e o t  by ’ t h e  info c rumma t io m
disp h .uy  in terlace -

3,3 4 Ther imial Effects

N n u  s c - c t u n u m u  about  time he l icopter  s’ ; i l c m n e ums ’ i romnnmc - i m ( c - nc o mhd [us’ eoiul ic l et c -  ss ’ ithout  snm u m l e men t i on  c-if t I me ti i s’rmrua l c-i i c - c t ’
nmpon cress ef i c - ieuic  - In t ime pmm s l  tIme hel i copter  im , i s had v u _ n y  l i t t l e  ef t ’or ( s i e v n c t s ’n i 1cm u n m p r c m v - i t m g  t ime cabin t / mer n m m a l  environ-
nment .  Some ime luc impters  h ,m v e pn n s sc - ssc - cb  v e i m m i l a t i o m n  h c m u s  res for eoo h immg .  Olh iers / u m mvs ’ blow - n w i t h  t u e  c in m or s nemmmos ’ed umm hot
cl imates to reoluce the cock p i t  greenimo o ms e e f fec t  “s ic - vs l i ,u n .c - emiioo li ed h c m t  a i r  ‘loosens t i m  prevem i l  so und n ’m m m m l st u i mg am - id
to inc -nc -muse crc -os conifort  for ,- ‘ sre t i c  o mp e r .u t io i ms  I ( )u ic -  such i n s t a l l a t u c m u m  mu made soc m n u c i t  m un musc  amid c.uus ed Sn m t ui u ei m inter-

‘cr c-nc -c - over time i n m t e n c n u u m m  b b u , u i  t Ime l i e h icopien  cre ss ah vv. u y s  tic - vs in (h e Arc - t ie  wi t h  the  hot , m u r  lc lower off. ) ‘sic t I m  t ime
incro’ , ms c -n i  m u v m n u n m u e  f i t  e \ t c e c l e o h  in f u t n i r s ’ -‘sSW hel icopter s . lh o ’n o ’ wil l  ice , mum a o l o i u l u i m m m m m b  nee d i c c  remove time so , mstc - heal fronm
th u is e oj uipm e um t anti to nma in tai nt  l Ine  avionics mm m c m  mi  c u r s ’ s i / i s i s  u s’s Icy icr m v m n /  imm g mm rs’, u s c c m i  .i hI ’ cahium t i merm um al  c - m n s i ronmume t m t -
(‘c n m m s u o h e r . m l u n m n  n m n m st  he g i v e n  tom time un o’amis of p rov id ing  m m c c n m n t r c c l l e d  (hs ’rimma l c - , u h mm i  em m v ir ot i l m let mt  at an earls stage in the
he l icopters ’ design . There vs i i !  be l i t t l e  c - I u ,um mce ol provi s bimmg i / m i s  al ,c r e m m sc nm a hl e  c c c s t  r e t r o spec lu se I~ -

3 ,4 HE L K ’OFT E R -‘s VI O N f ( ’ ~

“so u c c u m u e  s y s t c m u m s  for m i h i t , m r y  helicopters can Ice c la ssui ’ied icro asi l s i t i t o  c n u u u i r o l , n muv iga t i o n  e o u m m m i u u m u u e m u t u c i n  and
os-capon delivery amo I s. Fn i r ( he r  suh-divisio n can he appl ied  u m u c u s t  u se fn i l ls  In ( h i t ’ fir st  mind I mus l  nd these o u t ,  mi t ime bm r s t  c ,msc
in to  manual  and a u t o m i i m i i n c  t l ight con (r cm l s v s t s ’mmis and 50 5’ , ipo n sy s t e n u m s  m b  target  mucq u mis i t iomi  m m m d  weapo mm fir m mu g aids
The fo l l m m os ing  p ar mm graphs  t oucim on c - much  c u b  t h ese ic ,mpucs

3.4 .1 (‘ontr ol 55 si eu fl s

F i r s t l y ,  i t  is c ml  c - cu um nse .m b c m m s u e  n ecessuI ~ t h at the he l i cop te r  be readily e m m u i t r n m h h a h h e .  ‘(‘lie pam ( i c u l mmn ergonomic o iil ’bl ’
cuil t ies encountered in nma n ua l l y  eon lno l l ing mm rotary -witm g vehicle h ave been the subject 01 c o u i b i n n i i m i g  r c- sc -, ir ch anti ‘ts ’m
from the basic - m m b c u h i t ~ c m l  the  veh icle to manoeuvre in the three  la tera l  degrees c ml  fr e ed otm m . In the first instance all o”, i , u i i on
of poor h m a n d h i m m g  and s t m m h m l i t y  c h i a r a c ( e r m s t u c - s  was b i n s t  smu ug bu t in mi nt avionic sense by flue i n t r o d u c t i o u t  of aut oma t i c  pilot
s t m m b i h i s u n g  systs ’ m n n s  The n i u s t u n c t a m n u  m c e i weemm a n u t o - p u h c m t ’ n an d . u i m l c n s t a h i l m ’ c o ’rs is a fl ume one since wi th  all cn irr c -n b sy s( em lm s the
pi lot  r eta ins  overal l  control  oil t I me ve imuc l e ’s ma no enuvr i im g ‘I’he c - s t c - t u i  to ssh ii ch tIme sy s te u m i  alloss s pilot mni e rv e n l i o n  and
im p m m s i l i o n i  oh h u m s  o te l ima n m i s  is p a r ( m e u l~m n l v  i m p o r l a m u t  in  m h eh i sm c pt e r  whio ’im by its na t u re operates in close pro \ u l rmi l y  l ou  Ihi c -
ground and mu l oimg pro files muu ic h less constra i tmed by pre - h l i g h i t  c l a tm n ing  ( m m iii n u - i any of m i s  b u s e d - w i n g  counterpar ts .  ‘sic m l i i

enirrent  b e c - hn c m lo gy  muni to m at ie  sys t em mis ire ava i l m ul c le  ( l i r ot ug lm out time sp e etm unm h ounded by s it u mp k r a t c - ’ / c ,uso’oi stahi li sers  In n
f u l l - t ime , f u I l ’ m u u i b h i o r i t y  nm mun o eu v re den m ,und syst s’ms, I / ic -se l i t  t en  enable re t i m o mte c - c m t u t r c m l  from s’ ,c ri ouu s s ta t ions  wut i min
tIme v t / u  us In ’ or evt’n ft m im i0 ’ s b , m (  ions m m mi t Ime  g r oumm n l  . I - nun any I u tu r e  vehicle,  time c hesug u mer  h i s  to weigh a gr e at  m a m i r  con-
f l ic t ing  demands and view po m mit s  in deciding time level of i u i ( n m m i n , c t i c -  e q u u i p t m m e u m t tie v si ll  o ’ t u i p l um v  “s firs t d a t u m  point so ill
a lnmo st certainly he establ is h ed b y t in e  sc -hick ’s si lo ’ , role antI cost constraints, ,  ikmwo ’ver , Imav ing es l , i I ’hus h en l  time general
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less - h oi l s’ m c m u u l ’ i s ’ \ i t y  , l u c r e  s t i l l  n c - i u i a imm sl s’s’u ’ c u c m n u ’ n t l t , m I  i m as e  sm gimifmo ’a m ml m nm u m .us ’ u ts m h omtbm time ss ’ h i uc - l s’s u t i l i t y  iii Is n i c - s u g m u  role

a mid s’s 5’ ii i m m o re m c mu pom tell I m a l ~h~’ s e lou p m I is ’ mc I s atu d .c I u r ,me I i oum to m c -u s t o i m u s’ ms cc t icr I ii j un  1 I mc u ii m m u mm s m c m mu so mu For o’ S .m l im p Ic , t lucre

m m m iv he stro um g p ms ’ss mmr e l n n m u l l  m m u u h u l , i u  5 i iss ’i s t o m olesigui  b c c n  s u m u g l s ’ pi lot  o u p c - i _ c t i muu i  no I io ’n c i v i l  c c m s ’mat ( n n’ s ,m m’ s’ vi. ‘c- k i mm g m oo-n m c u l c c l

u m m a c h u i mm e s.  (.)n the 0 d m  h , m u m s l  . .u i n mg hm Is r eh m , u i n h c  , b’a ihure  to l e ra u m (  sy si c- ti m t on si m i g h s ’ I’ lcd  om p ermm l  mccli mum _ m s a l l o iw ins ’ so o ic - s ug m u s t o m

be mis c -sI ( os - i I h m aims m m i l c n u o i , u n t b  s l m u h i h u i s  t l ib ’ t u c - u u i m u s ’ s co m n ui mtc - ne o h  Icy t Ime a o m t o i — c - o t m t n o m l  s~ sm s ’ m u m  I os i m m l s t  a imm Ure s’s c s l — e f i e c t m s o ’ c c c i i

0 o’u i t i c  cmi ii oic -s igm i m umi g hm I he s’ on i ms io i er eol b r  ~~i O ub , u l c t c h m e m m l u n c m u

In  t ime p.m st thi s’ s / un d i e s ’ c m i  c o i m l r c m h  ss s t c - i i m  oo , i s  s u m u p i u l  ic - ni  I c c  s cu l u me u_’x l e im t  I n s’ s’ , u u u ss’ oc t  t h e  nhs ’ v e h o cmmug m a t u r e  n i t  t s ’ s’ h u i m n m

m u gs ss’ilii r e s n i l i u m u m n  r e d n m c t i c n m u s  i i i  s i / s mu im s t os-eig h t ,  1mm m m o l d u l u o ti s k i m  u m m m p r c n s c - I u u c.’ u m b s  mi t  cL’ n h o m n m u u i m i c s ’ sos ’ms ’ c m I i c - n s ’ol ‘s sitnm mi —
I i c umi  bi a s m i om os I cc - el m r s ’ . d c i i o ’n h iii 00 Ii i c - lu g a imms o I ’ I ii us n m .mI tm nc - are hu _ m mmgh m l  at amm m u m  c r s ’ , ms u u u g l s  i n mg i m l imit ’s’ .muns i  t ime l m s’ m u s ’ i ’m I s becoiume
l ess ne musi i l ~ ol emi u n u m m s i u  t I c - oh . ‘ s i c c o h e r m u h e h u c c m p m s ’m s t h u c - u m u s s ’l se s  are u n m i m e r e m m t l m  s’ .ms i s ’i 10 l m , m m m o l l c -  o s’u tI m os ut r es omnt to a l m t s m n u m a t m c
s’o muu tro d l .mm o bs ammd t hmc - B r i t i s h  , \ u m m u \  is cn m r m e m mt l ~ c n c s’ m’ , mt i mmg I t i m mu m y i m i m s t , u b u m h u s e d  ss ’i m mcles .  II  is mu fact h o c  c o iumcudemm c - c -  t h at t his ’
mui , m n n  n~ oio’velo pm iio ’ii Is iii mmmi to m mua t  is ’ c-oil t r c m l  ( s’s’iu i i i t  l id ’s Ii mis s’ tmccu  mmc d i um mmmiv al i m e h i c n c p t c n s  amms i mu l c m mrt  u s ’n il an I ocr , - ‘sS \ ’s v e in u~ h s s .
l ’ i m u s m mmt val  role is vs-c - Il  s u m u t e t h  tom a o m t o u u u m a t i s ’ ct m umtn ol , t ime c i u u m k i m m g  n i l  s c n u m , m m  ss s t e m n ’~ bce m n mmn ,i sss ’ll  d c - l i ned  c m pc - r a t io ) mm t iu ~m b u,’’Jii

fc u_’ n c - _ m o / m i s ’  , m u u t c n m m u , m i s - c b l I m o’ b c - m i s f i t s  iii i s ’ n i m i s  c c l s , m i s ’ a im o l  Pn c- s l m s m . m h ’ I s ’ opc - r a l i oum in i l l  v os ’, u u i m e r s  . .  irs ’ , u i s c n  c - l e m m r l~’ ou b c~ m n n u u s .
,\u m u m  v no’c~ u i re ul m e im Is Oh I Ime comm t rar o  are h um hi ug it Is so ’ rs ,u I u Is s’e iuu o ’les e nmun i  t ummu mi o i c - d  si i no ’ c I Is I n s  t i l e  i m i l oc I so ho ni l  m us ’o’s’ss u i 5

us an mm c - t ivs ’ Icm m nt i s ’ i h i j i i (  i l i  h u e  i m m m m i u o e u v m u m u g  ,mmid s i u r o ’ c t u c cn sub ’ t I m e  v s / m u c k ’ , Since i t h a s  a lw ay s Icc -c -ru d u t l ’i c n m b t  ( in  m nue asum ’c-

b m u i u m a m m  so ocnk Ioaol m u iuc - qu u s c’s ’ , m/  I s am i d mmormmma l  in m onec - sss’s c c  I mu c h ap i  a t m c m n u  au ms i t r m m m u u m n u g  u_ ’ ,u m m sc-s’ u i i  i ug h s 5’ n u j m u_’ vs i t Ii a vs -ide s u m  s’ , i c h

of h m a u m o l h i m m g  c - i m mu r . ms’ts ’ m u s i u s ’’. 1 is  not s u m n j c n i s u m u g  t i u , m t  , \ n m i m \  op en ,ut c m ’ . so i l l  s’ \ , m i t i i n e  a v i o c m m m c  , m u o h s  s i u i i s . u b l . t Ime I c - s s c m u m  woulsi
.up pe , un  to m (is’ t h u a l it i c  oimun ge r oti .s c m  , u ss u u u n c -  t h a t  mmm i a n m b o m i m m m b i c  s’ c m u m t r o l  cS s I c - n u n  us  s’sss’ i mlua l  and s’ cus t  c - I l c - s’ t m ss ’ ci  l Im o ’ h om nma n

opc- nm i t o r hi _ ms  1 c m  he h u l l s  s’ mm g , ug s ’ci i i i  umm , numcn s’ umvruuu g I b i s  ss’ /mi c j l s ’ i n c  m m i , m t i e m  v o ’ i u , n i  arc- tim e i uau m dl un g  s’n m l e n ma ,

‘s s’ cm r c m h l , m r y  mom t ime , mi c c m ~ c- iii  ‘.n um uue  u l ms ’ , u s m m n e  us l imo ’ nmsc cc i  a s ’ u o c u m u s ’s Ii r e l a l u n m u m  t c ’m i ’ l ug bn i  mmmsin un m eu i t dms p l a ~’ s Out a
num u u h e r  O I n n s s , u s u c c m m s  du n imig (lie i ,m s t  t h i n  is 5 s’ , iFs  _u t l c - u m u p t s  Im avo’ bs’ s’t m m nmmm sie  l ou s ic -vu ss’ sps’ei m m h i m m s t m u u u u u _’u m l s  lu _m r l u c - l u c o d l e n
,m p p h i c - a t i o m m s ,  Pc -n / i mps  oui c -  o m f  l im e  mmuc m ro ’  u n i t e n c - s i i u m g  l ilies pursu m e c i  os , ms I / i _ m m  n d  l i m o  b l ig h t  l )mr s’s’ u c u m  p mmnc - ip ic. ‘ s lus h  l u u t i s ’ and
el’for ( os , is shes c mteoh  1m m t i i c - s s’ s ’ c - s t c - u m u s  w i t h i n m u b  , m m m y  u, u b s u c u n u s  I , m s t u m g  p m m m g r s ’ss an ob cn n rr o ’ c u l i s  t i i c - y  mine l i t t l ~’ s’ oiul si s i s ’i s ’nh c m l h i e r

t i u , u n u  I c u r  l inmi teo l  s n u b  ,u c p h u s ’ , m m u m c u m s ,  b ’ i u c l u n  o l u i s s  m n cns b’oc o nmoi u , m c c m m m n  in u sed v s m m u u n  , m u r s r a l ’I b c - c _ m u ss’ c c l  t h e  I ’rcol o me l m l  mmec - s h Ii ’
op o’r ,u l s ’ ummo i c - r  l u m s t r u n m m e m m t  b ’ b m n n b m t  (‘o n d u t i n m u m s ,  V er y  h i l i h s ’ cub il tus ts pe n n i  o mp e n . u t iom i  a l s m mn g v se il  ohef u i ic - s i  l ig h t ic , ml ims us
enc - o n i mm l c - nen i  umu m m u i h m t m m n s  im u _’l i s ’op ter  c m ps ’ m . m l i n c m u s  t m u m Ie s~. e m i b i 0 -m l Ime p u l o c t  n c r _ u  cm s ’v o m u m m i m u  I n , u s  o i s n i . m l  s’c c n t a c i  so m m l i  t ine  te m ra n m
nu m _ m u my I u e i n s c m p t s ’n s c n i  i i ’ s ins’ a i c c n n m u s s ’ ‘l ’/ius 1 c m  s l , u s u s i u i s  mmi c smn h c s ur , u t e  b l u g h u t  s im ns ’c tn n rs u n t o  flue e i m c k p i l  us mm u m m m s t , u k c -  s’sp cs ’i _ m I l y
vs imen gronumud s u u p u c m m  t i ,m s ’ u h m t u s ’s s u u c - b m ,ms l u o c u m i m m u g  i ’s’mu s ’n u m u s  au m s i ,u p l c r ou ,m s ’iu c n ium tr ci l mu ns l s ,m rs’ Immeki t ig .  h i m  Ice uiu , c st  .1 ics’Im o s ’ t i

em m a hl immg im e l i cnmp l .’rs isi s cpc - nm u tc  in tm o om r v i s i b i l i t y , i u i s ’ , u m i s  i m u t i s l  he soug lmt  b c  n u m m u u n l m m n u i  l i m e  m u c u n t u m a l  s msn mal  l i m u k  ~o ’ i I l m  b i n s ’
t e r ra in ,  h k m i c c  t ime 5’ n m r n c m m l  i t m b c n s ’st i n u u m u , m g m m m g  ss sts’m i ms ‘m i Sc - c l  cm ii  I I I  \ ansi F L I I ’i, t c - c - i m u m n n b c m g s

S u m u c o ’ . i n i t i a l ly  . i t  v o i l l  lie most s I u i ’ I n c u l t  In c  m e t , u i t i  icr su i i c s l i t u i e  tour  t h u m s  u m s n m , u l  h u m m k  m m  l ime  h u l l s ’ st sc- misc - . ms’cn c ursc - w m i h  he
u i u , u d c -  1 c m ,c u m t c n n u a t i e  ve i mie lc -  s I , u I ’ n i n s , i t i s m n m  In c r c - m n u c u v o’ t i me s i u l l ’u s t i l t m c - s  cml  s’ \ I m . u c t n n g  ‘ / u c m r l  l e ru t i  m n n m t u o m n  e lm s ’s fr omum t i m e  sy m u t h e n u c
i i tma g c -  or p i c - I n m o ’ . I ’ h m m ms os -h ie ne .m s , os ’it h m m mo r lm mmm l  vs ’m s h c - I is ’ I c i s  c m i  s sos l i m e  p u l n m i u n g  t , u s k  us i l m u m l o ’ nm a mm , u g s ’.d cle . c um nn c - u m t  l i m m u u u , u t u c m m m s

m u um sS m m t h m e t i c -  u l m i . u g o ’s d c - n iua i md s’u _ c n m m I d h c - i m i e l u tmmr ~,’ s t , i I ’ m h m s n i u g  . l m s l s  I I  is i t t  l h u s ’so’ i~m I’u5’
~ 

c m l h m m u u m u s ’ cb o m s u i c u l u t y  b is - ung o’ n cm u d u l m c m m u s  t b u a t
p r c n c s’r h a la imc e / u c l s s e c n  , i v u n m n m s ’ m mu n h s , 5’ cm s l , ss’t’ug i i t  _ m t i o i  s i t s’ us g , u u m u g  tom ‘u s’ o iu l h i c u u l l  t o m ,i c b u i s ’so ’

t 4 2 ‘s, u s i gni t i on ( ‘o , m m i i m u u i i e a t i u u t m s

\ d m 0 o  t i m e  sc -e omi th nu mmu ,I uc m , u rem m c c l  n n t c - r s’sI . t t a t t m o ’l s . m m i i  m m n , u i u c ’m t i  w i l l  ho’ c’ccmnsm oi s ’nc ’nb I t  m i s  l i n u s’ u s c - n m appro ’s’i. n t o ’c i h i t

i l l_ u n i t  oiii t ’ n s ’u ,i h b y  oc l’ j c i l o b i n g  i m e h i s ’ c u p t o ’m s  ns .m k i m o n o s  lc-dgs’ c c i  p u m s m i u n u m i  _ m m u n h  I / i c  o h i m c ’s t i c u m i  t c c  m u d  u~z . i t s ’ ‘ s l I s’ui i l ’u t s  t ’  s n m h s o ’ I b i s

problem Ii . ioc -  resul ted mum e \ p s ’ m m s i s o ’ I \ sS ‘ I c - m m m s  m i d  mmu o ’u ’i n u g t u mip  sh i sp I .u ~ s o i u i i s ’ u u m s ’o m m u u m m m e n s n i n , u l e  vs i t / u  t h i s ’ m u , m t l m r s ’ mu d
m,’/ mm u n , ms ’b s ’ri s t i o ’ s Iii s’n i r r o ’ni h h m u n h i s ’ mu p b o ’ns , I i t i m u i , n t i c c m i ’ . l i t  ~ c m c k p u i  s c ,us ’s’ , t h u s ’ d i f t ’m cu l t c c - s  cc i  pm ’ s’ ss’ m i t i m m n n  b_ urge scale nmm . m p s , ummd l imo ’
Ii i gh u cm ncj er c m i  m i ,u o  igat n mmu , m l ,ms ’ s’ n mr , i s ’ n req ni i rc - d  p us u _’ u ’natocr d i l l  ic - oil  b u s ’ s in scm ls’i i i g t I m e  pnoc i c l c - iu m - I n i c - _ u l l y  .ini _ m n m t m m u u o n m c c u u s

ss sl s’nl is denumand e d to r c - I , u u u u  I / n c -  fle~~i h i l m b s ’  and m u m o i c - p c - n o l e m u l  n , u l nm ns’ c m l  i t e h i c c u p i s’ r o c l c er at ui ,mn s. F s ’ c- im 5us ’o’c- p t i u u g  , c dc-pc-n-
uiem mc - e on groum id , m u m l s . c imrrs ’ u m b l s  ,m o , u n i a h l e  t s ’c l m m u u c i u i e s  oiti h o t  m is l e o i mi . i l o ’l s o , m t s ’r h u m r  v e r y  lsm ss , i i t i t m i n h o ’ omj c c - r a t u o n i s  mmor i mm al l

s’ mm s ’ c u c m m u t e r e d  in n m i l i i , u r s  I / s  m u g  I i  vs c m m u l c b  sec -un t h a t  p n o m i s n m u g  s l e v e h o p m u n c - m m t s  vs i l l  c i s c - n un  mm ( hue  t’i~’h ~I cu t m n m , m g u u m g  so’ns n m i ’ s l i m m i b
u_ mutt  l’s’ in mu _’n pne tec l  . u g , m i m t s t  s c  m m m d  s’nm I u n ’ m n , m l  mmm i ’s , mu h i c e ib  do m n / n  , i s s i s t , m m u o ’c- f r c u u m u  l’ .isi ~’ ds’,m o l ’r es ’ k m m m t u m m g  c n c i n m p u n l c - r s  l i d  i’nan m lmunn i

r on ig hu r m un m i i t mu n c - bus ’s k c cl i  pums i t i u m m u

‘( he m m im p c mr ( a nc - e  n i t ’ good c mml imb i i tm ni c mu lions i c u m i cu m l h i mm il n I any mmm d s’us  m l ho’l u c mu c I s’ms s’.u uu iu o (  be cm v o n -s t  ns’osc ’n i ‘sic’ / u u l s t
r , u n h u c c  com l imiu t i n ic - a t ion  c o l nmip i t i e u m t s’om m t in l i t ’S 1 m m uu mmpro ds - s’ ium t s ’m u u m s c m l  s i/ o ’ ,m mid o ss ’ig / m t  s s u l h  the  a d o - c m - i l  cu t  m o w  t’Ic- o’t r o m m m m c
t e o i u n m m m i n m g i c s , th i s’ l u , m s u c -  I c r m u t c l s ’tums o c t poor p r n m p . m g , u t m c m m u  pa t ims  c m  low is u m m g  Imo ’ h m c cm p l o ’ms re tmuaun.  ( c n m u p i o ’oh wi th  (h ess ’ us the

need to m c u o ’ra te wi th  mm wide s ’ a r n e t y  c m t  m m n c m u m n m m h  s i , u t u c m m m s , mobi le m i m m h i t , u r y  n m n m I s  etc , .  de m andu t mg  hug h tls’~ i h ih i t y ’  iii t ime
c o mn mum l ic - a ( u n mms  sy s te m s ,  Pr ohl et t us  n i b ’ aeri a l s i t  mg out iis’hi s ’cm jc bs’rs arc- gr o ’, mI . t i i m’i irs ’ m m c m i  o’m u s ’ ih I c y time mnitr on lm ms ’tuotm ot

s’ c m m m u p m m s u b s ’ i c r  c - i . m s .  l n I c n s ’ I u m su_ ’ h . u g o’ pa imels u_’ss ’n omm the  I m u r g c ’ n v e h t i s ’h es . No Ic -vs u i u u p m m r b a u m t us blue n h n ms ’s t u c m m m  c u t  good s’cmmm iu umnu n mc , u—
( u t d u m s  be tween  s l u _ v s  w u i h i m u m  tIme l m ei u o ’op le r.  th u s u s c’ \ , i s c ’r t ’ , i t s ’ni h ’s ih uc -  poor lm o m s s ’ elms unonment  u m m c - i m t u m m u u c - n i  earlier.

I ’ hu e ss lmole m m . m v u g , m t m u c t i  ‘ s’ u d u u m m m i u u u u u c , m l u c m m u  ss s ts ’ m m u  n l es m gu u n io ’ u m u , u u m n i s  , u l t o ’ n t i o iu  I n n  mu u mun mic cm cml  s’ , m c i m I , is I m u r s . m m u um s n u t  thmetmi
stun (lic- Ii ng . , m m i n i  .u g r c - , c t o ’ m mm m i o hs ’ r s 1 , 1 mm c i i  mm in nm I tIme i iump .me I cml  s’ , m ehm I mis ’ I or cmi m omp er~u t i c  mum al e t’tio’ien s’y is dc - m u m nimb I cob icc-i ’m u ro ’ th ’mt’
I c c - s i  s u m l u m l i t m n s  c , um l  be arrived m t
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t tm mi i ahl s ’  time t u _ c i c is ’’m of sos’ . m p c m m m  a u u m m u u u g  ss st cnmi s mum i d snmm ’vs ’ u h l a mm s’e aids sluou ld cs o’ m m n u s u m l s ’rs’d . .  -‘vs se t  ( h ums  s u i b m j s ’sI  as
mm ppl i ed ( c m  tIme I i s ’ I i s - om l n te r i i , i s  nc - cen v s’ol ns’l , m l u s o ’b s l i t t l e  m m t t e i m l i o n , u ni t  is Ices’n mi l i i mi g i n c u s ’ . m s c m m g b s il ii lc u _ mrt a i i t .  I nmp i m mms us  will
m i m m t u , m l l s  (cc- s’s’i m tr eo i On mmi e a i i s  c c i  ,u s ’q u m m r m u m g  , mIIol i o h e i i l i h s ’ i l i g  i , m u ’ g s ’I s  as Ibi s ’  s’ mi l c m m h d i l i l y  cml h m e l u o ’ c n p l s’ms I c c  o l e l u s e r  s u g m m m l u s ’mm mm l
55 5’ ,i pu um lomiol s us iii o’ no’ ,iss’ ~l l ime nec -oh b ci h I use  a b ’n o mu t c m me k pu I c-re w ’nm aim du_’oi uc ak ’ol I c m sm m no s’ ml Ian c- s’ . m m m si vs c-apons u _ n m  mm I In n I
mui cre ase s this ’  iced l o m e iu sn ir c -  t i i m m (  t Im e i m e h i e c c i m t n ’ u cmii ) he flt m w’um In s  a s u I m g h c -  p i l o t  in mull  w e n m i h u e r ’. F i mus  it o s u l l  hu e c - scum mm more
s_ sos’ ii h a l  to desug um aim e l i  so ’ I u s s’ Ii I cm I u _ oh  t nu _ m I and nas ug mmb u_ il l  , uuu l s .

( mm suuut i ~mm un ~’ i / I s ’ l i r u_m cnmrs ’ m m u s ’ m m t  n d  s’ n m s t - ~.’i s c - b i d e  , m s u c m i l u s ’s e, m m u  o u m l y  Ics’ , u c i u u s ’vc-d Ims ~m u_ ’mm ne h ’u m l ,mui d ohj eu_ ’ i u s o ’ asss’ss u m u o ’ m m l  01
t h e  route m i  I he  i m e l u s ’cc p t s ’m ant i  I s  cro ss ‘sic i m i l s i  ( h u m s  h i _ u .n c ms ’ s u mrr s ’ oh in ,m mm .mtuun, i b b’ash m i n m n  in t I me p _ us i . m l  os i l l  hc- i m m m m i s ’ sli h’t’ic u h l  m mm
the  b u t n m r s ’ , ms e qu i p uu i s ’u i t  nhs ’su g m m s  ms’ m m eh t h e m  cto ’ s ’ e l omp l mus ’im t p hat o ’ c m ms . I I  wil l lie uus ’cs ’ ss , iry I n c  no ’d i t ’w s’ c im i cs ’ I u I s  cc i  i c uhs mi  ammd
cre w so im nk load  bum s ’ i t s i m l s’ t h e y  mi re s t i l l  o m m l u d  n i the l m g h m l  o cf moss  s c - i m u s’ls’ anti  e u l g u n s ’ de s m g n u s  amid u_’ s lm m h c h u s / i  a t i u n m r c m u u s ’ h m  um nude r—
“ t . um u c h u m u g  cml  the proh lei -ims of un t e gn au ng  ss sIc - mim i , d is plmi ~ s , ansI e c c n n t r o m l s  t i u r n n u g h u o u t  time a i rc ra f t .

3.5 ( ‘REW ~Ul I V I  I’\ ‘sN - i c L Y S I S

\ Is’I h u n u c / s  b y v s b u i s ’Im time 1 dml c m l  or s’re w c , u p a t c u h u t s  .uumol , u d d c m i l l s ’ sV5(s ’ m i u  sIc -Sigh ITl m m s he c c i m l n i m m s o ’oI ,ms t m m m  as s’ neos n uc t iv u t  us
s’Od i bs ’c- ru ts - oh , are c o m l um immon to I c n m ( h  i n  xo ’si aimd no lmi r y vs ung aircna l I.  U h me y I a ll  u m m to this ’ t win  s _u  l c g o m m u s ’s c c l ;

h I S t n i o i y  nml  crew - m m c l iv  m i s  p a t ls ’r ims in c- ’s m s l m l m g  , u u r s ’ra i l  s y s t s ’ I m u s .

i i i )  1 - s a m u m i u m a t i o u m  of role esp ec -ls ’oh lu _i n f o m l u n e  a ims -ra f t  amid s’ cu m r s ’sp c m n m d i m i g  s’, i m b h i t ’sis cmi  cre ss ,ms ’ I u o  I s t m ,m l t s ’nls to ll m ghm ’
l i g h t  ansi m e s n u l s e  pro hl eim m ,m rs’ ,ms

3 , 5 . 1  Existing Helicopter Examp les

Sommie protc l c -iuu , urc - , ms c-an ofteim he t i e t e rn u m u mu e d  i c y  s l u m c h y ’ i m m g  c rc -v u m c l i v  i t s  c u t  I e m n m s  d u r i n g  nnm nui ia l  b l ig h t ops’ n , m i u i m m l s
mr ex aum mp le , t his /m , m s ‘sc-n o i sm ume imi hot im h ue l i c mi p te r s , m m nd ii su _’cl~ss it mg airs ’ m , m l b  I c y mis m t ug  on t y p i c a l  so mrt i e s  antI f i lming Ic ilol

act ivi ty  .uno l tm m pc - - recocro l ing t u e  in le reommi  for b a l e r  , m t m , u l s  sm s . \ i u m l t m p l e  , u c t u d  i t s  ch ,urts  oh pilot ht em md and hm amud mov elu mu _’n t s
I u , m y e been p lo ct teo i  and t in - ic - s  for each ac - l id  u t y  h m , n s s ’ be c -I m c a l c -u l a l s’oh.  By r s ’c - ord immg tIme ,u c ( i v i I ~ of d i f l ’s’ren t p i lt it s  in b/me
sammse aircnat ’t , amid of thme same pi iol s  in d i f i e r e i m t  a i rcraf t , so m ule p s ’nb o ni u i immg a s mm s t y  c m l  t , i sk s , a Set of ,u etis it s - I c a t t e rum s
h ive  gradu a i ly  been h o n l t  tip . , S tu o i ic - s  c m l  t i m u s  n a t u r e  mass ’  re sealed l u _ uI m c m i v  i l ’, pat terns  ccl o se l l  I n a i u m e d  p u n t s  tend b c  he
a l n um mc - t i s mn of I , m sk  and,  lou  ,m much  lesso r c - s I c - l i t ,  oil t ime iu ’ mdivms i nm , u i  Ici loct , us pe of I m e h u c n n l c l c - n  or eq l m i pm ui en t  l i t  - ‘ sc -h o Is’

an .u i s sus  bu , ms s i i c mss 1, iii th us e,u sc - , t h m u t  w i t h  o’ \ u y t i t i g  smt u , mII  t i m  m e ol innim s ite  h e h i c c m p t c - r s , fli n t ii ’ ,m pt Io~t l m , u s to bly mit v er y ’  h ow
le o -el thus ’ t om tac t ical  reasons , th ue tu  he nmig hu t  spend up 1c m m m t / u i r o i  ol bus l u m i m e  i u m c m k  mug  inside this ’  c c mckpi l , w im cn he rs’m u l h s
neeoi s Ic c spend l O(Y ’ u m l  bu ns t i nme  h c m c m k m t m g  c mu t s m c l c -  I n m r  gronn u ol b m m ut , mrd s ,  rim s in as h u i g u m h i g i m b e n i  I / i c -  p n c m l ’ m I c - n t n s  c m l  ss’r y miss’ h s ,s s,

~
ilu g iut  m m md i n o i m u _ ’ , i ts ’cI t bu ,u b  i t u m p r c u v e c l b l ig l i l  s’ c m m m m r o l  ss s u c - u m u s , ima vm mn a t i o m iah  aio i s mmmu d nau _ i utc ntis are ret~n u ir e d , Iscgs ’timer w i l h t

s’umgine , fo mel alm oi t r ans i mmiss u nmmu sV sbe l im s hm u vimug greatc -r  n e h i m m l c i h i l y  t h maim ,une n mvai l a lmle ml icru_’s c - t m I

3 5 2 ~e ( i s i t o  S v u u i h i e s i s  of Future  Us ’Ii t’im t iic ’r Operation s

Befons ’ p i lo t  or crc- os n u c t m v i l V  l i i i  I c - rums  cam - i icc- svnthu c - si ss ’oi I on  mm f u lnure  iio’h m e n c l d l e r  Proj ect , time roche oh tIme proposed
m uu rcrmut ’( m o ms i  i u n s t  be e sa tmi inu c d .  ‘sic l io n t h i s  roil , h , ms bc - c -tm s’ s l a bc l msbme ol . i nm g s ’ t h uer  v s i t h m  l i n e  , m u m u m s , cm l c t c -s’ t uv ’c - s  m mm d like ls ’ cc ’nm-
s t ra in l s  nupon time I i e h i c n c p t e m ’s nm ps’t , i tuon , the s i g m m u f u c - a n t  c rew . u e l u v i t i e s  ne eded I c m m  thu s role e mm u m he s I c - l i n ed.  1 ic-sc crew
a c t u v u t u e s  c-an the u u he n r c n k e m n  oit wn s t i l l  I ’an the r  almd q u a n t i h ’ms ’oi tumors ’ prs ’c - is c - iy .  I inm c - - I i u i c- m i m m m l y s u s  c-an ho’ miss - c l on time
synthesise d i , m s ks  and i u i t e r a c - t u o m m s  h e tween c -rs-s o aumt i equ i p l mmc - n l  .mmms i between i m i d u v u s i u a l  c -mess uum c - mum h c e r s  c-an he s(uoli ed
wi t h  the pu n l ccmso ’ c m l  d c - t c - r n i u u u i n g  os-lucre the  cre w n mc - mn m t c c r s  are cmver l oad e oh . ‘sic ime u m t h e s e  peaks in , u e b u v i t y  h t :m ve  been estalc-
I n s /nc - oh  - rs’ ~sshieti  u Ii lug c u b  a c - l i d  i l~~ I’ m l  I n ’ m s  ou r , mc h d i  t tutu mm I scm tip l i ter  , m ssm st un so’ - s’ m iuu he mi s s’st mg a teoi mm .n ummem u mu s c m l  ii,’ nmccs  i rig time
over loaol s

(his type of tec - I mni qo me ii mi s been applied m m lrc - mm n l s  1 cm h m o ’l ic o p t en  and ot h er p r o m l e c t s , I c y Iuunman fmue to r s  u n rcm ui ps  o s i t hu i n
the miircr , m i t  i n o h u m s t  ry - It  has proveo b to cs’ a m i s c - b u t  umm e fim oth cmi i n d i c a l u u m g  vs /mere  man tm uac - Iu i n e  ss ste lu m s i m o r ( e n m t i m u i m g s  t u mught
ari se , how they  tuight  be cmvere c cummo ’ and general ly g ives  bIte sy sl s ’ uum ’s n/ s ’s u g u m c - r  ,u c - Ic - miner  und en st~u n d imm g of (hue p n c m n s ’et

Detailed c - x , u t m m p l e s  of h elicopter hlnm ss diagrammm rout imie s  ,mne mmo i t shown in l i m u s  c - im m m p l c - r , s ince tImes would ic m l b c n ms similar
l ines l c d  the  fixed w iumg  examp les)-

3,6 ( O ” ~( l ,t S R ) N S

A l t / i on ig l m thus  e i m m u i c l c - r  hm u s u n m i m s ’m m b o ’oI t i t a t  there are slime m nm , m j cmr  c l i i  n rc -t ic -c -c between usc - si- s o m m m c  a m n c r , m i i  .mt i d hel ic opter s .
bh n ers ’ Is ofle p r n m i c l c - n m m  m o m  commimon I n n  h ou t im typs ’s oi l m u u r c - r , u i l  ‘l’h , ut  us nm mum u ’s a t d i h i l v  In c ’ cnps ’ w u i b i  bl ue b inial  vs s tn ’ m m n  ‘sia n us
mmsuma l l y  t ime weakest  l i n k  in time nc , un  uumac i mine  ss s te rn  It  us t rnmo ’ t im m ui  lie c - aim he t t , u inc - o h  In c ecmpe ssm t l i sV sbenms which ins’
d i f f i cu l t  tc c  u mpe r a te , hcut  there us amm i m i c v u u c n m s  l i m i t  1 c m the , m ii im cnl tm t t h at hue c - mumu Ice t ra ineol  1c m s i m m  i t  blue start  m c i  any h c - l i cc m p-
t o ’r design ol m m i h  y - thus ’  rmm , m ut  ‘ s ahu l  i t  i c - s intl l I m i t  t u b  i t - ins s li o tilml liv’ 1 , 1 k  s’ mm in I n c  s’ommms i t ie ra tuo n -
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i rol m l all s’s , uui u ihmni l  m c ii of p rs ’semm t Imehieo p b s ’u ’s . m l  so c c n m id  ,m ‘ps’ ,u m b / i  mm l bm s’hucoi c ien  s n In rat i o cmm , uum o i  m u m  miss ’ prob le mmus r u _ u _ u _ m s  n’
_ i l t o ’m m t i c m u i  n u l l s  , m l t s ’[ I l l s ’ i m u _’ h i c tc i mto ’n Im , us  bc -eui bu i l t  , u imst is t h y  mug  l u u s t e m m o i .  h u e  Im e h i c o l c i e r  au th sy s nc - uu us  u _ l u _ s i g n e r s  s i n i cu l o l
i n i t i a l l y  ol e tenm u mi l us ’  t Ime rots ’ s’’nps’s’ts’oh cml blue h elicopter ,mmud sls’smgmu i t , is  , m s u c m m m u o ’ ss’ s ts ’lim s , Is in ( er s ’ c m t m m . s’ l s  i n c  icc-
o’ nm iu ip a t i i d l e  o s- it hi s’ m m cl u  o m t l u c - m .  ‘ss s’sps ’ris ’nee hi _ i s  s h u o m o s ’ m i , i t  is I ’n u l m l s ’ t n  o’5;cs’s’t , mmu i m m t o ’ns’m c m l m  s\ s I u _ ’iml  cis ’sugm i c - n i  h ’omr a r e h a t u s e l s
mm sd iss ’ amm ol v u  hr , mti o im fret ’ pr s’ssui  ru ed Ii S o d  vs imig , mu r s ’ r , m i i  I n n  so n m r k  s’qua lis  ss’s’lh ru b i te  c - nv h r ohi  iu ms ’ i m I cml an as s , uu m It hue l i com pte r
o o l n  uchu h i s ’s at h n n s ~ level w i t h m  m I s  t l ocrs  oupe lu ,

(‘arc- I u I  ,u m,mb s sis of this ’ c-s c u_’u_’ Ic - ti opc- r ,u i i u _ m nma i  mom/s  oil th i s ’ hei  us _ m c i ,  I s F  s i mo m ul o l he mm mdc n u m b  an d ,’ predicted I mugim c s’ ,mk s  in
the cro ss ‘s , u c t m o  i t s  shunmu i ho l  be es mm humu ns ’ d  in ~l el .u ul .  ‘sic , i5 5 t ci  nu v s ’n c - oihii e bl mese vs ,m u ’k u _m ash peaks . sh i ou l d Im e s i o m t h i c - d .  nu a k u iug
u s e  cml nim n i h i s tm tu qt ue , i b c j l i t u s ’ s vs imc -ro’ t c n c s s i t c h s ’ mind . u i u t c ’ m l h i , u i m i n m t  mm rs ~as w h u ers ’ human ’s e a p n m i c i l u t y  us h i t i u u eoi

A ssm u u m n i u m c n  t i u m m l  I / m e  s’ rs’vs ’s ,m s ’ t i o i i s  p eaks  0’ ,umu ho ’ s l h i o m t i t i i u _’d cmu a n u s i ( hue  I mm amu t t i , i u _ ’hui i i c -  i m i t e n i n u c o ’ nc i c t m i i i u s u _~d,  t hm c - re us
s t i l l  this ’  pro b len u oil t ime hm e l i c o cp ( c - n  v i i c m , u l u c m m c . m u c m u s s ’ mi h is l l l u c - r m u u n m l  s’ n m s u r c c m m u m u c - u i ( .  t ’ m u i s ’ss t h i n s  is I . i k s ’ mm mm t c c  account in l imo ’  smirk’
s t , u g c ’s u_mI blue dc -sigh pm n c c s ’ss , t u e  i ’n u h l  pote n t i a l  c u t  the  c-r s’so .m u m c i  h m e i u c n m p i e r  mml ’ s’ t m n l i k e l y  t ic he ne alu s s ’ sl

R l J m };RI  \(  I S

I - ‘sV i nmm , -‘s t . , I i i! , , (  Il ’m c r ~ I c c ci,! f ) ;mmum; s’ / n n u ( c ’ m m c m u m ’, u f I - / i c - I,’! .  h’ ic c o ’ c - c - ,l m nig s ccl t l mc -  30th Auumu o mn m l  \ , m i n c c m m a l
Less - is, .  R B .  F om om m m u c m i  l ime \ m n m , ’ r i c - z uum I h s ’ I us ’ mm p t s - m “cc c o ’ i c - I b .  - 1 c m 4

Lu _ m ess’s - I I I / n ’  I / o h m  c c / m i n d ‘c c , P d n m  I d ’ m,s c d u c m c n l m  / / c  ( m d c c , J n u u r i u a l  m l  ‘ s i c i m h c - c l  I ’ i g c n m u m ’ m n m m u e s  \‘oil n uuim s ’ i n ,

t i ~~~

3 , 1 o’ s c - r t c c m m , J , \ic / / m m  ,i’c c u m m m , /  c m  km !,, ,  r i m !  l ime R m c s ml \ s ’r m m n _ u n m l i e . i I  t c m u m f l m , i b , \ m c l U h ti s ’ ‘~~~, p _ cmn s~ c.~~c m
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Sec tion 4

‘
- CONCLUSIONS -‘s N !) RECOMMENE) .tT IONS

I , ‘[his last Section presents a summary of time hu ig lm l i gum ts and conclusions of the sc - o e nah s tudies  by members of the
‘sic o i r kung  Group amid their advisers amid con sultants ,  The reeonuimis’ndations have been snmp l i t i s - ch 10 provide a seri es of
objectives and the appropriate rcs carch still needed mmm addit ion to current  work ,  The c-oust of such nc -sc -arc -h has not been
suggested but it should be not niore than muc h of that  which is usu al for cont inued progr anume s upon sonic of the more
sophisticated avionic sy s t e m i m s  The goal of the re search-i reconmn iend ed here is los c) lol d n a m e l y , an immcnc a s c -  in total opera-
tionmd efficiency and a reduction in aircraft capi tal  ami d maintenance costs ,

2 , Professor Bos u mman has described his proposals fan a methodology which should permit the sy stem designer to apply
at least some scientific order to a t t empt s  to ac iu me se  a better man nuachine interface ,  lIe s t u d i e s  tha t  current s imula tor
tec -hmmo logy offers time Immeamus of realistic c - s -a luatio h m of I~ Ic c-al pnob l emmms , Feeobhack fromu pilot experience has been the
usual manner in w iuic - h ergonomic solutions can he ev ,ml uate t l , This process simould cont inue.  Soc-li met h ods wil l  not h e l p
c - o u mmputer  d e sigmueoh s~ st ems h o- s even.  Res eanc -lu should be encou raged therefore iii tIme non-technical  man-machine inter-
face aspects to obtain h arder and usable data for app l ie a l usmnm to ttm o ’ immter face  Imi a t r iX ,  In t b me opinion of the editor , this
will require a continuous exchange of informat ion and requirements between tIme system amid hun -ian Imm etors engineers,
Some progress has been nm ade soc far in th is direction hu t  it is very l imi ted and wi l l  require a better excluange of a va i l a b le
experimental  results.

3. l)n Har tman has provided a wide range of physiological infon h umat ion  which should guide systems designers who
should he encouraged to have (tue ab i l i t ies  and l im n i t a t i o ns  siesen ibed in mind at all times , It would he advantageous if
some of the material  a’ c - , mm l , m h c ls ’ in the / ‘mmrther  re leremuces sv ,ms also dige sl c- d ,  The simom l ator  is a valuable tool for combined
systenm and human l ’, m el cmr s  r esearehu , and it is in ( h is respect (ha t  man s  of ( hue fu ture  human factor problems c-an be ident i-
fied for fur t i mer  r u _ s c - m u n c h ,

4. Dr Reyno lol s ch apter  upon t ra in ing out l ined the a c t i v i t y  allocation concept ansi in agreemm i ent with Professor
Bosman ’s approac h s h e  bias enmphasis s ’d the use of task amuah y sis to review the nman Io n e q u i p m e n t  ra t io  hour  (lie suc-cs’sslul
completion c m l a t ,u sk to establish beh aviour ocbj ec -t i s e s in t ra i tming ,  (‘om p ara ( ise  s tudies  ol mt t ~/ iv isI om a l and machine capa-
b i l u t y  ire suggesheni  I c umt  t h us s hm cuu l d  it oh he the only p m s ’cg r anm hmm e ,

A major faetccr  in l i fe  es c-Ic e o m st s concerns per sici l n s ’ h , ahud (made-off studies moI st consider t h us aspect carefull y . More
oi , m I , m  Is needed, p m m n t m c - u l a r l y  in (ho’ assc -m ’ sui u ent  cc l  po lh i t s  m d l  o n o e r l o a d .  Improved i m m s t r u t r m c - n m t a t u c u u u  sh momuld make  i t  easier to
obtain measures of pi m~ sic - a l , physio lt gic -a l m mnd p s yc - im oh nmgic - a l  l imi t s ,  Time r ec -u _ i l nnue mm o i at ion (or r e sc - , i rc h u i n t c n  nuore ohjec-
lI ve performance measures of t r a in ing  c - b i c - e t i v e ic e s s  hi , ms been stresse d b u y l)r Rey nolds  \lore intensi v e pursui t  oi snmc -h
research m y needed.  -\ fu r ther  step in (h e righut d i r c -c l ion  c- an he ach ieved by t Ime c - m u r k  i d e t m h m f i c - a t u o n  of those skil ls  which
are essential to successfu l pe nb ’n m r tu m a mmc c - .  Consequently selection a u m i l  t ra in ing p r o cednmre s  slmou ld he improved.

5 ‘lime conclusions and recommenda t ions  re levant  to t t ue  th ree  a i r c r a f t  roles c c u t m s n m h c - r c - c /  in th u is  r s ’pc mr l  ire c - , m s m e m  b c
del ’ine. This is not u i r musnua l  antI is evidence h u m  ( hue cmu c o ’ s presented Ic y ’ I / i c -  I l u n e s ’ bmm s mc lm um an lac-tor s a o it i mon s l ime air
s u p e r i o m u t s  t’ i g u u l c - r  a i r c ra f t  requires sp c - c u i  uc r c - s c - , u r c - h u  u n t n m  problems w hui c -hi  ins ’ ident I cal  in sOllie i l m s lnml i ec - s  s o u t h  the ne c -oh s of
all air  om u m mu h ,m i mmir c-ra li An ,m s t cs ’et of p m m r l i e u m h a r  concern is time s ig b mb i nmg oh h ostile a i r c r a f t  and it is recommended t l u mm t more
e i b c c r t  is applied to Ibis ’ olesign cm l long range te levis ion and mm u i ’rared sensors to enbmm m n i ee  the p i l ot ’s v i su al r atige Icy several
mrder v  of magni tude .

o r  Re ising recommends fu r the r  e s am i t m z u t i o i n  cml t u e  miss ’ of cueing Icoixes on c- u n c l e s  on t h e  n h i s p l , us  l m u m u u i ~ t .  r h m u s sim ou ld
help the location o)f sensor o i s ’I c - e to’ol targets heyon ol visual range , Th is leo i mniqnme vs ’ould c-u i ip l oc y the  u n t e g r a t i o t m  of ’ s,iy

r mm oh a r  and visnual  ss’t i sm nrs  ‘s sen ionus proh hcm is the tic - tm b u h u c a t i o n  of (lie lvpe c u t  I h m r c - , m t  , i t ’ i c m i n i t i a l  de ’ ( e c - t u cc hm - lime ( iu real

may he sec-n in s ,in uoois mm b ( i t tm c lo ’ s creating v isual  i l l u s i m m u m s  and d i s t c u r t i c c u m s  to the pi lo t .  Rt ’so’,m r c b n  is n ee d eub 1m m j mprn uve
pil l ab i l i ty  to r e cum g nis o ’ t h m r e m u t s  ( mm i mur g s ’b s in u n u sual m u l l i l n u d e s ,  I i  u s scmgge s( c- sl  t h at , wi t im this ’  ai t h  u_i f a t uci i isbo sc ope mmu i t l a
sliol e projec lm cr . i l l n i s l r a t i on s  cc l  ib i re , mts  cur  b , ungc - t s  Ii s m i n i m u m s  c - o u u m h i n m m t h m m n s  n u b  at b l l u de s and mm mmugo’ s wh en slmown to piloi t ti
would , mllm mss a me , isnure cml v iewing lone , n m m n i gs’s , a i r c m , u I  t I s  p c ”  and , m l l u t u n l e s  tom he s’s anmim ue o i . Sue/ i  e s l c c - n m n n c - n t s  1mm _ u s give a
more real i s t ic -  measoure ccl i d e n t i f i c -u l u c in  range t h u _ u n  b i u t l m e n t o ,

Fur t h er research is suggested lc~ I )r Reising upon tIm e iu h upr o venm i ent  m c i I/inc - mi t avoumlmu nce c-apabilus Time el iminat ion
of pilot  confusion cause d by the co mh ih ua t ion  cci audi tor y  m m t i oh visual t h reat dns l chmmy v  in a hig h t h rea t  s’ l mvuro c n u um c nt  is v i t a l .



(‘uurre i u b threat  p n ioc n i l y  u m l go r i tb uum m o . usc - oh  I n c  e h m u m m i m m a t c -  c -b i l l e r ,  c - smo i lo h be imimprnmsc - mh  icy t’un t he r  r u_ search , Type , s ta tus  and
ra lugc- of t h m rt ’at i-ic-ed sonic- o ) p b i u m m i i i ng iu ih mct ion  vs iu i c - h vs il l  w e ig h u l  i i m s ’ss’ I c a r a imue t e ns  aum ol c/o ’t e r l mm i ns ’  a ‘t hi r o ’ m mm sCncr s ’ ’ T h e
research slmou lol consider time lcd mum of the lo im m c - t i o m m , sui c -h mm s him - ic - mum or quadra t i c -  and time values of weights ion various par_u -
n-ic - h e ms.

I n c i rnpr tmve target o i s ’ s ( nu ic ( i om u capab i l i t y  amid increase (‘n c - n d /s aircraft s n mn v i s , m I  this ’ u imanomeu m verabi l u ty  oh anrcr , m ! 1 , and
best u se of a vm i i l ah l e  energy arc- i h mmp cm rt m m l ut  i tems of c - u mrremm t  nc - sc-arc -lu wi mich sh ould e o hmt i nue .  The disp lay of energy s t a t e
is m i  i ts  infancy mi t - i d a great deal more nc - sc- arc - li is needed in th i s  t ic - Id.  I’m iranueters  r eq lu u n ih mg par t icu lar  a t t e n h i o n  u muc lude
mu iet imods cml d i 5pl ay ing Ps, n iax im u mu mn enm mn c ’r veloci t y , nm a\ immmuini  sustained t u n l i  rate , aum d an i h m o b u c a l i c ) n  to tIme pi lot  as to
hi cu Os  to obtain o , m m u c m u m s  enemg s pa nmm i mmetc - r s .

~~, The par t icu lar  proh ls ’nms neq nu i nm nmg b’u r t luer  work to improve tI m e air to groun d a t l mmc - k  role c om u c - erm u s t h e  i den tm i  i e a t m m m h m
of I mmmg c - l s  fm om u m the large amoumnt of c l uu t t e r  expected ,  (leash out of time ccmekpi t  operation will  be essential h’or the single
seat airc - nm m lc and this will require ihml provs ’d methods of presen t i n g  data in s /ugc - s tc - c l  i c u r u n ,  A u t o m a t i c -  h il tering of data is
(he only vs ,m s in w iu ic l t  a low level a t t m u c k  c-an be e f f e c -t i vc -  s i umc e , u nless t em ra imu  l ’i c l h m c o c  ing or ,ms’ cci dance sy stems are
enmphoyed . blue effor t  req uu ir o ’oi to avoid grou mn ol collusion wil l  ser ioush ~ d e l r m m c l  from time c - f ic - ie t - ic -~ of ba rge t  u d e l u l u i ’u c a t u o m i
and sel ec -tiomu . I t  is consiohered t h u a t  h iu mm ian i’ac-tocrs wi l l  sc -I time h i hmu i t  nmpo t m fnmrt l ms ’r  c -I  l e c h u v e  use cml  h - i )  sensors.

Vs isle au mg l e ol ou si o im ftc r bot h pi lot , on s e cc m i ms i cress nms ’mh en m l  ,m vai la b l e . wi l l  bc-come essential  ,m s improved missiles
are deve lopeti . It  i~ to he esp s’c-teol tha t  h em ud u m u cmu mrm t o ’ d sig h u t i n g  and di s p l m m ~ systenms wil l  become even more impor tant .
(‘o n t n n m l  problems are howe v er  a m m i c m s h  s c - m m n c t m s  1mm _ u tter  al-id such s~ st eh ims us direct voice c c u u u t r o l  ( h ) \  I )  c m i  h e m  a means of
a l lc -v i ,m t i n g  p i lot  w ork l om u uo i  in co u mu hat ,  m muu o l i l - ic -re _ used ci  b u n t  shm ou lt i be app l ie sh to ml.

7 , h e l icopter  ansi ss s i c - m m m s  do’sugmmc - rs  sh o u l d  i u m u t i a l h v  dc - t e rmi u ue  Ihe role c- spec - led mcI flue h e licopt c-r amid then design the
(ota l  s~ sIc - mum to he emmummpat ih l c -  w i t l u  eac -b u oth er b ’n m n h /ma t  role. TIme hs ’h iccup tc - r  in t c - r e omh Ti n i u muuc , u r i o n  s y s t e m u m  f m r  instance has
a v e r y  d i f f e r e n t  envi ru _ c mmm rm e m m t in os - hu ic - I m t om wtunk ,us comnmpar e d witim mm f ixed w il m g amm ’craf (  ss ’s t emim . Cars ’fom l an~n! s sns should
m o i e n t i b ’s ml mm \ h u n t / u  p e m u k s  in i ue h uc o p km r c-new a c - t m v  lv .  Vs mv ~ 1 c m  c u se rccmt u mc -  I /nc - sc -  w n m r k  load 1cs’ ,u k s n c - u _ b u m s ’  s tudy ,  to make  time
bc - st um ss ’ c m i u m t mmcm ’s nun ique  a b i l i t i e s  wh ere p oc ssihcl c- , u c u I m m u u u m m l u m m g  m m nc - mm s whm er c hums capabi l i ty  us h m m m u u t e d ,

.“ s s sm m mu mi ng  thu _ ut  tIme h me h ic - ompter  crc -so m mc l i v  Is peaks c-an be s mmmoncu t hme d  out and lIme nm _ un / machine  i n t e r l ace  optimised .
early slages of the design process u mnus t  laks ’  account of the v i h ra t iou m , muonuse  and t h ue n imual  env i ronment  earl y in thus ’ design
p roc -c- vs.

- - -
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