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SUMNARY

This Report is a discussion of Vertical Scale Instruments covering
the historical facts which lead to their design through to their appli-
cation. The point is made that Vertical Instruments represent the
foundation of a new approach to the creation, design and developxent of
displays. This was our first attempt to deliberately design displays
so that they would be suited to the total syatem job and the needs of
the pilot. These instruments are now in use in over twelve squsdrons
and both pilot acceptance and reiiability have been very good. Work is
continuing on several parts of the Air PForce Control-Display Program of
which the effort on vertical instruments is a part. Wqgrk is being done
on improved mechanization techniques, more comprehensive analysis methods
for determining information requirements for human operators perfcraing
complex control tasks and advanced display uesigns to weet these require-
ments.

SONNAIRE

Ce rapport traite des appareila de mesure & échelle verticale, avec
un expnsé des faits historiques ayant amené i ieur conception et X leur
application. Aprés avoir rappele que les sppareils i dchelle verticale
representent ia base d'une nouvelle maniére d' moorder la question de la
création, de 1'étude et de la réalication d' indicateurs. 1"suteur signsle
le feit Que c'est ls premidre fols que 1'un s’ eat efforce d' étudier des
indicateurs expressément pour qu' ils conviennent au fonctilonnement du
aystéme dans son entier et aux besoins du pilote. Ces instrusents sont
mainte ant =n service aupres de plus de 12 escadrilles. et ont donne des
resultats trés satisfaisants aussi bien du point de vue de leur accepte-
tion par les pilotes que du point de vue de leur surete de fonction-
newent. Des travaux se poursuivent au titre du Programme d'indiceteurs
de 1'Armde de 1' Alr Américaine, et dont caux sur les instruments &
échelle verticale font partie. Des studes en coursportent sur des
techniques de mccanisation sséliordes, sur des methodes de depoulllesent
plus compréhensives persettant de définir les indicstions nécessaires
4 1 opérateur humain dans 1' sxecution de manceuvres de comsande complexes,
et sur des moddles ¢ indicateurs d avant-garde destines i repondre A
ces besoins.
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VERTICAL INSTRUMENTS 1.

J.H. Kearns* and E.Warren®

1. INTRODUCTION

. A review of vertical instruments is a very appropriate subject for aany reasons.

First of all, a prior paper by Major Brown, in May 1959, announced and irtroduced the
new instruments to this committee and it is therefore proper to report on our experience
with these instruments. But perhaps a more significant reason for discussing vertical

. tnstruments and, in particular, the Air Force Advanced Instrument System is that they were
& party to, in fact an essential part of, what we aight call the new age or the scientific
age of display dosign. Instruments and displays are certainly not a new subject but, at
about the same time that the Air Force introduced their new vertical instruments,
displays began to bs recognized as an engineering problem in their own right. The
vertical instruments represent the foundation ot this new approach t¢ the creation, v
design and development of displays. This was our first attempt to deliberately design
displays so that they would be suited to the total system job and to the needs of the
pilot. Furthermore, this was the first attempt to design a set or group of iastruments
to fit together in-so-far as tha display 18 concerned. The Air Force Advanced Instrument
System consists of four instruments which present the essential {nformation parsaeters
as attitude and heading - navigational relations - on one part, augmented by sn h
altitude group and a speed group which are both vertical tape instruments. Since the
tvo tape instruments look appreciably different the System has become knowr as the
Air Force Vertical Instrument Program. That is unfortunate because the vertical
charscteristics are only of winor significance and ocrur in only two instruments.

Pour displays, independent yet designed to harmonize and to work in & cooperative
sanner, sarked the beginning of the development and application of systeas design
procedures to the instrusunt diaplay area. Systems design ani systems engineering
are not new and were not new at that time, but aystems design of the instrument displays
per se was nev and so it is appropriste to look back upon these instruments, to review
the progress, and to -onsider the present status not only for the purpose of looring
back and evaluating the instruments but also as & means of reviewing progress in the
development of confrol-display as a science. Thus I would like to report our experiences
with vertical instruments and our plans for thea, and correlete these with the progress
made {n our infant science, Qontrol-Display.

2. BACKGROUND

1t is a little difficult to pinpoint the exact momeat uvf coaceptinn of this new
approsch to dicplay design, hut certeinly there was s long gestation period for the
essentialas of the idea tn take form. The preliminary design of the A{r Porce Instrusent
System mas dene by Siegfried Knemeyer. Mr. Kaemever ic the originator of the sodemn
flight director. which presenta flight informstion divided into two displays. the
sttitude director and the horizontal situstion display. Variations of thim besic

*biight tontrol Laboratory, deromautical Svitems hvision, (S4F Svsiens (owmand,
¥right-Fatterson AE, (hio, (.S L




design are being produced by the major instrument manufacturers and this ccncept is
almost universally accepted in international transport aviation. It was some time
during the latier part of 1955 that directed effort got under way which resulted in the
ultimate development and production of what we now call the Advanced Instrument
System, of which the vertical scales are a part. The significant thing about this
program and the way it began was that the question posed was not how a particular
single parameter (e.g. altitude, sirspeed, or attitude) should be displayed, but
rather, as !t was most appropriately phrased, ‘What must the pilot know; what must he
see to control an aircraft during normal flight®" Note that this question did not
constrain us to the design of a single instruwment, ncr 4id it presuppuse any specific
information requirements. The solution to the question had to be based, h. its nature,
on mission performance requirements. Contributing to the soluiion was an eanormous
wealth of background knowledge and experience in flying, piloting all kinds ot
vehicles under all conditions, and an intimate familiarity with the instrument, systeis
and operaticral procedures. Many decisions were made intuitively against this
tremendous background of knowledge and experience. In retrospect we car observe that
this became the philosop4y and :ne corner stone’ for the new science which we call
‘Control-Display.’ We were indeed fortunate to be present when this unususl event
occurred. The particular combinations of skills, experiences and circuastances
ccabined to start us out on s new &and promising line of endeavor.

In our initial endeavor we limited the scope to that degree which seemed to us to
be within our capacity to handle and produce useable results within » reasonable periocd
of time. OQur standards were reasonable slso, since we hoped not for the beat, but were

aiaing at producing s product that was suitable for tne job. The prigram was not

begun with the intent of developing vertical-scale instruments as an end in itself. This
should be clearly understood. The requiresent for vertical scales und ultimate
development of them came about as a rasult of needs recognized as the progras pro;reuoT

The attitude indicator was selected as being the ceatrel instrumeat fundamental to
tnatrument flight. It was the foundation and we aitesdted to construct upon and around
it diaplays which would enhance and work in harsony with this attitude indicator
eliminating as much as pasxihle those .nconsistancies so prevalent weong the inde-
pendently desigied displays. Building out from the altituds indicator was to *» all
the {nformation which was pertirent to the control of ettitude and flight. Our
phiiosophy was simple: presen' all the paracctern that are related to the pitch of the
ajreraft and all those that are related to the .~teuth and do so in & manner such that
there would be consintent cues of motion and respunse detween the display, the
controls, the extermal visual world and the kinesthetic senses. This resuited in
what i3 well knownnow as the T-scwh wnd produced a aet of instruments known ax the Phase I
instruments. Nore forsally they are called the Advaiced Instrument System (see Figs.

1 and ). These inswrusents have boen & prodiction instellstion in our P-1086 and P-103
alrplanes fcr some time now (Pig. 1),

As ta well known, 1t would not be passible to introduce aaything as exlensive a3
this into a cockpit without many problems and sucd coacern, and rightfully so.
The changes reproaented here are not only chaages in display. shich are certataiy of
concern, but elso changes in the sechanization. Pairly conventional survo techrnigues
sere used, but the mere tntroduction of aervo instruments into ~-'mary flight
{nstrusents vas a (ruly saignificant change (Fig. 4.}, In plece tle altiseter with
1t bellows and sechanical linkages we nov have an instrument with not onlvy the




mechanical liukages replaced with a serve, but with five servo loops. This is an
instrumpent with about one thousand parts and a volumetric efficiency almost twice

that of any preceding instrument. Naturally, qQuestions were raised sbout such things

as producibility, cos¢, maintainability, and reliability. 1In addition, these
instruments looked different. which was perhaps the greatest obstacle to their intro-
duction. There were tests and still more tests. Each new group had to run tests,

Each group inspecting the instruments were concerned about cost, reliability and utility.

3. TESTS

What was the outcome? How were they accepted® Were there problems in usags? How
relisble and maintainable are they as looked at from the vantage point of hindsight?
Sumsing up the experience, comments and test reports I think we can conservative.y
say that they were amazingly successful, particularly whea it is considered that
only four years elapsed between their inception and their production, compared witi
s normal time of seven years. A bibliography and various test reports with regard
to these instruments, or vertical instruments in general, are appendcd to this Report.
1 would like to review briefly some extracts from these docuronts and experiences.

WADC TR 58-431 is a report cn these instruments covering developmental work and
extensive flight testing performed hy the Alr Porce at Wright Pield, Ohio. Many
critical comments were cbtained regarding such things as scale factors, reflection,
sticking and switching. However, a most significant point to note is the universal
acceptance of the ianstruments; the criticisas were generally constructive and pertained
to mechanization aspects. Reliability was a concern and & considerable amount of data
was obtained which eas useful in iaproving the mechanization.

One of the most recent reports, dated Merch 18562, has been issuvd by the USAF
Instrument Pilot Instructor Scacol of Randolph Air Porce Base, Texas. The School
had performed an operational test snd evaluaticn cof the Integrated Plight Instrument
Srates. The purponse of the test was to deteérmine the suitadility of this system for
transport-type aircraft and to determine how pilot performance would bde affected by
loss of various components of the systew. Installation was in a ¥-29. Ten pilots
fiom the School were subjects. In addition, twenty siy pllots from MATS, FAA, and
the C-141 Progres Office f{low orientation flights on the systen, Inloreation we:x
obtataned by means of Questionnaires. The report coseents '"...generally the inte-
graled flight 1astrusent systes was sathusiastically received... The average
transition time to sftaln proficiency on the new aystea varied between four and
aix hours flying time... All subject pilots connected with the piroject universally
n. - od that the intesrated [iight (nstrument system was suitable for use on jet
transport-type aircraft. .. It say be stated that the integraled fligh? instrument
system provides the pilot with a complete and satisnf{actory iastrument panel wbich
makes it highly suttable for use in high- perforwsace aircraft™.

Naturally deficliencies were pointed out, with recomsendations for improvesent.
For exmmple, the minua values on the altimeters shoyld bs depictel in red. White
lighting should de incorporated. A tsil or reciprocal bearing indicatar should be
added tn the bearing pointer of the HSI. Nawever, all the recossendatlons cuncerned
Jetatis; none wes rcritical of the thewe or geners! schewe

Mver twelve sQuadrons are nes using these ‘matruments In cperational sircraft and '-




excess of 2500 instruments have been produced. There has heen a continuing prugram

to follow up on operational experience for purpos.s of checking maintenance

reliability experience and uccomnlishing improvements in the design. These ¢ . se8
have involved such things as teflon coating for rollesrs and brakes, reducing = ilzctive
characteristics of cover glass, cven lighting over the whole surface, circui + {mprove-
ments, mechanical changes to improve strength, clearances and weight. Pilot ~ceptance
has been good. Performance and maintenance have alsv been gvod.

4. THE FUTURE

¥hat does the future hold {or these instrumen.s” what are poss..le future instruments?
What does the future look like for the control-display area?

In order to discuss these questions in a meaningful manner i{* is necessary first to
consider the philosophy or attitude of the Air Force. The Air Porce desires to Get
the job done’ and (> do it in the mo3t efiective and expeditious manner, without
expensive frills and embellishments, In the case of the cockpit it is desired to put
into it those instruments aad displays walch are necessary for satisfactory and
effective use of the vehicle, everything else is secondary. Advances in vehicle
performance have made this job more difficult. The demands upon d.3plays lLiave becoae
more stringent, which has resulted in the incremsed attention and effort necessary to
achieve satisfactory systems performaace.

This situaiion does not allow us to rely only on the intuitive judgement of a
few people. The demands of the miasion, the vehicle. and other sub-a~stea diversions
have forced us to develop special control-display ongineers in order to cope with the
problem of deaigning an adequate aystem.

It was necessary (o~ establish s special program to provido these reQuired capubilities.
This is now called the Air Porce Control-Display Program. Note, hawever, that the
attitude i3 still the samwv. The {Gb ooat be done satisfactorily, efficlently and
econoaically.

At this pofat it i3 again appropriute to correct the misunderstanding mentioned
sarlier. The Alr Force Control-Display Program produced the Advanced Inatrument Syaten.
A distinctive featyre of Lhis aysiem {8 the vertica! shape ¢! teo {nstruments. Since
then people have talked of the Alr Force Yertical Instrument Program. Appareatly this,
in turn, led to the generalization that th: Alr Porce sants vertlical (nstruments.
However, thia is not the cuse, What ia wanted in the most suitable design for the
job. whether (t be straight, round, or spiral.

Ax ta the future of these instrumonts, ve cay mos! comenienily think in terss of
the ismed.ate future and then what sight come thereafter. Por the immediate future,
as wight be expected. things prodatly will not change radically. As we wove into the
next period greater ~hanges w.ll emerge. Those will be evoluticnary i asture.
rather than revolutichary. Beyond that we can expect considerstle changes not only sa
the result of learning sore about how to get inforsatioh to the man visually, but
slso s & result of some of the very diffesent kind of generation techniques which are
Just {n their forsative resca“ch stages ac¢ the sompen?.




The Advanced Instrument System was not intended to deal with the problem totally,
but it was to be a start upon which we could build. One of the essential requirements
imposed was that it should have growth potential. Our iamily name for this system,
the Phase II Instruments, reflects this. There had already been a set called the
Phese I Instruments and we articipated a Phase III. We are now in the process of
working oa the Phase III Instruments. They will not Le radically different in
appeurance, However, their development process does reflect the continual advances
being made in this new science.

The Phase II Instruments were designed for general fiight conditions, with some special
nrrovision for the interceptor mission. Their design did not provide for certain
problem phases of flight. One of these is the Approach and Landing Phase, Instrument
flight to touch-down under zero-zero conditions does not yet have & routine solutionm.
This phase is our particular concern now., We are pursuing a program which we hop. will
provide & practical solution for control of a manned vehicle under IFR during
approach and landing. Note that the problem is one of control. Both displays and man
are essential ingredients or components of the total control system. A feasible
concept of solution must be devised for the total problem before anything useful can
be done in developing a component. In the past the solution required consideration
of the physics of the problem. System synthesis was useful as an adjunct to
conceptualizing possible systen solutions. Permissible variables included sensing
devices, computers, displays and modifications to the airframe and piloting technique,
This effort on a problem and the conceptu._.zing of a system solution led us to
the point where we could begin to identify more specifically the demands for informa-
tion requirements to be imposed upon the display system. This involved taking the
chase IJ displays and augmenting them with the necessary displey of additional
information needed. The first important itemis vertical pathangle information. The
pilot controls attitude, but his objective is control of the flight path of hie vehicle.
It was thought necessary todisplay path angle in combination with pitch sngleon the
attitude indicator. The second important item, a most critical one, is absolute altitude
or remaining altitude over touch-down. That is, & direct measurement of the height of
the aircraft above the runway. Whensynthesizing a soluticn many assumptions may be sade
which very much sirplifv the problem, at least {n totally conceiving and describing the
required solution. Thus, in this caze, we assumed that there was a completely adequate
system for measuring the distance between the aircraft and the ground. (An outcome of this
approach is a detailing of the requirement: such a system Bust satisfy.) Pursuing this
assumption further, in-so-far as the display is concerned, we found that we not only
need to have absolute altitude information, but that we must have it in order to make
weaningful decisions about the rate of descent of the aircraft. Therefore, these two par-
ticular pieces of irforwation wust be reiated inthedisplay. It also appeared that altitude
need be known only in the detall that is necessaryto allow proper and adequate judgement
in contiolling the rate of descent. Consequently, we took our Phase I] altimeter and
added to it » tape indication which moved proportionally to the ebsolute sltitude over
the vertical velocity scale. When making judgements about his rate of descent the
pilot needs only a qualitative indication, & judgement of the absolute altitude {iforus-
tion. This was only the tnttisl step in the design of the displary. The dynamics are
another problem which, from the practical viewpoint, caponlybe solved through syntlesis.
it is impractical toattempt the veriations in the dynamics and provide for the control
required in an aircraft flight test program  This must be done initially in a aimu-
lator. Only after the fuit{al difficulties have been elininated should the {=atalla-
tion ve made in the aircraft. Our initial efforts were in trying variatiors of this
tape in combination with the rate of climb. We tried linear and non-linear scale




functions, logarithric and tcoken :cale, and, of course, we varied the scale factcr
damping, range, and pilct techniqre; and it 1s most important to emember that
pilot technique is a varianls

While we are interested ip military missions this problem of IFR approach and
landing is not peculiar to militury missions. The Federsl Aviation Apency is concerned
with the landing problem as it pertains to civiiian aircraft. As a result of this
common interest inall-weather landing there was established a joint effort specifically
related to the altitude instrument necessary for landing. In this effort we conducted
a8 test program on three different instruments, each of which provided absolute
altitude information. 1In each design the scale factors, damping and response
rate were the result ot prior design effort to optimize each version. Other versions
*ad been previously considered (see Figs. 5 and 6), Instrument delivery probleas
rrquired vs to use a Phase IIA instrument modified to conform in the essentials
tc tie Phase iIl i(nstrument characteristirs. A 1-inch wide wodule instrument snd
a clrcular scal: instrument were the other twu tasted. The three instruments in their
panel arcangeme it are shown with o stendard practice panel in Figure 7.

This prog.am has just been concluded last month snd a report has not yet been
rublished. Yowever, the conclusions indicate, without reservation, that absolute
aititudr ‘- i{ndeed, an essential ingredient. Furthermovre, while there ware dif-
ference- ~otween the instruments they all produced an improvement compared with
the coriition in which this informution was utterly lacking. It should be noted that
here w¢ were attempting to display the needed informatiun in the most suitable
manner. The results indicate that such information may be displayed vertically or on
a circular scale, with the choice of vertical or circular scale being dependent
upon other fac.ors. Therefore a test on performance would not parmit a generalized
conclusion as to which is the better scale. Among the wost {mportant of these other factors
are the specific problems of {nstallation encountered in tailoring the inatrument to
s given vehicle., Certainly costs are a consideration as well. Again, I would like to
cmaphasize that we do not have a vertical-instrument program. We have an {natrument
program which {s not bdiased againat vertical inatruments or against any other type c¢f
ingtrusents. Note also that in cotreiating this to ocur acient!fic advancement we are
dealiug with the problem in more of an englneering mesnner, getliug such things sy systoms
synthesis and inforsation requirements nrranged {n thair proper sequence

The third item which we added to the {nformation to be displayed is distance to
touchdown. This information we tentatively !ntegrated on the horimnntal situation
disnlay.

All these display items which [ have just discussed as heing part of our Phase ]Il
endeavor are in the process of installation in sircraft and wili be subjected, durinyg
the coming months, to & very bhroat flight verification by a cross-section of the
s0s! expert military and airline nilots in the United States. We have, already,
cxperimental evidence that thies line of endeavor is on the right track and will produce
very ajgnificant resulta. It should be noted that in this endeavor not only are the
esacntial display manects under evaluation, but alao that they are in'imately !ntegrsted
with different schemes of automaticity in the control of the aircrait. Thia is done
th such a wanner that the pilot 1x oriented as the mwost reliable elament in the ~ontrol
lovp, thut ts as & active control elemsent himself. This new Alr Force concept of total
tntegration of ganual and sutomatic flight with the neceasary diaplay of esnential flight




information, for the entire range from direct manual control to all degrees of auto-
matic control, is, in our opinion, the only way to arrive at the tota! soluti~a, 4&-
has been mentioned earlier, displays singularly or within the wider context of a
display sysiem cannot be treated separately. They must be considered intimately with
the total control problem, be it manual or automatic.

The Phase III airspeed, au advancsment over the Phase II sirspeed, 18 now being
studied, but is not nearly as far advanced as the Phase III altimeter. We have not,
as yet, done much directly on the speed instrument, although the system synthesis has
impiications bearing upon the requirements or characteristics desircd of tlie Puase III
airspeed. We are now building an instrument, a sketch of which is shown in Figure 8,
but we heve Lo dete on it yet.

It is interesting to note that we seem to have provided a release of inhibitione

as far as vertical scales, or more properly, linear straight scales, are concerned.
They are now being considered for very many epplications, such as engine instruments,

. ‘time to go' information and fuel-distance relationship., In addition they are not
only being used for displaying primary information, but also for drawing comparisons
between different kinds of information where the comparison itself is the meaningful
information, as in the fuel management indicator (Fig.®). Thera have been a number
of irteresting nrovations proposed for these scales; see. for example, the skeich
in Figure 10, which is a vertical scale with a variable graduation or variable scale

’ factor capability. Another interesting facet of the new ioock in the instrument field
is the fact that the instrumentation or mechanization is following the display, rather
than, as in thc past, the display having to suit itself to mechanization capabilicies.
Por example, we have had new developments in high-speed counters, miniature counters,
and electroluminescence, tailored to the needs of displaying information in various
forms. There are new capabilities in the tape and tape drives and miniature megnetic
clutches and a renewed interest in investigating and advancing other means of generating
displays, even such exotic ideas a8 true volumetric three-dimensional displays and
inatruments which accept digital input and provide an analog display, although they have
no moving parts.

Pinally, I would like to mention work in progress aimed at developing a complete
control-display systes. This proyram has pursued analytical treatment for deriving
information requirements, is making use of the latest sdvances in all aspecus of
flight control, and is applicable to a multi-orbit vehicle, Figure 11 gives a
generalized diagram of the system and Figure 12 shoxs the panel layoul.
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