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1. In order to determine methods of designing aircraft instruments so as
to improve pilot efficiency and reduce the frequency of accidents, accounts of 270 .
errors made by pilots in reading and interpreting instruments have bsen collected
ard =nalyzed. Reaults of ilie analysis are presented in the present report.

B. FACTUAL DATA:

2. Accounts of srrors wers cbtained threvuch recorded interviews and
written reports. The following question was used to elicit the desired informationt

"escribe in detail some error which you have mede in reading or
interpreting an aircraft instrument, detecting a signai, or
understanding instructions; or describe such an error msds by
another individvual whom you were watching at the time®,

3« Pilots in ithe Air Materiel Command, the Air Training Command, and the
AAT Institute of Technology, and former pilots in civilian universities contributed
errcr accowits. Only detailed factual information fyurnished by an eye-witness or
by the pllot who made the error was accepted. A1l reports were given anonymously.

Le It was found that all errors in reading or interpreting instruments
cc-ld be classified into nine major categories. This classification is given in
Exhibit A, pages 4, 5, 6, 7 and 8. Frequency of each type of serror was as follows:

a. BEBrrors in interpreting multi-revclution instrument indications
accounted for 18% 'of the total error descriptions collected. The most common
specific error was misreading the altimeter by 1000 feet. This 1000 foot error
accounted for 13% of the total incidents collected. )

b, Reversal errors accownted for 17%, signal interpretation errors fo r
14%, legibility errors for 14%, substitution errors for 13% and using inoperative
instruments for 9% of the expsriences collected.

c. The remaining 15% of error experiences were divided approximately
equa]_ls smorig the following three aar,egories 3 scale interpretation errcrs, errors
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due to illusions and forgetting errors.

5. A desoription of the procedures used in the study, discussion and
analysis of each type of error, and forty-two typical error deasoriptions are given
in the Appendix.

€. CONCLUSIONS:

6. Instrument-reading errors are not confinad to any single class or
group of pilots or to individuals of any particular experience lsvel..

7. The nature of instrument-reading errors is sush that it should be
possible to eliminate most of tThe errors by proper design of instruments. However,
such redesign will not be possible until & great deal of research on humsn require-
ments in instrument display is completsd.

8. On the basis of analysis of error experience collected in the present
investigation, it is concluded that the most preesing psychological problems in
instrument display are the following:

&. Disccwsry of more satisfactory methods of display for information,
such ag altitude date. that caila for ths uss of excersively long secales.

b. Tests of the hypothesis that one of the most important factors in
insuring the proper interpretation of instrument displays is the use of a uniform :
direction-cf~motion principle for all instruments.

¢. Teste of the hypothesis that the cockpit reference principle is ‘
ﬂptlma? from the viewpoint of pilot efficiency in interpreting instrument displays.

_ d. Dovelopment of improved warning devices and other means of con-
veying siznals including methods of indicating that particular instruments are
inoperative and methods of giving auditory signals.

8. Study of the variablss influencing instrument legibility and
determination of the degree of reading precision possible with different styles
and sizes of dials, scales, pointers, and numerals.

£, Development of a practical system that will insure easy and
positive identification of different instruments under night lighting conditions.

g. Study of soale design features favoring easy transition from one
scale to annthsr witd minimum confueion between dials on which gradustion marks
signify different wvelues.

9. The above list of reseerch problems stems directly from conzideretion
of the specific instrument interpretation errors made when using sxisting types
of instruments. Another approach to better instrumentation is the developmsnt of
new and novel methods of display which will permit major readjustment in the pilot's
pergeptual activities. As a basis fo~ making such departures from cenvention, it
is neuusstry that various possibilities such as pictorial digplays, greater use of
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auditory displsys and methods of presenting on a single instrument more than one
item of related information, such as a primary heading or position indicstion plusg
first and aecond derivatives of the primary wvalue, or a single velue in which
soveral components sr« combined, be subjected to experimental study.

10. It is oconoludod thnt the iist of pridiews ~utlined on the basis of
the present investigation should form the basic fremework for planning the long
range psychological research program on cockpit instrument disvlay problems.

D. RECOMMENDATIONS:

11, That the ten specific suggestions contained in the Appendix be re-

viswed by the Equipmen
with reference to instr

ments for which eao’.

Aircraft, and Communicatlion and Navigation Laboratories
of these laboratories is responsible.

12, That the Aircraft, Equipment, Communication and Navigation, Aircraft
Redietion and Armament Laboratories review the list of research problems outlined
in the Appendix ard comment on the relative value of answers to these various '
questions with respect to display problems for insgtruments now under developmsut

by tho respective labcratories.

13. That thu report be reviewed by the Air Surgeon, The Aseistant Chief
of Air Staff for Training and Opsrations, and by the Flying Safety Division with
respect to impilcations for pilot solsctlon, pilot training, and flight safety

respectively.

Prepared by:

Approved by:

Approved by:

(ol I CAH

PAUL M. FITTS, Ph. D.
Chief, Psychology Brsnch

o .
gizggﬁ;ya/éfTC;b4ap/

R. E. JONES, Captain, AC
Test Unit, Psychology Branch
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AJ P, GAGGE, Lt. Col,, FHEC
Chief, Aerc Mediczl Operatious
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EDWARD J. KENDRICES, Col,., ki

Chief, Aero ledical Laboratory:




EXHIBIT A

Classification of Errors Made by P
" Instruments

4lots in Reading and. Intorpmting Alrecraft

| 1. | Brrors in Intorproting Multi~Revolution Instrument Indica= | No. of _Peroent
tions: Difficulty in synthesizing information presented Brrors| Errors
by two or more pointers or by a pointer and a rotating ~
dial viewed through a "window".
A. BErrors involving an instrumentvwhich has more then one
pointer,
1. Misreading the altimeter by 1,000 ft. .« . « . . . 36
2. Other errors: Misreading the altimetor by 10,000
ft., the tachometer by 1,000 RPM, the clock by 1
}1°ure & L] L] . L] . . * L L] L3 L L] > * .. * * L * * * l}, E
B. ERrrors involving an instrument which has a pointer and
@ rotating dial viewed through a “window".
1. Misreading the tachometer by 1,000 RPK. . . . . . L
2. Misres'ling the air speed meter by 100 mph L
To‘bal. L4 L] - L[] L L] » L L ) L ] L L] . L ] . L ] L ] . L] L] L ] . iﬂ 18
2., | Reversal Errors: Reversing the interpretation of an No. of | Parcent
instrument indication with the result that subsequent Errc Errors
actions sggravete rather than correct an undesirable
condition, :
A. Reverssls in interpretini sttitude information.
1. Reversals in interpreting the direction of bank
: shomn by the flight indicator. . . + ¢« o ¢ &« o« & & 19
2. Reversals in interpreting the direction of piteh
shewn by the flight indicatore o o o o o o o o & & 3
B. Reversals in interpreting hesding informstion.
1. Reversals in interpreting the gyro compass. . . . 12
2. Reversals in interpreting the remote compass and
Padiﬁuﬁmpe.as....-..«a..‘-...... 7
C. Reversal errors involving other ingtruments: [frim
tab indicator, oil pressure gage, oil temperature
gage, landing gear indicator, altimster). . . . . . 6
Totala . < L] . L] . - » » L] L] L] A4 » - L] . o L <@ -~ - &7 17
-l
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Exhivit A. '

S8ignal Interpretation Errors: Misunderstanding the message

oconveyed by hand signals or by warning horns or lights.
Difficulties encounterasd 1n the interpretation of radio -
range signais. . :

A.

M.ginterpreting hand signsls.

1. Interpreting hand and arm movements to reach a con~

trol as the signal to "retract lending gesr" . . . .

2. Confusing one hand sigﬁal with another ("raise flaps"

and "retract landing gear", ®lock throttles" and

"retract landing gear). ¢« 4 4 ¢ 0 e s 4 0 0 4 e e

3. Failure to notice a hand signale. ¢ vo o o o« o« .. .

Difficulties in interpreting radio range signals.

1. Confusing "A" and "N" when flying a renge orientation
problem‘ L] * - L) L ] .. L 3 L ] L] . L L] * L] * L] L] L] L3 L] L ] L ]

2. Failure to perceive that the station ideatifiocation
signal ia incorrect after having tuned to the wrong

frequency......o..--.._...--..‘o-

Errors in interpreting warning signals - (failure to
notice signel lights, confusing fuel warning light and
marker beacon, confusing fuel warning light and heater
warning light, failure to notice oxygen blinker not
operating, oonfusing heater warning light and landing
gear warning light, failure to notice warning horn)...

Confusion regarding which pilot "has the controls" in
alrcraft with tendem eea*ing arrangement e s v s e e s

Misinterpreting signals from outsids the airoraft
(tc'er, forms tion 1eader, etc )o ® & o o+ & 82 e o o v o

TOtal ® & & 2 ¢ & & s * s @ 8 2 e 4 e 6 ¢ O & % ® O ¢ @

0. of
rrors

Percent
Errors

37
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Exhibit A

L.} Legibility Errors: Errors, usually of small value, which [|'No, of
roguIE Ffrom difficulty in seeing the numbers or scale on Errors

1
' Percent
Errors

a dicl distinctly enough to read the indication properly.

A. Instrument markings difficult or impossible to read
‘because of improper lighting, d4ir%, grease, worn
mrkinga,v’l'bration.....-.......o‘...‘.25

B. View obstructed: (inebility to ses an iustrument be-
cause it is outside the normal field of vision, is
hidden by something else in the cockpit, or bacause of

- frost on the inside of the glass covering the insgtrumen

T
-

C. Parallax: (difficulty in reading an instrument as
exactly as required because of the angle at which it is
viewed; i.e., co-pilot flylng from the right seat has .
diffioulty in reading flight instruments which are .
placed on the lefi. side of the ingtrument panel. . . . 5

Totﬂ.l > @ @ & » o 4 & 0 4 8 & . v & ° o o o O ¢ s & & @ 37

5.] Substitution Error-: Mistaking one instrument for another,
confusing which engine is referred to by a pointer of a dual
indicatirg instrument, or failing to locats an instrument

when needed. '

A. Mogteking one instiument for another.

1, Confusing the mapifold pressﬁfevgage and the ta- ,
chometor. « o o ¢ o o o ¢ o o o o o o o 0 060 o 0 o} 19

2. Other: (confusing radio compass and remote compass,
altimeter and rate o climb, fuel quantity and car-
buretor temperature gagee, manifold pressure gage
and altimeter, clock and air speed meter). . . . . 5

B. Confusing which engine is referred %o by a pbinter of !
duel indicating inmstrument « « o o ¢ + o o o 4 o s o o 6

C. Diffioulty in locating an inastrument bascause of an un-
femiliar arrangement of instruments on the panel . . . 6

TOtavl ® o @& ® * ¢ o ® & 8 » & ©5 e e @ o e« o & & o s o o 36

St




Eng. Div. MR Fo. TSEAA-&OL-12A
1 Ostober 19,7
Exhibit A

6.

s -

T

L -

Using an Instrument That is Inoperative: Accepting
as valid the indication of an iastrument which is
inoperative or operating improperly.

A, Unknowingly using an inoperative flight indicator. . .
B. Unknowingly using an inoperative tachometer. . . . . .

C. Unknowingly using other instruments which are inopera-
tive ~ (gyro ccmpass, needle and ball, remote indica-

‘| No. of

Brrors

Percent
Errors

-t
| a2

&

ting compass, oil pressure gage, landing gear position |

1ndio&t0r). ®« ® ® @ e ® & o & * s S5 ® 2 e+ " 8 s & v o

Totalo ® @ ® o & & o e & o 8 & ¢ & © s & 0 ¢ o 3 & o

10

25

Scale Interpretation Errors: Errors which result from
difficulty In interpclating between numbered gradustions
of scale or failure to interpret a mmbered graduation
correctly.

A, Brrors in reading the scale between numbered calibra-
tions (air speed meter, gyro compass). . « « o« « o o o

B. Misinterpreting the meaning of calibration numbers
(i.e., intersrsting an "8™ on the gyro compass as "8°"
instead of MB0O%™. ., . . ¢ . 4 e 0 e s e e s e s e 6w

C. Unspecified difficulty in checking or interpreting the
gcale on an unfamiliar dial (air speed meter, flight
indicator, gyrosyn compass, fuel gage)e « « « o « « o

Tot&IO * ® & & & © @ & & & & & @ & & & © & & 3 s & = =

Brrors Due to Illusions: Misoconceptions of attitude whixh
arise because of conflict between body sensations and in-
strument indications. Errors due to illusions which occur
during the existence of instrument or marginal weather con-
ditions.

TOt&la ® & @ & & & & & s 6 o ° 0 & e & & 9 & O W s B * e 2

A8,

Shmemmeen,
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Exhibit A
9.{ Forgetting Errors: Failing to check or properly refer No. of { Percent }
to an instrument before takeoff or during flight. Errore | Errors
A. Forgetting to make a visual check of an instrument
before takeoff or landing (suction gage, fuel gage,
tQChOHleter, voltmotor)- ® ¢ & 6 o ¢ * & 6 6 & & s 8 @ 6
B. Forgetting to oross-check from ome instrument to
another during fligh (gyro compass and magnetic
compass, flight indi +tor, and needle and ball or
airapeed)........o..'.......4..». 5
Tot&l. L] ® & . . L] L 13 L] L] » L] L] * ° L ] L] L * L4 * L ] L] L] 11 l‘
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APPENDIX I
I. Introduction

. The present investigation was conducted for the purpose or determining
the kinds of errors made by pliots in reading and interpreting aircraft instru-
ments. Underlying the study was the assumption that many s-called "pilot errors"
ars really due to ths design characteristics of aircraft inetruments. There is
much data to indicate that this assumption is correct. It should be possible,
therefore, to eliminate a large proportion of aircraft accidents by designing
instruments in accordance with human reguirements. _

Not cnly should it be possible to prevent accidents by designing in-
struments that can be 1ntorpratad more esccurately, but it should be possidble to
reduce tiue amount of tims resquirsd for imstrument reedings and to increase greatly
the efficienoy with which pilots can carry aut critical instrumsnt f£light pro=~
ceduree. Improvement in pilot efficiency and reduction in work load are essential
for new high speed aircraft. However, befors specific humin reguirements for
improved instrument displays can be formulated or the research ocarried out to
collect data needed by design engineers, it is desirable that tho difficulties
experienced in reading and interpreting current instruments be identified.

In the course of the present study, which was initiated late in 1945,
acoounts have been collected of £70 actual experiences of pilots in which errors
were made ir reading or interpretirg aircraft instruments. Bach account concerns
& specific experience that happened to or was observed by the individual descri-
bing the event. These error experiences have been analyzed and classified into
major types. Hypothesss have besn f{formulated regarding how each type of error
ocan be prevented through redesign of instrument displays.

The findings of a parsllel analysis of errors made in using aircraft
controls have been reported in Engineering Division Msmorandum Report No. TSEAA-
&L-12, A subseguent report in this series will deal with general "peeves" of
pilots regarding the cockpits and instruments in present airersfi and will be
published as Encineering Division Momorandum Report No. TSEAA-¢9L-12B.

The present report deals primarily with human rsquirements in the
dosign of aircraft instrunents. However, the reeults of the analysis of pilot
errors can be applied alsc to the improvement of selection and training procedures.

IT, Msthod Employed in Collection and Analysis of Data.

After different questions hLad been tried, a list of seven was selscted
for use in an interview. The present report is concerned only with the answers
as the ons of thesa questions which read as follows:

“"Describe in detail some error which y=.. have made in¥reading
or interpreting an aircraft instrument, detecting a signal, or
understanding instructions; or desoribs such.ar erroii made by
another individual whom you were watching at the tims®.

-li-
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Fifty pilots were interviewed individually using all seven questions in
the originel list.l Bach pilot was given the list to study a day or so before
the interview. A permansnt record of’everything said during the interview was
obtained by use of a magnetic wire recorder. These wire recordings were subse-
qusntly trenscribed. - Interviewers limited their comments to such interrogation
as was necessary to elicit additional information whem the zccounts of experi-
ences given in response to the questions were not sufficiently clear or detailed.

After completion of the individual interviews, fif'ty other pilots were
interviewed in groups ranging from five to ten persons.. The same questions were
ased 8s in the individual interviews, All individuals ware given an opportunity
to answer each question before the group proceeded to the next one. Several
group meetings were held in order to cover all the questionms.

Additional descriptions of errors in interpreting instruments were
secured by the use of a printed form. This form contained a brief explanation
6f the purpose of the study and provided space for writing answers to three of
the original questions, including the'question on instrument interpretation.
The printed forms were distributed to pilots in the Air Materiel Commsnd, the
Air Training Command and the AAF Institute of Technology and %o former military
and naval pilots attending civilian universitiss.

K total of 52, printed forms were returned. Of these, only 187 con-
tained deicriptions of instrument interpretation errors. This was a zubstan-~
tially lower proportion of usable returns than was obtained in answer to the
question on errors in using controls. This could be interpreted as indicating
that pilots make fewer errors in reading instruments then they do in using con-
trols. Or, it could be hypothesized that such errors often go unnoticed, or
are harder to remember and desoribe,

iIn order to summarize and enalyze the descriptions of instrument read-
ing errors, it was necessary to develop clearly defined categories and to aseign
the descriptione of different errors to appropriate categories. The frequency of
errors in each category was then determined snd the different errors were analyzed
from a psychological point of view with respect to the most likely underlying
causes. Careful consideration also was given to the research investigations which

Interviews were conducted by one of the follow1ng individuals: Dr. P, M,
Capt. R. E. Jones, Capt. G. Korinek, Lt. R. Showalter and Dr. W. B. Webb,

N

Replies from former pilots were obteinmed through the cooperation of the fol-
lowing individuals: Dr. C. W, Crannell, Miami Unlv.; Dr. D. G. Ellson, Indiana
Univ.; Dr. S. C. Ericksem: Vanderbilt Univ.; Dr. B. von H, Gilmer, Univ, of
Virginia; Dr. N. Hobla, Columbiz Univ.; Dr. R. F. Jarrett, Univ. of Californis;
Dr. J. G. Jenkins, Univ. of Maryland; Dr. W. E. Kappauf, Princeton Univ.;

Dr. E. L. Aelly, Univ. of Mlchigan, Dr. R. B. lLoucks, Univ. of Washington;

Dr. A. W. Melton, Chio State Univ.; and Dr. W. B. Schrader, Uni?. of Tennesses.
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ars nsedzd to provide the basis for recommending design changes to eliminete
different types of errors. ;

III. Summary of Results

It was found that instrument reading errors can be classified satis-
factorily into nine different categories. Each major category rspresents a
different type of psychological difficulty. Within sach major category errors
are broken down into sub-ocategories, usually in terms of the particular instru-
ment involved in the error. A brief ddfinition of each type of error and the
frequency with which each type occurred is given in Exhibit A, pages L to 8.

The two most common types of errors reported in the study were reversal
errors in which the interpretation of an instrument such as the artificial
horizon was revsrsed with the result that subsequent action aggravated rather
than corrected an urndesirable dondition, and errors in interpreting multi-
revolution instruments such as the altimeter.

Also ocourring frequently wsre errors in interpreting signals such as
hand signals or radio range signals, difficulties due to lack of satisfactory
legibility of instruments, substitution errors in which a mistake was made in
TdentIfyIng an instrument, and Instances of using an inoperative instrument.

The altimeter was misread more frequently than any other single instru-
ment. -By far the most common error in reading altitude was one of exactly 1000
fect, Experiences in which this particular error occurred were described by
thirty-six different pilots.

The majority of the instrument interpretation sirors sollected in the
present study were made by first pilots. As indicated in Table I, 125 individ-
uels were acting as first pilot at the time of the error. Next most frequently
described were errors made by Aviation Cadets. However, this category includes
only L8 srror descriptions. It can be concluded that the error categoriss
developed on the basis of the present investigation apply to experienced pilots,
end are not limited to errors made by student pilots.

TABLE I

. Experience Level of Pilots at the Time Instrument Interpretation Errors Were iHads.

Number of Errors

First Pilot ' 125
Cadet , L8 .
Rated pilot student 21
. Copilot 32
Engineer L
Not specified Lo

270

-13-
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The majority of error descriptions concerned experiences that ococurred
during day flights. However, the number of errors reported as ococurring during
night flights is considerably higher than would be predicted from the fact that
the majority of flylng is done in the daytime. When exposure rate is considered,
the results suggest that instrument reading errors are somewhat more likely tc.
oscur at night. R

TABLE II

Relation of Time of Day to Frequency of Error Reports.

Number of Errors

Day ' 140
Night 80
Not specified 50

The ms jority of error experiences were reported for flights made undsr
contact oconditions. However, it can be sesn in Table III 1 .at out of 21L reports
in which the type of flight wes specified, 79 error experiences occurred under
aclual or simulated instrument conditions. These data, when corrected for ex-
posure rets, are interpreted to mean that errors are much more. likely to occur
under real or simulated instrument conditions than when pilots are “lying contact.

TABLE III

« Weather Conditions =2t the Time Errors Occurred.

Nimber of Errors

Contact - 135
Actual Instruments ‘52
Simulated Instruments 27
Not Specified | _56
270

A total of 3L differsnt types of aircraft were involved in the 270
instrument interpretation errors. Ae will be seen from Table IV, the AT-6,
c-LS, B-26, BR-2l;, and B-17 were the aircraft most commonly involved in instru-
msnt reading errors. The frequencies for different aircreft appear, therefors,
To be roughly preportional to the amournt of flying -..ue in each type.

j s,
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Type
AT-6
c-L7
B-25
B-2;
B-17

B-26
B-L7
AT-10
BT-13
c-L5
B-29
P-38

TABLE 1V

Type of Alrcraft in Which Errors Occurred

No. of Errors

L7
3
32
22

21

12

~ o O o o

5

2223 ¥o. of Brrors

P=51
AT-7
c-82
P-40
UC-78
AT-11
A=26
PT-17

P PP PP W W W

B-34
13 athor‘types 13
Not opeoified 20
Total 270

In the following sections, each type of error is ccusidered in turn and
oxamples are given of typical experiences in each category.

e oy )
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VIV. Errors in interpreting the Altimetsr and Other Multi-Revolution Instruments

Errors in isstrument reading often occur when, in order to determine the
oxact numerical value of an indiocation, it is necessary to combine or synthesize
data presented by two or more pointers on a single dial, or by a combination of a
pointer and s set of digits vilewed through & window in ths dial. This category
acoounted for 18 percent of the errors reported. The characteristic of multi-
revolution instruments which is the source of errors is that one revolution of a
pointer on the standard-size aircraft dial (2 3/l inches) cennot give a scale
length sufficient to provide the needed reading precision. This has led to the
use cf multiple-pointer instruments, or the use of instruments combining a pointer
and a window through which appiars a numbered scale,

The altimeter is by far the most frequently misread instrument in this .
catagory. The convaentional altimeter operates to approximately 40,000 fest with
scale graduations every 20 fest. This means that the pilot must be able to
distinguish a total of abovt 2,000 intervals. Those 2,000 ccale interwals are
now indicated by means of three separe’e pointers on a single dial.

Iypical descriptions of errors made by pilots in resdirg the altimeter and
other multi-revolution instruments are given below.

g}srsading the altimster by 1,000 feet.

"It was an extremely dark night. My copilot was at the centrols. I
gave him instruoctions to take the ship, a B-25, into the traffic pattern
and land. He began letting down from an altitude of 4,000 feet. At 1,000
fset above the grouad, I expected him to level off. Instead, he kept
right on letting down wnatil I finally had to take over. His trouble was
that he had misread the altimeter by 1,000 feet. This incident might
geem extremely stupid, but it was not the first time that I have seen it
happen. Pilots are pushing up plenty of daisies today because they rsad
their altimeter wrong while letting down on dark nights.”

"A pilot of my bomb group was making practice night lendings in a
B=29. The traffic pattern was to be 2,500 feet. The field elevation waz
1,000 feet. The pilot misread the altimeter end was actually 1,000 feet
1owax on his traffic pattern than he thought he was. He went thrcugh his
lending procedure, had his wheels down, flaps 30°, and was on his final
approach. Before he realized what had happened he flsw into the ground
sbout 1% miles short of the rumway. Luckily he hit in an open fiele;
bounced, and managed to maintain flylng speed. The main gear withstcod
the impact, but the nose wheel wae ruined. By expert piloting, he mads
a safe land*ag and averted whe could easily have heen a disaster.”

-

"In setting the altimeter of a B-17 to field elevatior, I once made
an o.ror of 1,000 fest. Instead of eettipg the altimeter at plus 800, I
get it a+ minus 200 feet. In this positicn, the large pointer also pointe
to the BOO foot position."

w16~
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Mi sreading the alinqter by 10,000 feet.

*] was flying at 25,000 feet in a P-L7 on my first ccxbat mission,
but had mistakenly read the hands or my altimeter and was under the
impression that I was at 35,000 feet. I called in some unidentified air-
craft which were level with our formation and, consequently, actually at
25,000 feet, Since I mistakenly reperted them at 35,000 feet, they were
believed to be enemy aircraft. A good deal of confusion resulted. 1
believe some improvements can be made in our present altimeter.n

Misreading the tachometer by 1,000 RPM.

"]l was an instructor in & P-38 combet training group. One of my
students had a generator go out. The procedure for this emergency was
as follows: set props to 2600 RPM while control of same can still be
maintained, turn off all electrical equipment and try to save some re-
serve bautitery strength for using radio in contacting the tower for
landing instructions. 2600 RPM setting was considered sufficient if
the ship were forced to go eround after making tne final approach. The
tachometer on this particular ship was of the type where the indicator
needle makes one complete revolution for each 1,70 RPM and the number
of revolutions of the needle is indicated by numbers 1, 2 and 3 coming
up ‘behind a square cutout on the instrument. The pilot proceeded as
-instructed after loss of the generator and upon return approached the
runwey but was forced to go around with full throttle on both engines.
He could not get sufficient power to regain airspeed and pick up his
flaps and landing gear. The result wes that he ditched in the water
seversl hundred yerds off the end of the runway. Late:r investigstions
of the pitch of the props indiceted that they had been set for about
1,6000 RPM instead of 2,600,

M aresding &ir speed by 100 miles per hour.

"Cur B-17 was in a fairly steep climb with some excess air speed
following a dive. The pilot suddenly glanced at the airspeed indicator
which appeared to read 90 MPH. The pilet instinctively pushed the nose
down hard causing undue strain or the plane and crew. Actually the
instrument was indicating 190 MPH. It was one of the newer type which
is calibrated only up to 100 MPH on the outside scal® and the hundreds
are read through a window in the dial."

Analyeis of Errors lMade in Interpreting Multi-Revolution Instrucents.

It will be seen from exawinztion of Exhibii A that 1000 foot errors in read-
ing the altimeter were described by 26 different pilots. Two cases of 10,000
foot errors were described, bringing the proportion of iltimeter-rzading errors
to 1, percent of all those reported. Im most instances, the pilot thought his
altitude was grester than it actually was. The majority of errors were made
in the air, although a number of reports described mistakes made on the ground
in attempiing to set the altiimeter to field alevation.

&

It becomes obvious from analysis of the reports that mistakes eadi
the 100C foot or the 10,000 foot hand rather than the large 100 foot hand are to

-17-
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blare for most errors. The exact nature of altimeter reading errors is being
investigated in a special study conducted by Dr. W. F. Grether of the Aero
Yedicsl Lehovatory= The portion of this study dealing with the relative
fraquency of errers snd the different types of errors, and providing prelimin-
ary data on the fnteorpretabllity of a number of alternative dial designams
been reported in Engineering Division Memoramdum Report No. TSEAA-6OL-1. Fur-
ther results will be presemted in a later report, No. TSEAA-6QL-1LA.

Other specific errors in reading mlti-revolnation instruments imclude mis-
reading the tachometer by 1,000 RPM or the cleck by 1 hour. ‘These errors
obviously are similar to the 1,000 foot altimeter error. The 10,000 foot error
in altimeter reading is also similar, since it differs only in respect tc the
hand that is misread.

Errors in reading instruments which have a pointer and a rotating dial
that ig viewed through a "window" are similar in cause to those described
above. As the pointer rotates cleockwise from zero through 350 degrees and
back to zero, the secondary dial which is viewed through the window moves
slowly but continuously so that by the time the pointer has rotated about 300
degrees, wmuch mors of the numeral which will be reached when the pointer com-
pletes its rotetion is visible through the windew than of tvhe numeral which
actually indicates the number of completed rotations. As a result, the instru-
ment sometimes is misread by an amount equal to one retatiorn of the pointer.
Nearly always the error is to read the indicatlon too high. Since this type
of dial has been used on airspeed meters and tachometers, the common errors
encountered are misreading the airspeed by 100 MPH (i.e., 90 is reed as 190)
“nd}misreading the tachometer by 1,000 RPM (i.e., 1,850 RPK is read as 2,850
RPM)

Conclusions and Implications for Research.

This type of instrument-reading error is one of the most serious that can
be made by a pilot since the magnitnde of the error is large. The 1,000
foot gltimeter-reading error is especially dangercus in view of the fact that
- the pilet usually believes himself to be higher than he is.

It csn be concluded that instruments with either & combination of several
pointers ¢ a combination of one pointer and a numbered dial that is seen
thrcugh & window, and that rotates in continucus rather than intermittent steps;
are subject to misinterpretation when the pilot must read them hurriediy. High
priority should be given to research necessary to find a satisfactory answer

to this display problem.

Varisus possible ways of presenting exact quantitative information over =
large renge of values, and at the same time retaining those fealures which make
it pussible to check read an instrument at & glance, should be tried. Among ihe
possible methods other than the two already in common use are the following:
different dlals and single pointers on each; a continuous tape viewed through a
window; 2 tape cos._ined with a veeder-type counter; a longarithmic =zcale; a scals
with variable limits; a primary pointer showing gross values over the entire
range of the instrument in dembination with a secondary vernier scale to give
more precise readings; and & dial hzving & single sensiiive pointer ccmbinad
with a vemder-type

18-
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Another possibility would be the separation of check-reading from quanti-
tative~-reading. I{ this should prove successful, it would be poassible to use
veeder-counter type displays located in a secondary position for indicating
exact numerical values and to empley greatly simplified dial-type instrumsnts
or’ all-or-none indiocators for check reading. This separation of check reading
from quantitative reading ropresents a radical departure from convention and is
proposed only as e poseible line for research,

V. Rewersal Errors.

A reversal error in instrument recding is one in which an instrument indioca-
tion is interpreted in such a way that any subsequent action taken .to correct a
deviation actually incresses rather than decreases the undesirable condition.
Nearly all the retersal errors collected in the present sztudy were made in in-
torpreting attitude and heading information from artificial horizon and direc-
tional gyro instruwents. These errors resulted in cherges iz roll, pitch arnd
turn which actually increased the amount of bank, degree of ¢limb or dive, or
deviation from desired heading. Other less frequant reversal errors included
instances of reading in the wrong direction from a graduation mark .and instances
of using a reciprocal heading. A total of 17 percent of all reported errors
wore classified as reversals, The following are typical descriptions of such
errors.

Revar;al in Interprating Direction of Bank.

"In the C-47, and similarly in all aircraft flown on instruments, I some-
times male an error in interpreting the flight indieator or artifieial horizon.
Very oiten when the miniature airplane indicates a degree of bank, in trying
to correct the bank or level the wings, I have a tendency to incrsase the
initial benk. This error is only momentary but it necessitates my spending
too mucE time on the instrument, and failing to. check other instruments often
enough.

"I glanced aray from the instruments while making & steep bank in & C=L47.
Upon glancing back at the artificial horizon, I was confused e= to the direc-
tion ol turn shown by the little pointer which indicates degroe of bank,

Upon beginning to roil out, I used exactly opposits aileron control from what
I should and thereby increased the bank to such an extent that it was almost

90° gnd considersbly dengerous."

Reversal in Interpreting Pitch,

"Wo were taking off in a B-2LH from an airport ia mouthern Florida at
approximately 0500 hours under inatrument conditions. The first pilot wes
relyiang primarily on the flight indicator for preper.contrci of the ship‘sa
ettitude after coming off the ground. The flight indicator showed that tlie
ghip was diving but the pilot misinterprsted it to read olimbing. Control
wee put in which thrsw the ship into =n aven steeper divirng sngle, yet the

-19-
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pilot still regg the flight indicator as showing a climb.. He reelized the
error only aftdr an IAS of approximately 195 miles an hour was reached and
the whistle of the slip stream on the cabin made the pilot realize that he
had been misreading the instrument.”

Reversal in Interpreting Heading From the Gyro Compass.

"I was flying instruments in a B~17 under the hood and hed made several
let downs. During one of these let downs, I wes about to make & 'close-in
procedure' and had my whole plan well in mind when I mgde a turn in the wrong
direction. In other words, I read my directional gyro wrcng.®

"Thie incident happemed while instrueting in AT-1C's. I bad taken a
student over to an auxiliary field to give him instrument takeoffs. About
the third takeoff, (the others had been good) I lined up for takeoff, set
the directional gyro, turned the airplane over to the student, and told hkim
he was clear tc go. As he started his takeoff run, the airplane began to go
off to the left a little. He misinterpreted his directicngl gyro and gave
it left rudder. He started out easy to try to dring it back, pushing a
little bit on the rudder, then a little mcre and more. Then he got excited
and gave it full left rudder. The ship cut off the runway across tha grass,
hit the taxi strip, bounced over the fence and inte the air &t a Uu angle
to the normal tekeoff direction."

Reversal in Interpreting Heading from the Radio Compass.

“We were making a navigatipa flight on instruments in a BC-1. Tail
winds were 15 MPH more than predicted. The pilot turned on his radio com-
pass to home on the Omeha Renge when he thought he was about 5 minutes out.
At the time he actually was past Omaha., The Omaha Range was not legible on
the command set due to a sleet storm. The pilot xnisread his radio compass
indicator and attempted to home with the station behind him. He eventually
realized his mistake, made a 1809 turn, homed, let down and ran out cf fusl
on the approach. Lucily, he made the field OK.®

Reversal in Interpreting Trim Tab Scale.

*I pulled into position and started a normal takeoff in a Ventura patrol
bomber. I gainsd momsntum rapidly and soon had sufficient airspeed for take-
off. I eased back in the controls and they actcd z2s if they were jemmed.

The end of the runwasy was coming close and I had about 100 lmots airspeed.

I pulled back as hard as poesible on the controls and hauled the plane in the
air by sheer strength. I rolled the elevator tab back to take the pressure
off the comtrols. I found that I had set the tab 3° nose down instead of

3° nose up and that had caused all my trouble."

~ The Instrumont Sensing Problem.

TP

| Sinee revorsal of instrument sensing occurs so frequuot'y, "% will
whils %o considsr in detall some of the scauses of such erroy.. ”%& Lanss
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is that of providing the correct sensimg or meaningz of the directioens of move-
rent of aircraft Indicators and centrols, in relation to the mevements of the
controlled object (the aircraft). This is an old problex which has elicited a
great deal ef discussion; but one which obviously has not been answered satis-
faaterily, and one about which there is still widespread disugreement among

pilets and engineers.

Before going further, it will be riecessary to define two terms, coclpit
reference and external reference, which will be used frequently hereafter in the
discuseion of reversal errors, ' -

A cockpit reference instrument is defined as one which; when the moving element
(pointer or dlal) moves up or to the risht or clockwise with respect to the pilet's
eyesg, should be intsrpreted as imdicating that the alrcraft is moving up or to the
right. or cleckwise with respect to the ground or a specified point in space. 4=
external referenco instrument is defined as one which, when the moving element
(peinter or dial) moves up or to the right or clockwimse with respect to the pilet's
eyes, sheuld be interpreted as indicating that the aircreft is meving doww or to
the left or counter-cleckwise with reapect to the ground or a specifiod point in
space. The terms ceskpit reference and extermsl reference have beem chosen becense
they are most nearly self-explanatory. Other common terms used by pilets anc
engimecerg when describing different primciples for sensing the meaning ef instru-
ment displays are: 1) "fly to" versus "fly from"; 2) "existing devistien" versus
®correction to be made"; and 3) Mecation or attitude of uircraft® versus "loca-
tion of & peint outside the aircraft.™ All of ithcse terms arc diffsreat ways of
distinguishing between opposite poles of the same dichotemy. "Fly to", “correction
that should be made®, and Rleeation of exterral reference point" are alternative
ways of stating the external reference principle defined above. For example, the
pilotl direction indicator used cn the bombing rum could be called a "fly io" in-
strument since the pilot should turn in the direction shown by the needle. It
also tells the pilet the ¥correction that should bs muda.® The meedle deviation
alse can be thought of az representing the lscation of ths tazrget since the needle
peinta to the right when the target is to the right of course; i.e., if the air-
craft is deviating to the left =f course., the needis moves to the right. This
instrument, therefore, also fits the definition of ar external reference instruzent.

It chould be noted that the definitions of cocknit reference and external
reference instruments are entirely operationsl and speciiy only the actual move-
nent relationships between the pilot's eyes and the moving elements of the in-
struments. The question of how these movczents are interpreted by the pilot is
an entirely different matter - ome that is the chief topic of the present dis-

- oussion.

i inspection of any moderm aircraft cockpit will show that contradictoery
direction of movemeni principles are now used in instrusent design. The rate ef
climb akd tvrn ancd bamk indicators, for example, are cockpit reference instruments.
The altimeter, airspeed indicator, tachcmeter, manifold pressure and all of the
engine instruments also conform o the cockplt reference principle in that clsck-

wise rotation with respuct to tize pilot alweys indicates an increase.
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The conventional artificial horizom and the cross poimter (localinernziida
path irdicator) em the ether hand are external reference imswrumente, siace their
displacements with regpect te thas pllstis eyes are opposite to the direction of
roll end pitch, and the displacement eof the aircraft from the cerrect lins of
appreach. 3 The radio compass and pllet direction imdicator also are exterzal
reference instruments.

The new Sperry universal attitide gyre ceztines two eppoesing primciples in
8 single instrument display. In this imstrument, the roll indication follews
the external reference primciple, while pitch is indicated as ox a cockpit reference
imnstrument. For example, when the aircraft is im a climbing turm to the right,
the instrument face is displaced upward kot is rotated to the left in reference
to the pilot's eyes.

The conventionsl magnetic compass and directional gyro are cockpit reference
instruments in the sense that the drum carrying the heading gradvations moves
to the right, with reference to the pilot's eyes, when the aircraft turms to the
right. This movement relationship is brought about by the fact that the pilet
sees only the aft side of the stabilized drum. The drum is actually stabilized
in relation to the magnetic poles of the earth (that is, in relation to am external
reference peint) but the side nearest the pilot haa & motion the reverse cf what
would be the case if the pilot could see the front side of the instrument.

The newer remote ihdicating compasses usually are designed with circular
dials im which degrees of heading increase in a clockwise direction around the
dial. Some . nstruments have enplo)‘d a fixed dial and a pointer that rotates
clockwiza in a right turm (cockpit reference in the upper half of the disl) and
some have employed a fixed lubber line and & meving dizl which rotates counter~
elockwise in a right turn (external reference).

Analysis of Reversal Errors in Interpreting Attitude.

The proper directions of motion of flight instruhents for maximum ease of

sensing has been under discussion since imstrument flying was imaugurated. In
thp rnnnrt of the firat 13 phf'c in which hoadad tolanffs and Tnnainac wars made im
1929 bv Lts. J. S. Doolittle and B, S, Kelsey (see reference 1), thcre is a dis-
cussion of the proper semsing of the Sperry srtificisl horizen and related flight ,
instrumeats. However, after twemty years, the results ef the present investigation
indicate clearly that the problem bas not been solved satisfacterily and that many
=igtakes in interpretatiom of fiight instruments are still keing made by AAF pilots.

¥
i

3 Taue cross polnter is an extsrnal reference instrument om the inbound course,
Sut 1 cockpit instrument on the outbound course, since the sensimng is reversed when
the alrcraft changes to & reciprocal heading.
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The theory underlying the design of the conventional artificiasl horizon
apparently has been that use of a2 moving horizon bar that is stsbilized with
respect to the real horizon will enable pilots to interpret the ‘instrument with-
out difficulty. Since the actual movement relations of cockplit and horizon bar
duplicate the actual relations betwsen cockpit and real horizon, many individuals
have fslt that the logic underlying this design is sound.  Paychological research
on space and movement perception has shown that it is dangerous to make such as-
sumptions as this without exverimental proof. Research on figure and ground reia-
tionships is particularly pertinent to this problem, for many difficulties in
instrument interpretation that are otherwise not understandable are easily explained
in terms of the oconcept of reversal of figure and ground relationships. A brief
discussion of this concept follows.

Psychologically, an object is perceived as moving in relation to all cf the
other objects visible to the eye at the moment, For example, if an aircraft in
flight is viewed from the ground, it will appear to move against the statienary
sky. Similarly, a bright spot on a radar scope will appear to move in releticn
to the stationary sides of the scope. The part of the field of view that appears
to be stationary in these examples is customarily called the background (or zround)
and ths moving object the figure. When all of the objscts in ths fisld of visw
move tcisther in relation To the observer's eye, as is the case when the head is
turned from side to side, the observer usually concludes that he himself is moving,
and perceives the background as fixed or motionless., For any given configuration,
there usually is a definite figure and ground and it is very difficult to reverse
the relationship, i.e., to see the background moving and the figure motionless.

In other words, it is very difficult to perceive a relationship in any way other
than the natural cne.

An hypothesis regarding the cause of reversals in interpreting the flight
indicator has been postulated by Dr. W. F. Grether (see reference 8) in terms of
the concepts of figure and ground outlined above. He states that, "The actual
horizon is normally accepted by the pilot as a fixed or ztable freme of reference
against which his and other aircraft are moving filgures, When the horizon dis-
appears, &g in instrument flying, the pilot apparently shifts to the cockpit of
his own sircraft as the stable reference or ground against which all moving poin-
ters, inecluding the gyro horizon bar, are resacted tc as figures. The small, narrow,
fallibls, moving bar Iin ths cockpit apparently cannot substitute for the distant,
zassive and infallible true horizon as a stable frame of reference for the pilot,
By reacting to the gyro horiron bar as a figurs instead of ground, he is led to aun
exactly raversed interpretation.®

Sometimes the movement relationehips between two parts of the field of.view
are ambiguous. Such an ambiguous situation has been experienced by meny passen-
gers of railway trains, While looking out the window of & motionless car, they
heve ssen a trzin on an adjoining track begin to move in relation Yo the window
of their owm car, and for a few seconds have experienced the sensation that they
themselvns were in motion. Similarly, s mmber of pilots heve reported that whern
they t'irst lookzd down from a spinning alreraft, the earth rather than the aireraft
appearsd to be rotating. These unusual experisnces ars montiomed by way of intro-
duction %o a disocussion of the conflicis and ambiguities that now exist in ths
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aileror correction. This percentage of reversals is low, but the important fact
is that it should have been zero with pilots who had hundreds of hours of flying
experience.

In summary, it can be concluded that the data gathered in the present
investigation of pilot errors, the evidence fram two carefully executed experimental
gtudies with novices, and evidence from U, S. Navy experience in carrier landings
all favor the cockpit reference principle.

Analysis of Reverssl Errors in Interpreting Heading.

A inherent ambigulty in presenting heading information arised from the fact
that in the actual flight situation, the pilot usuwally thinks of himself as if he
were in the center of a compass rose with the points of the compass radiasting across
the earth's surface in all directions from himself. Alrcraft compasses on the other
hand conventionally present this informetion as if the pilot were looking at the
earth (compass dial) from a position in space, i.e., from & point outside the
familiar circle of the horiszon.

The magnetic compess and directional gyro are asmbiguous in another respect.
They both utilize a moving drum instead of the mcre conventionel moving pointer.
Due tc the fact that pilots see only the aft side of the drum, actual movemen?
follows the cockpit reference prliciple, i.e., the drum appears to iviate to the
right in a right turn. However, whenever graduation marks are thought of im
reference to threir actual meaning, relations are reversed. For exarple, if a pilot
is flying contect on a course of North and using as a reference point a mountain
which is directly on course, when he netices the mountein on his left he must
correct to the left to regain the desired course; whereas, if he is flying in-
struments and notices that the ™O" on the compass card is to the left of center
he mist correct by turning to the right. Thus, when Oo on the compass drum is to
the piiot's left, actual North is to his right.

The change from a drum to a dial-type directional indicator does not solve
all of the gmbiguity inherent in heading indication., The rotating circular dial
has & scale that increases in a clockwiee direction and thus corresponds tc the
familiar compsss rose, but during & turn, its movement is opposite to the direction
of the turn.. One airiine has recently issued = repori (see reference 2) proposing
the use of a moving disl seen through a window at the bottom of the instrument face.
This design thus preserves on a cjroular dia) the type of scale and movements foand
in the conventional directlonel gyro. :

A circuler dial with movable pointer makes it possible to use a conveniional
compass rose, and for the pointer to move to the right during a right turn when the
pointer is in the upper half of the dial. Between 900 and 270°, however, the right-
left movenent of the pointer is the reverse of that of the sircraft, unless the
heading being fiown is set at the top of the instrument. -

It was pointed out earlier that a common defect in hesding presenistion is
that the pilot loszs the sense of being inside the circle of the horizon. - Efforts
to achieve this effect have met with some success and merit further study.
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aileron correction. This percentage of reversal: ié low, but the important fact
ig that it should have been gero with pilots who had hundreds of hours of flying
esperience,

In summary, it can be concluded that the data gathered in the present
investigation of pilot errors, the evidence fram two carefully executed experimentsl
studies with novices, and evidence from U. S. Navy experience in carrier landings
all fevor the cockpit refersi:ce principle.

Analysis of Reversal Errors in Interpreting Heading.

An inherent ambiguity in presenting heading information arised from the fact
that in the actual flight situation, the pilot usually thinks of himself as if he
were in the center of a compass rose with the points of the compass radisting across
the earth's surface in all directions from himself. Aircraft compesses on the other
hand conventionally present this informetion &s if thc _..lot were looking at the
earth (compass dial) from a position in space, i.e., from a point outzide the
familiar circle of the horizon.

The magnetic compass and directional gyro are ambiguous in snother respect.
They both utilize a moving drum instead of the more conventional moving pointer.
Due to the fact that pilots gee only the aft side of the drum, actnal movement
follows the cockpit reference principle, i.e., the drum appears to rotate to the
right in 2 right turn. However, whenever graduation marks are thought of in
reference to their actual meaning, relations are reversed. For exarple, if a pilot
is flying centect on a course of North and using as a reference point a mountain
which is directly on course, when he notices the mountein on his left he must
correct to the left to regain the desired course; whereas, if he is flylag in-
strurents and notices that the "O" on the compass card is to the left of center
he mist correct by turning to the right. Thus, when Oo on the compasa drum is to
the pilot's left, actual North is to his right.

The change from a drum to a dial-type directional indicator does not solve
all of the ambiguity inherent in heading indication. The rotating circular disl
has & scale that increases in a clockwise direction and thus corresponds toc the
familiar compess rose, bub during a turn, its movement is opposite to the direction
of the turn. One airline has recently issued & report (see reference 2) proposing
the use of a moving disl seen through a window at the bottom of the instrument face.
This design thus preserves on a circular dial the type of scale and movements found
in the conventionasl directlonsl gyro.

A circuler dial with movable polnter makee it possible to use a conventicnal
compass rose, and for the polnter to move to the right during a right turn when the
pointer is in the upper half of the disl. Between 900 gzpnd 270°, however, the right-
left movement of the pointer is the reverse of thai of the aircraft, unless the
heading being flown ls set at the top of the instrument.

It was pointed out earlier that a common defect in heading presentation is

that the pilot loses the sense of being inside the circle of the horizon.  Efferts
to achleve this effact have met with some success and merit further study.
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Analyéis of Other Reversal Errors.

Reversal errors were reported, although much less Irequently, for several
instruments other than the directionel gyro and gyro horizon. One characteristic
is common to all these incidents. The direction of motion of the indicator is
not that which is raturally associated with the condition or attitude that acti-
vetes the indicator. For exaxple, reversals are sometimes reported in reading
the elevator trim-tab indicator on the C-§47. On this indicator, degrees of trim
nose down is reed up from the center position while degrees of trim nose up is

read down from the center position.

No specific errors were described in interpreting the localizer-glide path
indicator. This may be due to the fact that the instrument is relatively new and
has not been used by many pllote. Evidence from various sources suggests, however,
that it is also subject to reversel errors when employed by inexperienced pilots
who are at the same time using a full panel of flight instruments. In fact, the
authors have observed such errors while conducting a project which required
experienced pilots to make hooded approaches using tbis instrument,

Confusicn of "A" and "N" signals when flying the radio range is a special
form of reversal error. However, this error has been classified 2s a 3ignal in-
terpretation error in the present report and is discussed in a later section.

Need for Consistency in Design Principles.

Probably the most importent single design factor contributing tc reversal
errors is the lack of uniformity in the principles employed in establishing
direction of movement relationships for different instruments. The importance
of this factor has been shown conclusively in recent experiments carried out by’
¥r. M. J. Werrick at the Aero Medical Laboratory. In several cases, it was found
that either of two opposing principles are almost equally efficient when all control-
indicator relationships are uniform, but that a grest many errors are made when
opposine principles are employed in associated instruments which must be used in
F&Blu slters ne. tion.

The extent to which present instruments lack uniformity can be iliustrated
¥ the specific case of a pilot who is making an 113 spproach and who begins to )
descend too rapidiy and to deviate to the right of his proper course. His altimeter
and rate of climb needles would show increased displscement in a counter clockwise
direction, but his glide path needle wouvld move upward and the herizon bar might
also move upward. As & result of the deviation of the zircraft to the right, his
rate of turn needle and directional gyre card would move to the right, while ths
degree of baak and ’ocalizbr needles would move to the left.

The foliowing reversal error in instrument interpratation, described by ar
instrument flight instructor, is another illustration cf the confusion that may
result from lack of wniforsity in instrument sensing. His report follows:

"On frequent instrument flight checks, in tne past 5§ years, 1 have noted
on< particulerly dangerous trait ir pilots which is caused by inaccurate in-
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strument interpretation. A pilot who relies on the artificiszl horizon as his
primery reference when flying blind, tends to rely on the bank indicator of
this instrument for indication of motion about the wvertical sxis. The bank
indicator, on the artificial horizon, moves in just the opposite direction
from the turn needls on the turn and bank indicator. When in a left bank, the
turn needle cn the turn and bank indicator is displaced to the left, while the
degreecs of bank indicator on the artificial horizon is displaced to the right.
A pilot who utllizes the bank indicator on the artificial horizon for his
primary reference as to motion about the vertical axis and amount of bank, may
vary easily become confused when the artificial horizon tumbles or is caged
and he is forced to utilize the turn and bank indicator for hie reference. In
" the past, I have had pilots make corrections in the wrong direction and in some
instances have ridden out a split *S" which was a result of faulty instrument
interpretation.®

" As a result of this lack of uniformity, the pilot must change his mental set
sach time he shifts his eyes from one instrument to another. He can undoubtedly
learn to do this in time, as is snowvm by the skill attained by experienced instru-
ment pilots. In fact, the shift in reference may in time become so automatic
that experienced pilots are unawar:. that it is happening. ‘Buf the necessity of
constantly changing mental attitude certainly makes *t more difficult to learn in-
strument flylng and mey lead to occasicnal reversal during emergency conditions.
Numerous psychologists believe that under conditions of stress an individual is
very likely to revert to earlier or more "naturszl" weys of reacting. If this is
true, it would be especially difficult to shift from a netural to s learned mode of
interpretation during ewmergencies.

Conclusions and Inplications for Research.

The foregoing analysis of reversal errors should serve to clarify the direction-
of-movement problem in instrument display. The results of the present investigation
are in agreement with the findings from a number of research studies carried out by
the Aero Medical Laborztery which show that present cockpit instruments are diffi-
cult to interpret and that serious reversal errors sometimes occur.

1t is believed that tentative hypotheses can be formmlated as to the best
principle to follow in establishing direction-cf-movement relationships for all
instruments in the cockpit. However, additional research studies must be completed
before optimum direction-of-movement principles can be fully established. The data
now available lend support for two hypotheses which should be subjected to crucisl
experimental tesis at the earliest possible moment. These hyprotheses can bz stated

Hypothesis 1. All instruments that mmset be cross-checked rapic , during
eritical mapeuvers should be designed in accordance with
& uniiorin direction of movement principle In order that
no change in mental se : be required in going from one
instrument to another.
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Hypothesis 2. The aircraft reference principle (in which the moving element
of an indicetor moves in the ssme directicn, in relation to
the pilot, as the aircraft is moving in relation to the ground
should be followad in the design of instruments referred %o
in controlling the aircraft in situations where split-second
reactions are demanded.

It is not unlikely that important exceptions will be found to these hypotheses
even if they are proved to be generally corvect. In some displays, the pilot may
perceive and react to an indication as if the figure-ground relationships were
different from whet would be assumed without experimental teste. This might happen
in some of the more .ambiguous instruments such as those using a moving dial and
fixed lubber 1fne. The most important considerzticii, of course, is how the pilot
interprets the indication, end not the actual movements occurring in the instrument.
A further consideration is that instruments must be designed so that different in-
dividuzls will make the same interpietation, and that a particular individual will
make consistent interpretations. ‘

The application of the two hypotheses should be investigated with special
reference to combined indications. 1t is believed that combined instruments may
justify spscial principles. For example, the instrument giving a combined in-
dication of localizer and heading, being developed by the Cormunication and
Navigation Laboratory, may justify the use of the external reference principle to
represent the position of the locelizer beam and the cockpit refcrence principle
+o show the heading of the aircraft.

Crucial tests of Hypothesis 1 should be made by means of simulated flying
tasks set up in the laboratory and by actual flight tests involving the use of
entire instrument panels designed in accordance with uniform direction-of-motion
principles. This proposal points to the need for a .iew approach to flight in-
strument design researcl; i.e., the need for experimental evaluation of the total
display in an aircraft cockpit.

I% cannot be overcmphasized that the pilot who mmst use his full set of in-
struments in critical maneuvers should have a panel in which he can shift from
one instrument to ancther without conflict. Unless this can be accomplished, it
is likely that training time to reach proficiency in instrument flight will con-
tinue to be unduly long, and that many improved equipments, such as new instrument
landing systems, will be rejectsd because pilots find that a change in mental set
is reguired each tire a shift 13 made between the new display and other instruments.

Closely related to the problem of direction of movemeni of indicators is
the intaraction between instruments and controls. The final result of instrument
comprshension is appropriate contrel action to achieve the desired change in flight
path. Therefore, the problem becomes one of direction of movement of instruments,

A

of controls, and of the controlled object. is problem, as well as the two
hypotheses outlined above, i8 new being studied by the Aero Medical Laboratory,

by other Laboratories, and by the University of Washington which has contracted te
conduct vesearch on orientation problems in aviztion eguipment design.
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Vi. Signal Interpretation Errors

Misunderstanding the message conveyed by hand signals or by warning horns or
lights and errors in the interpretation of radio range signals accounted for 1
percent of the experiences collected. These signal interpretation errors have been
classified intc five sub-categories: 1) misinterprsting hand signals, 2) mis-
interpreting radio range signals, 3) misinterpreting or failing to notice warning
lights, L) confusion regarding which pilot has the controls (in aircraft with
tandem seating arrangement) and 5) misinterpreting signals from outside the air-
craft. Typical descriptions of signal interpretaticn errors are given bhelow,

Interpreting a Hand Movement as the Signal to Retract Wheels.

A new B-25 was brought to the field and assigned to our section. The

pilot who was to take it up for a test flight had considerable time in B-25's
but in the past L4 to 6 monthe had been flying B-26's. We got cut to the end
of the runway behind a flight of B-17's and had to wait quite awhile. I
remember the pilot saying sometining about the left oil temperature going up
pretty high and shutting off the left engine until we were cleared onto tha
runway. Then he cranked it up agaln. The pilot poured on the coal to start
down the runway, and just about the time the plane was about Lo be airborne,
he reached up to the celling for the rudder trim, which is where it is located
on a B-26. The copilot thought he was giving him the 'wheels up' signal. At
about the same moment, the left engine ccughed and the pilot reschsd cu%t and
cut both throtties. In the meantime, the copilot had raised the landing gear
and we ended up on the far end of the runway on the belly of the plane. It
was pretty well smashed up. There were four of us, the pilot, copilot, engineer,
and nmyself, in the plane. Luckily we all got out safely."

Fallure to Notice a Hand Signal.

"The signsl was given to raise iénding gear cfter takeoff in an AT-1l.
The copilot missed the signal. The pilot glving the signal was fighting prop
wash and did not notice gear was not up until he was out of the traffic pattern.?

Confusine "A" and "N" Radio Range Sigrals.

"I was on a non-stop ferrying flight from California to Wrizht Field at

night in an A-26. This airplene carried no copilot, and 1 had no relief.
Fatigue set in on the way from Tulsa to destination. On leaving Terre Haute,
I tuned my redio to the Patterson Field range. I kept getting what I thought
was an 'N' signal. I turned south looking for the 'A' zone, and did not
'wake-up' until over Cincinnati, where T realized that my ears were tired

and I had been listening to the 'A' signal and interpreting it as an 'N'.
Luckily, CAVU conditions prevailed and destination was reached without
further incident. When watching a homing devi. , without the constant buzzing
in the ears, fatigue is riot so extreme. I have naver had difficulty on long
ocean flights of the same duration as transcontinental, but when radic range
slinals have to be used continuously, the ears seem to fatigue after five or
six hours.® o
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Tailing to Notice W%qgg Station Identification Siggg};

"The positioﬂ of the command receiver in the C-l,7, overhead on the left side
of the cockpit, resulted in the first pilot tuning in the wrong range. He was
concentrating o thn 1*"ht ‘notruments and used volune as a means of tuning.

the approximafr fre%uency range of the desired station, bringing in a ststion
located not more than 7C miles away. Orientation was tried with complete fall-
ure." .

Confusing One Warning Light witlh Anotﬁer.

*] was flying a C-L47 as first pilot in the local traffic pattern with wheels
down and checked. On the final approach the copllot lowered half flaps. Just
prior tomking contact with the runway, the copilot celled for 'go~around' say-
ing that the red landing gear warning light was on. When bsck at traffic altituds
a check disclosed that while on thc final pproach the green landing gear warming
lignt had come on. In this model aircraft, the heater spill valve werning lights
and ihe red landing gear werning light are close znough together to cause con-
fusion in & cese of this sort.n

Confusion as to Which Pilot Has the Controls.

"This cxperience happened in Advanced Flying School during a so-cazlled
'buddy' or 'team' ride for the purpose of flying instruments under the hood. At
the end of the flight while on the way back tc the base, I was riding - the
front seat and was performing some acrobatics when another AT-6 was =%:aia” 1ear-
by. I made & signsl peinting out the other plane. Just prior to slgn»~ng this
plane, I turned the controls over to the pilot in the rear seat, or presumably
so. The plane flew along for awhile straight and level and then began a slow
lazy spiral to the left. The turn became more and more rapid and the aircraft
finally went intn a dive nearly straight down. The plsne never did go into &
spin. At an airspeed of 230, I began to wonder what the pilot in the resr was
up to. Then I sighted a large trailer truck on a side road approaching the main
highway ahead. The plane headed strsight for the truck and was getting danger-
ously low. I unconsciously eased back on the control -tick and the plane zoomed
right over the top of the truck. In fact we were below the top-of some telephone
roles next to the road. The passengers of the truck unceremoniously departed
from their vehicle., The plane zoomed tc a heighi of 2000 faet, approached a
stall, fell off to the left and once again headed for the ground. This time as
the plane came close to the ground, I became scared and at tha same time angered
at the other pilot who would risk our lives in such a manner. So, I took the
controls and flew back to the base and landed. When I had taxied up to the
ranp and cut the engine, I proceeded to tell my buddy what I thought of his
buzzing actions. He informed me that he thought I had done the buzzing. We
helped each other to the barracks.m
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Misinterpreting Signals irom the Tower,

n"This student was on a night transition flight and had a defective radio.
He wus given a red and green blinking light by the tower. The studant, without
thinking or looking around, immediately pulied out on the runway and sat there.
Another aircraft on the approach without lights did not heed the signal from the

+Avean #-"'I-tvxs a2l ndroraft t2 circle the “’lﬁ"f‘ bhut continued to 1nnr‘ hi‘!’{"‘vv‘
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the cockpit of the ship on the runway witn his p;op and killing the piﬁou. dc
never found out what the pilot thought was the meaning of a red and green light."

Analysis of Signal interpretation Errors.

There are three main types of difficuvlties encountered in interpreting hand
signals. They are (1) failure to notice a signal, (2) interpreting hand and arm
movement to reach a control as a signal, (3) and confusing one signal with
another. There are several obvious explanations of fallure to notice & signal;
the man who should rsceive the signal may be inattentive; he may be so busy
doing something else thet he misses the signal; or the signal may be given im
such a manner that the observer does not recognize it as a signzi. Most of the
errors in interpreting hand signals involve failure to identify correctly hand
and arm, movements made in rzcching Jor controls during takeoff. The pilot may
find it necessery to remove his hand from the throttles to adjust the trim for
axemple znd this may be interpreted by the copllot as the signsl to retract
landing-gear. Such an error is not difficult to understend when we consider
that the pilot gives the "wheels-up" signal by raising his hand from the throttle
with the thumb pointing ur mrd.

Current. ALF vrecedure is to employ only one hand signal (retract landing-gear).
Apparently, there are pilots who because of former training, or because of
personal preference, continue to employ hand signals to instruct the copilot to
lock the throttles and raise the flaps. Both of thess signals are sonetimes
confused with the signsl to retract the<1anding-gear. They are both given during
or imnediately following the takeoff run. %oth are made with the right hand.

The "wheels-up" signal is given immediately after each takeoff while the others
may be employed only occasionally. The copilot is expecting the signal to
*retract landing-geer" and is set to make the proper control adjustment as soon
as it is given. This mental set may explain why he retracts the landing gear when
he is unexpectedly signeled to lock the throttle or to raise the flaps, Another
possibility i that the pilot may mpbe somewhat similar slignals for the three
operations.

Errors in interpreting warning lights are of twc types. (1) Cfailure to
notice a warning light and (2) confusing one warning light with another. The

) lecation and appesrance of the lights are probably the chief causative factors

" in these errors. Ths possibility of confusing adjacent lights is apparent,

nd is greatly increased of their colors are identical or similar.

Confueion regarding which pilot is flying the aircraft apparently occurs more
of ten than might be expected in pldnes which heve e tandem seating arrangement.
The conventicnal signal utilized to inform another piiot that he should take over
is to wiggle the stick., The same signal is used by the pilot who is not flying

Lo inform the other pilot he is taldng the controls. It is easy to see that in
an aircrszii which dO“S not have 8&0131&\,‘001‘}' intercomminication theas ai ann'\a
may oe nisundersteod and each pilot think the other is fiying the alzy¢une.
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Misinterpreting &ignals which originate from the control tower, the formation
legder, or some other outside source are occasionally reported. In such cases, it
appears that the signal may not be sufficliently attention~getting for the pilot to
notice it, the pilot may be expecting s different signal, or he may find it diffi-
cult to identify the signal.

Errors in interpreting radio range signals involve (i) failure to notice that
the staticn identification signal is incorrect when the receiver is tuned to the
wrong frequency, or (2) confusion betwzen A" and "N" signals. All student pilots
are taught to use code &t a much faster rate than is used on the range, end it is
believed that inability to identify the coded signals cannot be blamed for the
errors. Such errors are more likely to be due to inattention developing during long
instrument flights or to changes in the perception of auditory temporal pattern after
several hours of listening continuously to monotonous sounds.

The problem of reverssl of radio range signsls has been discussed in a recent
report (reference 7) from the Harvard University Psycho-Accoustic Laboratory. In
the introduction to this report, the authers state: "It is well to know thet in
some cases Uhis effect is the result of atnormalities in the sffective field strength
patterns of stations radiating over mountainous terrain. Other reversals are csused
by the well known inight effect®. I% can be shown further that reversals may occur
when the output stages of receivers are overleaded and the signal is passed through
conventional renge filters. All three of these effects have been studied by con-
ventional engineering methods. There remains the possibility of reversals occuring
as a result of extreme pilot fatigue or other unfevorable listening conditions. To
date all attempts to duplicate such reversals in the laboratory have met with only
very limited success. Until a more convincing demonstration can be made that fatigue
alone does produce reversals no report of these experiments is warranted." Evidence
gathered in the present investigation would appear to furnish proof that fatigue or
other psychological causes alone do produce reversals in the interpretation of range
gignals, since seversl of the experiences collected in the study are such as to rule
out any other explanation.

Evidence for the possibility of improving readio range signals from the point
of view of confusion on the part of the pilot is found in a study reported by
"R. C. Browne (see reference 5) in which he made comparisons of the imericen and
British system of beam signals. He reports that a group of cadets that knew code
but haed ne treining in radio range flying made significantly fewer mistakes in
1dentifying the Imerican ™A™ and "N" signals than they did responding to British
YE® and "T® signels. His report, for example, emphasizes that signals should differ
in both tone and in pattern or rhythm, and shows that there is an optimal speed of
signal trarsmission above or below which perforwmance becomes worse.

Concliusions and “uggestions for Rercarch.

It cen be concluded that s great deal of improvement is possible in the design
of beth visual and aunditory signaling methods. The principle avenues of improvement
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are to increase tlie detectability or uilention-zetting value of signals snd to in-
crease the differentisbility of various signals. The best signals are those that
can be noticed and interpreted correctly with the least amount of training.

Suggestion 1. That the policy and training program with respect to the use of
T hand signals be examined with a view to complete or almost com-
plete zlimination of this method of communication and the sub-
stitution when necessary of mechanical signaling devices or
spoken command.

Research on warning devices should be conducted for the purpose of determining
the kinds of visual and suditory signals that are most attention getting, most
readily identified, and that can be reacted to with least interference with other
activities. The Univerzity of Maryland is now working on this problem under con-
tract with the Air Materiel Command.

Research on auditory slgnals for use in instrument flight, such as in flying
the conventional radio range is also werranted. The Psycho-Acoustic lLaboratery
has shown (see reference 7) that various auditory design variables, including
signal intensity, signal-to-noise ratio, use of range filters, flat-response ear-
phones and the radio range cignal expander result in very significant improvement
in performance by the listener. There is also evidence that the likelihood of con-
fusing auditory signals can be greztly lessened.

VII. Legibility Errors.

lLegibility errors are usually of smsll value and result from difficulty in
seeing the numbers or scele markings of a dial distinctly enough to read the indi-
cation properly. These occur because of parallax, vibration, imoroper lighting,
obstructed vision; beczuse of faded, worn, or dirty dials and numerals; or because
the numerals or merkings are too small. In all, this type ¢f error accounted for
1); percent of experiences collected in the present study. Typical examples of
errors due to such causes are given below.

Instrument or Control Markings Difficult to Ses,

"Twice the pilot of our B-25 misread the menifeld pressure gage on takeoif.
He would advence throttles to 31" instead of Li" and attempt tekeoff. 1 believe
thet this error was due to the fact that his instruments were old and the liminous
numbers on the gages 4id not light up as bright as is desirable. I was riding
as copilot and had tc leen feorward in the seat to read the gages and correct the
pilot's error. The fluorescent lights were on bright at the time.®

"4 careful check was made utilizing the check list prior to starting the

i a 3 to tekcoff in g C-ii6F1. 411 trim tabs were checked and
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enied to be in proper alignment, although light in the cockpit was bad and the
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2y was somewhzt dark. The pilot made a hooded takeoff and during takeoff run,

one wing came up &5 if it had been lifted by a cross wind. Opposite control put
the aircrsft on even keel. As soon as we became airborne, the left wing dropped

with the airplene threatening to rsll). The pilot, who weighed 190 lbs. and was
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gsix feet tell, had to use full strength to hold the plane and assistance had to
be obteined from the copilot until the cause was determined for this unusual
occurrence. After checking the =zutopilot and engine operztion, it was found
that the sileron tab was rolled completely left wing dowm. The silver marks to
indicate aligmment were dirty and difficult to see."

View of Instrument Obstructed.

"In a flight from Austria to Italy in 1945, I was crossing the Alps at
around 12,000 feet and the weather conditions caused me to go as high as 16,000
feet to aveid clous formetions snd severe electrical storms. Upon reaching
Itely, I decided to go down rather quickly beczuse weather conditions made it
seem that the best thing to do wes to descend repidly. In this descent, I
encountered & peculiar condition in that the whole instrument pgnel through
precepitation fogged up, that is, moisture in back of instrument gless crystals
all precipitsted from the severe change in cold to warm molist air. If 1 had
been on instrument conditions at the low altitude of Provelli, I would not have
been able to read any of my flying instruments or engine instruments.®

Error Yue to Parsllax.

"While leading a flight of four P-47 fighters on a combat mission, I.F.R.
flight conditions were encountered. Upon entering clouds at about 1,000 feet, I
experienced considereble difficuliy in maintaining a straight heading and climb-~
ing up through the overcest. At about 1,300 feet, I went into a gradual spiral
and lost sltitude severely enough that the flight wee lost and all four aircraft
broke out at 1,000 ft. in various attitudes. I believe the reason for this
experience was that in this perticular ship the "turn bank indicator" was
not in the direct sight line of the pilot." -

Analysis of Legibility Errors.

Pilots report difficulties in reeding instruments beceuse of both insufficient
and excessive cockpit lighting, but the former cause is much more common. in most
cases involving insufficient lighting, it is either stated or imvlied that the
difficulty occurs, nolt because the flunorescent lights fail to provide & light in-
tensity that 1s sufficiently high, but because the light scurces are so located that
11lumiretion is not uniform and it is inpossible tc light satisfectorily 211 the
instruments at once. In attempting to adjust the level of illuminstion to & point
where iratruments on the perimeter of the penel zre sstisfaclorily lighted the ultra-
violet light sources must be turned sc high thzt zome instruments are too bright and
there is reflection of visible light from surfaces in the cockpit.

Yjfficuliies in reading the directionsl gyro consiitute s special case. Ls
the slircraft twrnz, the fluorescent rerks on the compass card do not become acti-
vated fast enough t6 be read while the turn is in progress.

A few cz5es were report~d of impairmeni, of vision because the intensity of
warning lights could not be adjusted to a sufficiently low level.
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The trim teb indicator is the most common offerder in instances of rumersls
being misresd or not legible. Ir many ceses, the numerals are printed directly on
the control where they cannot be protected. With use, these numersls and graduation
marks hecome dirty and greasy. The obvious result is an increace in reading tine
and in errors.

In come alreraft thz reletive position and size of the control column snd the
locstion of instruments on the panel is such that the pilot who varies from the
average height hes difficuliy in seeing some of the instruments. Occasionelly,
accessory equipmenrt is instslled in such a position that the pilot's view of some
instrurent is blocked. Obviously, any obstrucdtion between the pilet and the in-
strument he is using makes his job more difficult and increeses the likelihood of
errors.

Paregllax errors, difficulties in reading zn instrument as exactly s is re-
quired because of the angle 2t which it is viewed, were mnore often reported for
flight instruments then for engine instruments. Llost of these difficulties occur
when the copilot is flying the alicraft and attempting to use flight instrunents
which e¢re located on the pilot’s side of the instrument penel. It is likely that
experienced pilots can usually make setisfzebory compensation for a considsrable
amount of perellex.

Difficulties in reeding an instrument in which vibration of the instrument
anel wes given &5 the ceuse were reported infrequently. Probably pilots are
accustomed to malking compensations for considerable vibratlon sand can do sc satis-
actorily. However, it is possible that smalier smounts of vibration may indirectly
ncresase errors end bring on fatigue more repidly.

= by W g

Conclusions and Recommer.ded Reseerch.

Legibility is one of the essentisls of a satisfactory display. The fact thet
only 1. percent of reported instrument-reading errors were classified in this cate-
gery suggests thzt on the whole present instruments &nd cockpit markings are
adequately dlscriminable, On the other hand, we are justified in concluding that
considerable improvement is possible.. Better legibility should bring with it other
benefits, such as less time for bothl check reading &rd quartitetive feading, g ——————
the possibility in some instences of using somewhat smsller instrument dials.

The following suggestions are made with regard to specific steps that can be
teken o improve legibility.

" ggestion 2. Provide more uniform distribution of uitra-viclet light
over the instrument panel.

Sugpestion 3. Provide some means for quicker activation of the merkings
on the direciional gyro during a turn.

Suggggtion Iy, Provide adequate safeguards to insure that markings on gll
instruments and contrcls camnot become 11legible from
dirt, gresge, wear aznd fading. Regular inspections should

SHad
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be made of the fluorescing qualities of instrument dia’s and
unsatisfactory dlals replaced.

Suggestion 5. Design inst trumenis so that it will be impossible fcr the .in-
=R side of the glass covering the dial to frost.

There are a number of legibility problems which warrant extensive resesrch.
These can be listed briefly as follows:

1. Ovptimal shape, proportions, end stroke width fcr numerals and letters.

2. Mnimum size of numerals and markings required for adequate legiblility
under conditions of vibration and low illuminztinpn.

%2, Optimel design of instrument scales and pointers for maximum speed
and accuracy cf quentitative reeding.

L. Optimel design of instrument scales and pointers for max;mur speed
and accuracy of cleck reading.

5. Optimal wave length, intensity, arnd contrast relationships for pro-
viding sdequate night lighting of instruments, while at the ssme time mirimizing
fatigue and maintaining derk adaptation.

Research on these problems ls being conducted under contract with the Air
Mzteriel Commend by Princeton University, Tufts College, and the University of
Rochester. OScme work also is being done directly in the Aero Medical Laboratory.

Vill. Substitution Errors.

Pilots report meking three kinds of substitution errors, (1) mistaking one
instrument for another, (2) confusing which engine is referred to by a2 pointer on
a dual indiceting instrument and, (3) difficulty in locating an inﬂtrumenc because
of the unfamilisr arrangement of instruments on the panel. This type of error
accounted for 13 percent of those repo;ted. Typ;ggl,experiences are quoted below,

-~ GConfusing Tachometer and Manifold- ?resqure,

"I have mistaken the tachometers for the menifold pressure gages on night
takeoffs in & C-L7 becuuse they zre very similar in appesrence under fluorescent
lights. This has never resulted in an accident bul produces & momentary com-
fusion for the pilot during & critical period of operetion.”

"Having flown the P-l-ON model in RTU, I wes quite accustomed to the place-
ment of insiwwuments on the panel of this particular model and could reszd snd
interpret them very quickly. Upon arrivsl overseas, 1 found we had the usual
P-HON models and ome K and one F model. It wes on takeoff in the K model that
this incident happened. The plane was equipnad with an 0l1d type tachometer and
the instrumert was in the exact place which I normally expected the manifold
pressure gage to be. The instrument read 30 at the top of the face which in
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realiiy wag 3000 RPM. 1 was under the assumption that I wes reading 30 inches

of mercury. As I pulled the RFM control back to climbing RPX. my eyes were on
the tachometer. The needle dropped and I ismediately advanced the throttle to
correct for what I thought was manifold pressure drop. The engine began to run .
rough at this low RPM and extreme menifold pressure. I then checked gll the
gages and discovered the high reading on the manifold pressure gage and it dawned
on me that I wss making the mistake of resding manifold pressure from what was
actually the tachometer."

Confusing Carburetor Alr Tempersture and Gas Gage.

"] wss copilot one night in a C-447 and the pilot asked me how much fuel we
had. I ssid half s tenk on the particular tank we were using. Thirty minutes
later, he gsked me ggain and I thought it still read half a tenk. I thought
something was wrong with the gage. I asked the pilot if he had the fuel selector
gset right and he replied 'yes'. The reasonn for the error was that the cerburetor
air tempereture was directly below the gas gage and the needle was pointing
streight up and down. I had misteken it for the gas gage.®

Confusing Which Engine is Out on & Dual Indicating Instrument.

"During dey transition, I was acting as instructor pilot. My student was
given a simulated singlz engine. The needles of the munifold pressure gage (one
instrument for both engines) were marked 'l' sand '2°. The needles on the RPM
indicater (one inatrument for both engines) were merked 'L' and 'R'. When the.
engine feiled; the student performed the single engine sequence in the proper
order until it WsSs necessgry to reiard the desd engine throttle. He then re-
tarded the live engine throttle and would have completed the procedure amd -
fecthered the good engine if I had not stopped him. The student stated that he
became confused between ‘L' and 'R' and '1l' and '2'. The student was previously
advised not to determine engine failure by use of manifold gages or RPM indicators
alone.

Urfamilier Arrangement of el Ingtrumentas.

"We hsd an zlert onwe morning about eleven o'clock, because about 35
Japanese planes had been picked up on the radar screen. In the med scremble for
planes, the one I happened to pick out was a brand new ship mhich had arrived
about two days previously. ¥ climbed in and it seemed the whole cockpit was re-
erranged. Finally, I got it started but the Japs hit just about that time. The
rest of the gang had gotten off and were climbing up to altitude., I took & look
&t that Instruepent panel and viewed the gages arcund me, sweat fgl ling off my
brow, The first homb dropped Jjust about & hundred yerds from operstions. I

igured then end trere I wasn't going to take it off but I sure could rum it on
the ground. Thet's exactly what I did - ran it all arcund the fleld, up and

nn-m e Ty o

Qoy LT TUWWRY . dur .n.fig the atiack.”

Analysis of SMbatitution Errors,

The most common substitution error is confusing the manifcld pressure gage
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and the tachometer. Other instruments that were confused with each other are the
radio compass and remote compass, the altimeter and rate of c¢limb, the fuel quantity
gage and carburetor tempersture gage, the manifold pressure gare and altineter, and
the clock and airspeed meter. Among the causes of substitutic.. 2:rors are proximity
of the two instrumgnts, similarity of the dials, and latk of uniforwity of location
of the instruments on the panel. It is likely that in many cases two or even three
of these factors may be operating in conjunction. It should be poirted out That in
gome aircraft, the throttles are on the right of the RPM control, whereas oun ths
instrument panel the manifold pressure is on the left amd the RPM gsge is on the
right. This possible causs of confusior should be eliminated. ¥early all suh-
stitution errors occurred at night. Under ultra-violet illumination, instruments
tend to look alike because ounly major numerals and markings are visible.

Difficulty in locating an instrument because of the wnfamiliar arrangement of
Instruments on the panel is a transition error, i.e., it is made by experisnced
pllots who are using an instrument panel in which certain familiar features are
changed, The difficulty may be brought about because an instrument is in a different
position from what is usual or because the instrument in question has a non-uniform
type of dial which is so different from that to which the pilot is accustomed that
he doss not recognize it ss quickly as is necessary.

Conclusions and Recommended Ressearch.

It is concluded that there is a danger in making two or more instruments look
too much alike. The trend toward standerd sizes and simplified markings without
uniform iocation of instruments has accentuated the probebility of substitution
errors, especiall: at night. Confusion regarding which engine is out in an
especially serious error and considerable effort in designing engine instruments
which will prevent this confusion is warranted.

The following suggestions are off'ered as means of reducirg substitution errors.

' Sugzestion 6. Provide uniform pattern arrangement of instrumencs on the panel.

Suggestion 7. Raplabe dual indicating engine instruments with single indieca-
ting instruments.

§ugge=tion Q. Provide uniform and distinotive dials for instruments that can
be confused, and especielly for tachomster and menifold pressure
instruments.

The bensfit that would result from uniformity between the instrument pane's of
different aircraft is obvious. On the other hand, it is desirable to introduce new
rimente from Lime to tims. It would appear, therefore, that the
vad only partialiy through uniformity in instrument des~ign aud

The differentiation of different instruments and different engines requires
research for ita solution. One problem is the best method of providing distinetive
identifying designs for different instrument dials. Another problem is the optimal
pettern arrangement of engina instruments and pointer positions for most rapid check
resding. Some of thess problems are now under investigation at the Aero Medical Lab.

SALEEs
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IX. Using An Instrument That Is Inoperative

Pilots report numerous cases of using flight indicators and tachometers that
are inoperative or operating improperly. This error accounted for 9 percent of the
ceports gathered in the study. Unless an instrument has a warning device which
shows when it is not operating properly, the pilot must datermine this fact by cross-
checking against other instruments, Even after cross-chscking and observing a dis-
crepancy between two instruments, in many cases the pilot cannot be positive which
indicatinn to accept as correct. Most flight indicators now in use have a flag to
show when the instrument is caged, but no indication %to show when it has tumbled.
Examples of pilot experiences in using inoperative instruments are given below.

Using sn Inoperative Flight Indicator.

"This experience occcurred while I was flying a C-L7 on a night supply
dropping mission. My copilot was flying from the left seat to gain experiencs
prior to being checked out and I was in the right seat. The weather was good,
but due to a high overcase the night was very dark. Being over enemy territory
as well as a sparsely populated area, there were few lights on the ground feor
reference. I saw what might have been the cluster of code lights which was to
identify our target. I took over the controls and started a moderate bank to
the right, referring to the flight indicator of the A~L automatic pilot to con-
trol the degres of bank, Being intent on identifying the target, I lnadvertently
increased the degree of bank to a point where the flight indicator spilled
(approximately SO degrees). Unaware of whet had happened, I was momentarily
confused at the strange gyrations of the flight indicator and had started into
a spiral before I realized what wer going on. I righted the ship by referring
to the needle and ball, Neither the ship nor the crew was damaged."”

Using an Inopsrative Tachometer.

"A piiot took off in a P-L7 with a full wing tenk cembat load and his ta-
chometer read only 500 RPM at full takeoff power. Hs thought that he was only
getting 500 RPM so he pushed his prop pitch and throttles into emergency position
and still couldn't pick up on his spsed. Rather than cutting beck on his power
te try to determine whether it was his tachometer or his prop not turning up,
he completed a circle of tha field, came back in and landed. He found out that
he actually was turning up over 300C RPM, for a period of about three or four
minutes. He should have noticed this malfunction going down the runway but
apparently he was watching other planes in the area."

Using an Inoperative Remote Comnass.

"The radio operator in a C=-47 turned off the inverter switch and did not
notify the pilet. I, as piloit, was using the remote compass and did not realize
that the radio operator had turnsd off the invertser until we were considerably
of f course. The radio operator claimed later that the inverter vas crsating a
distnrbance of his reception on the liaison rat,."

Conclugions snd Recommended Research.

"

The frequency with which pilots report using an inoperative instrument is
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gufficient to indicate that a speaial effort should be made to design instruments

in such a way that an indication is given when the instrumest is inoperative or
malfunotioning. Such indicatioms, if successful, would greatly increase the pilot's
faith in his instruments.

Suggestion 9. Warning flags or other devices should be built into aircraft
ingtruments, whenever feasibie, to indicate to the pilot that
the instrument is inoperative. Gyro instruments shouvld have
a flag to show when the gyre has tumbled as well as when it
is caged.

X. Scale Interpretation Errors.

Six percent of the instrument reading errors collected in the present study re-
sulted from diffioulty in reading between numbered graduations cf a scale or failurse
to assign the correct value to & numbered graduation. These scale interpretation
errors are of three types: (1) misinterpreting the meaning of calibration numbers,
(2) failing to associate the correct valus to the unnumbered graduation marks, and
(2) difficulty in interpretins en instrument because of an unfemiliar dial, Tha lat-
ter type are a somewhati speciaul cese in that they are trauu:lition errors and have
something in common with the transition errors discussed in the substitution category.
Typical descriptions of scale interpretation errors are quoted below.

"The conditions of this flight were as follows: night, visibility 1/? mile,
ceiling about 1C0 ft., rumwey very wet, 20 MPH cross wind. The pilot was taking
off on a combat mission with a gross weight of about 68,000 lbs. The aircraft,
was equipped with an airspeed indicator of the type that hes numerals for every
50 MPH instead of eve 10 MPH (i.s., 100 = 150 = 200, etc. with marks to in-
diocate 110 - 120,-etc.) The pilot misread the instrument and thought he was

iying much slower than he actually was, consequently did not climb as fast as
he nhould have. The aireraft struck a tree causing major demage to No, 3 engins
arxl a fire quickly ensued. The pllot was able to jettison his bombs and gain
enough altitude for his crew and himself to bail out before the aircraft explcded.
¥ost of the crew landsad in the water and couldn't bs picked up until daylight
several hours later. Fortunately, none of them suffersd more than minor injuries.®

Unfamilisr Setting of Kotroule Airspssd Dial.,

"I was in an cid C-L7 with ihe type sirspeed indicator that could be moved
and get ot any position, Tn our squadron we had an SOF whereby we always kept
ths mirspsed in & certain position, and in that way when we had to get off

uickly we didn't have 4o check the cockpit completely. I started out ore dsy

while being atrafed so I gave it the gun and awey I went. The pilot before me
was a new boy and had changed the setting on the airspeed instrument. 1 hit
a2 bump in ths runway and thought I could hold i% in the air because the pogition
of the needle was where it usually was at 85 MPH, I cc=lled for gear up. As ths
copilot resched for the gear, I began to mushk. I checked my airspeed more clossly
and found I had only 60 MPH. I did manege to kcep my geer down but it was one
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of those near misses. I think that type instrument is not used in the newer
ships but with the instrument down where it is not easy to check and having
been moved, it almost caused me to crack up a C=47."

Misinterpreting a Numbered Graduation on the Dirsctional Gyro.

"The student was on a scheduled cross-country in an AT-6, the first leg of
which was 300 . Student took off and misread his gyrc compass, setting the "30"
which is 300° under the lubber line instead of the '20'. Being unused to aerial
navigation, he misread his map and in a short time became thoroughly lost. This
is a typical case which is not unusual even among more experienced pilots."

Analysis of Scale Interpretation Errors.

Errors in reading between numbered calibrations mey ocour because there are
insufficient graduations on the dial, because the numerical value represented by
each graduation mark chonges from one portion of a dial to another, or bscause
of lack of uniformity in the kind of scale markings used on differsnt dials. Some
airspeed meters offend in both the latter ways. ‘Scales in which the scale markings
are other than units are probably especielly subject Yo this type of reading error,

Difficulty in interpreting an instrument because of the unfamiliar dial were
most frequently reported as involving the airspeed indicator. Fuel gages and
compasses were among the instruments mentioned less frequently. In most cases, the
difficulty was experienced in reading or interpreting a non-uniform type of dial.

The mesning of calibretion numbers is sometimes misinterpreted. This error
usually involved the directional gyro and can occur only for courses of 0° to 36° ,
Por example, the pilot dstermines that his heading should be 219, but flies = course
of 210° because he fails to remember that the last zero has been dropped from numbers
stamped on the compass card.

Conclusions and Sugcested Research.

It cen be concluded that interpretation of the meaning of scale marks and of
the meaning of abbreviated numersls at major graduation marks on a dial is & source
of error in using aircraft instruments. No scientific remedies can be suggested for
this difficulty until further research can be conducted on the. problem.

It is suggested that resoarch on the problem of scale interpretation be directed
at determining scurces of confusion in interpreting scales with graduation marks at
intervals of two, five and other ncn-unit values. 2ttention should also be given to
sources of error in using non-linear scales, The confusion in using scales other
than those marked off in units, tens, or hundreds, must be weighed against the
possitle loss in precision from using fewer graduation marks. One altermative to
the use of condensed scales is to go to a multi-revolution instrument. However,
evidence reported on errors in reading multi~revolution ingtruments indicates that
this is not a good solution and should be avoided, if at all possible.
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XI. Illusory Body Sensations Leading to Disbelief in Instruments.

Difficulties din instrument flight sometimes arise when there is 'a conflict
between false sensstions of attitude or rotation arising from sense organs within
the body, and the true indication of the sircraft instrumentas. 5 percent of re-
ported error experiences involved this factor. . Two typlcal descriptions of this
type of error are yuoted below, ' ‘ ’

Illusions during Formation Flight through Clouds.

"While flying in a formation of C-47's, we had to c¢limb through a denzs .
overcast. At one time during the climb, I happened to get on a lower level than
the lead plane and experienced a sensation that he was rolling over the top of me.
Immediately, I began checking my own instruments to see that I hadn't gotten into
a steep bank or a spiral all of a sudden and found that we were still climbing
on & straight and level course, yet the effect on me was the same as if we were
in a steep spiral or turn. Immediately upon turning back on the level slightly
above his plane, the effact went away." , :

"This is an account of my experience with vertigo in flying the right wing
position in a B-2 in combat missions during the tiics when we were taken through
‘clouds. Most generally, it was the policy not to take us through anything heavier
than thin sirrus, which compares to fog, but many times we got into cumulus,
which proved to be pretty dark and rough on the inside, It was really a physical
Fabor to keep your airplane in formation with the leader even when you were right
on top of him, You had to fly very close to him or you would lose him completely.
Your greatest safety was to stay with him in formetion. My experiences were
rather bad beczuse of the vertigo that I experienced and the sensations that were
involved. I was unable to watch my instruments enough to convince myself that
we were not doing acrobatics. 1 was flying formation abreast of him and my head
waz twisted 90° from my body, causing me to feel that we were doing slow rolle
tp the iight &1l the time when I was flying right wing p031t10n.- T would check
back with my instruments to see that my airspeed was all right snd that I was
net turning but I would check only for s glance and then would have to watch
him again. There was just not enough time to convince myself thet I was not.
turning. The greatest danger was that I would lose my cocordinmation of flight.

I would start holding away from him with my rudder and start tipping into him
with my wing. I couldn't judgsmy own attitude and, unless I concentrated to

an extreme, I would get the sirplane into a forward slip. This loss of coordi-
nation is pretty bad in rough weather because other things can happen as a re-
sult of it, such as getting into a spin without much difficulty if your airspeed
is low."

Analysis of Illusion Errors.

False body sensations probably occur much more frecuently during flight than
is generally believed. In a study reported recently by the Aero Medical Laboratory
(see referencs 9), it was found that after thirty seconds of level flight without
any direct vision approximately helf of the pilots reported that they were in a turn.
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In contact flight, and also in instrument flight carried out under favorable con-
ditions, the pilot is hardly aware of these false sensations since he unquestion-~
ingly acoepts the evidence .of his eyes. However, under certain flight conditions,
the conflict becomes much stronger. In a recent report (nee. refersnce 12) of data
collected from 147 combat returnees, the incidence of disorientation while flying
was found to be related to weather factors such as flying in the overcast, at night,
in haze and with the horizon invisible; to formation flying fdctors, particularly
flying wing; to “personal® factors such as division of attention, excitement and
fatigue; and to sensory stimulation factors, such as doing acrobatica or flying
with the head turned to the side.

Conclusions and Recommended Research.

It can be concluded that illusory sensationn sf body position are most likely
to interfere with instrument flying when the pilot is unable to devote full atten-
tion to his instruments., Additionsl research is needed, however, to determine more
precisely the exact conditions under which such difficulties are likely to oocur.

‘ o A
The most likely method of eliminating this type of errsr is to design instru-
ments that can be cheoked more quickly, and that give indications which are so easy
and "natural® to interpret that the instruments will provide a siuronger stimulus
than the bilot's body sensations.

XIt. Forgetting Errors.

A forgetting error involves failing to check v1s*ally or properly refer to an
instrument before takeoff or during flight. In many error desoriptions, it is
difficult to distinguish betwesn forgettina to uss a contrc? and forgetting to check
an instrument. In the present series of reports forgetting to uncage gyros, for-
getting to turn fuel quantity gage indicators to the correct tank, and similar errors
which involve setting or adjusting a control are treated as control errors. Probably
for this reason, the frequercy of forgetting errors in reading instruments is
relatively low, accounting for l; percent of the reports gathered in the study. For
e discussion of similar forgstting errors in using controls, the reader is referred
to Memorandum Report No. TSEAA-69L-12, dated 1 July 1947. Typical accounts of for-
getting errors in checking instruments are quoted below. '

Forgetting to Check an Instrument Before Takeoff.

"I was first pilot and was making a cross-country flight ia an AT-6 from
gouthern Texas to South Carclina through several warm fronts. Prior to taking
off, I neglected to check my instrument panel properly. On the first leg, I
used the radio station and beam bracketing system and had no difficulty. Later
in the dey, on the last leg of the trip (especially good wsather), a newly
graduated pilot who was flying with me took off and made the zame error (failure
to check the instruments). We ran into unexpscted weather and ths suction was
very lcw which caused inaccurate instrument readings. When I becams awsre of
this, we were in & spiral and approximately 1000 ft.from the ground."
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Forgetting to Check Directional Gyro During Flight.

"rhree P-51'g took off from Williams Field heading for Sait lake, The lead
alroraft took up 4 heading L0° 1eft of ocourse and kept insisting he was heading
for Salt Lake when questioned. When asked outright, he had not set his direc- .
tional gyro with his magnetic compass., This pilot had over 1000 hours at the

time,™

Analysis of Forgetting BErrors.

Two types of instrument forgetiing errors were reported with approximately
equal frequency. They ere (1) forgetting to check visually an iinistrument while
executing the pre-takeoff or pre-landing cheock, and (2) forgetting to cross check
. from one instrument to another during flight., The former would be minimized or
' prevented by correct use of the check-list which apparently is infrequently or in~-
correctly used. Forgetting to oross-check involves such things as fallure to re-
set the directional gyro to correspond to the magnetic compass and is usuall- lass
serious than errors mads during the pre-takeoff check.

As was pointed out in an earlier report (see reﬁarence 6), forgetting is a
psychological phenomenon that may occur for a number of reasons, In most cases,
vilots have well octablished habits which normally enable them to carry out cookpit
procedures more or less automatically without much thought or deliberation. For« .
getting is most likely to occur when something happens to interrupt or momentarily
distract the pilot from his normal routine. Sometimes even a special effort to be
more careful than one's Fabit may in reality turn out to be a distracting or dis-
organizing influence.

Pre-takeoff and pre-landing checks are lengthy procedn*es involving a soriss
of reactions. It is easy to omit a part of the sequence if the job follows no
logical pattern, or if there is no essy method of check reading after ‘the job is
completed.

Conclusions,

It will never te possible to eliminate all forgettlng errors, but is believed
that the fcllowing suggestion is warranted as a means of reducing such errors.

Suggestion 10, Develop a Smelifled mechanical check-list which will give
the pilot an easier reference for check reading to determine
when everything is "0. K. for takeoff" or "G, K. for landing",
and make it impessible to omit an item,

“anemmwas
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XIII. SUMMARY

1. The purpose ¢f the present study was to discover and classiry the typea of
errcrs made by pllots in interpreting aircraft instruments.

2. A total of 270 error-descriptions were collected. These were aorted into
nine major error categories.

3. Only a few of these errors are of such a nature that equipment design
changes necessary to reduce the frequency of their occurrence are obvious. In this
respect, difficulties in using instsruments pose a greater var 1ety of problems fer
research than do errors in using aircraft controls.

L. The principle research problems indicatsd by the present i:nvestigauon are
the follmving:

&, Discovery of more aatiafac'bo"y methods of displey for informatiion,
such as saltitude data, thet calls for the use of excessively long scales.,

Tests of the hypot.hea:la that one of the most importent factors in
1naur1ng the proper interpretat.ion of instrument dispiays is the use of a uniform
direction-of—motion principlie for &ll instruments.

c. Tests of the hypothesis that the cockpit refarence principle is
optimal from the viewpoint of pilot efficiency in interpreiing instrument displaye.

d. Dcvelopment of improved warning devices and other means of conveying
signals including methade of indicating that particular imtrumenta are’ 1noperative.

e. Study of the variables influencing 1nstrument legibility and determ-
nation of the degree of reading precision possible vrlth different styles afid sizes
of dials, scales, pointers and numerals. ,

£, Development of & .:.ctiral system that will insure pos:ttiv» identiﬁ-
cation of different instruments under night lighting conditions. ;

- g+ Study of scale dea:lgn features ravoring easy tranes tion from one scale
to another with minimum confusion between diais on which gradmtion marks signify
e\iffermfnt m.ues.

5. In sdditior to the error categorizs denloped for the present data, it is
known that many other difficultics are encountered in interpreting instruments.
Some of these problems are not mentioned by pilots because they do not lead to

 specific errors. In other cases, the prodlems relate to new technigues, new pro-
cedures or new display methods that are not generally kmown to pilotz. These
problems indicate work in the folluwlng research areas: )

&. Development of practical combined or simplified instruments that
will eliminate zome of the mentel steps required in interpreting pr2sent instru-
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‘ ment.s.
b. Cogiperison of pictorisl:versus symbolic instrument presentation.

c. Study of instruments thet present on a single dial both a primary
condition end the first or second derivetives of this condition.

d. Comparison of visual and auditory channels for displéyihg different
types of information.

e. Determination of optimal pattern' arrangenent of instruments on the
parnel. ' ‘ '

‘ f. Study of instrument lighting for night use in relation to instrunent
legibility, eye fatigue &nd night vision..

6. The solution of these research problems will require a major effort over
a period of years by scientists trezined in the study of humen perceptual and mental
processes. Thelir solution is hecoming increesingly important, however, for as the
speed of zircreft increasses, the time interval during which the pilot must see,
comprehend, and act becomes less and less, and the penslties for errors more severs.

\
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