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FOREWORD

In my capacliy as Chairman of Lhe Acrospace Med{cal Panel of AGARD it is a pleasure to
intrudnee this collection of papers, which were presented at the USAF School of Aerospace
Medicine, Brooks Air Force Base, Texas on 14 and 15 May 1969,

The decision to hold u symposium on the topic of “The Flight Deck Workload and its
Relation to Pilot Performance'” was made by the ASMP on the recommendation ot its recently
constituted Behavioral Sciences Committee. The topic is a broad one, so it was not possible
to do mure than highlight certain aspects of the problem in the one and a half days which
were avajilable.

The symposjum drew attention to the difficulties associated with the quantitative
assessment of workload, and the prediction of performance decrement consequent to high or
prolonged workloads. Whereas the effect of specific components of workload (e.g. thermal
stress) on pilot efficiency is understood to an extent which alluws the aeromedical
specialist to offer an cvaluated opinion to the operational commander, a comparable situa-
tion does not yet exist when a mo:c general assessment has to be made of the aviator's
workload and the operational consequences predicted.

In the absence of any global solution to the problem it was reassuring to find work in
progress in two major areas. One was concerned with the study of short-term high workload
during epproach and landing, the other with an examination of the factors, such as sleep
loss and duty schedules, which determine the long-term workload.

These topics are of operational importance in civil as well as military flying.
Accordingly, 1 was gratified to find that aeromedical specialists who represented these
two interests contributed to che symposium, which I am sure provided an opportunity for
the mutual exchange of information between workers in this field from Europe snd the North
American Continent

Enioen A Lbrrnlytetr,

Professor Ur Erwin A.Lauschner
Brigadier General MC, GAF
Chairman, Aerospace Medical Panel
AGARD/NATOQ
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AVANT - PROPOS

En ma qualité o: Président de la Commission de la Méducine Adrospatiale f'af le plaisir
de présenter ce re -ueil de communications qui ont €té faites au Colldge de la Médecine
Aérospatiale de 1’ USAF, Brooks Air Force Base, Texas, les 14 et 15 mai 1969.

La décision d' organiser un Symposium consacré au théme “La Charge de Travail du Poste
de Pilotage et son Rapport avec les Performances du Pilote” a dtait prise par la Commission
sur proposition de soh Comité rédcemment créé sur les Sciences du Comportement. Le domaine
couvert par ce théme détant trés large, il fallait se contenter, au cours du jour et demi

3

dont on disposait, & mettre en lumiére un certain nombre d' aspects seulement de ce probléme.

Le Symposium a attiré 1' attention vers les difficultés lides a 1'dvaluation quantitative
de la charge de travail et 3 la prédiction du décrément de performance di & des charges de
traveil dlevédes ou prolongdes. Alors que 1' influence, sur le rendement du pilnte, d'éléments
particulisrs de la charge de travail (par exemple, la tension thermique) est suffisamment
connue pour permettre au spécialiste aéromedical d'exprimer au pilote commandant de bord
une opinion dvalude, cela n'est pas le cas lorsqu’ il s’ agit de faire une évaluation plus
générale de la charge de travaii de 1’aviateur et d' en prédire les répercussicns dans des
conditions d' exploitation de 1’ avion.

En 1’ absence d’ une solution globale du probléme, il a été rassurant de constater que
des travaux sont cn cours dans deux grands domaines. L'ua de ces domaines se porte sur
1' étude d’ une charge de travail élevéde & court terme lors de 1'approche et de 1’ atterrissage,
et 1'autre sur 1'examen des facteurs, lLels gue perte de sommeil et programmes de service
qui déterminent la charge de travail & long terme,

Ces thémes sont d’une importance opérationnelle tant pour 1’ aviation civile que militaire,
J'ai été en conséquence trés heureux que des spécialistes aéromedicaux s’ occupant de ces
deux intéréts aient fait des contributicns au Symposium, qui, j'en suis slr, a fourni
1’ occasion d’ un échange d' informations entre ceux qui travaillent dans ce domaine en
Europe et dans le continent nord-américain,

Professor Dr Erwin A, Lauschner
Brigadier General MC, GAF
Chajrman, Aerospace Medical Panel
AGARD/NATO
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FLIGAT-DECK WORKLOAD STUDIES IN CIVIL TRANSPORT AIRCRAFT

by pey A0S0 Howitt

Crvil Aviation Dept., Hourd of Trade




At the end of 1964 a small group vas formed in the United Xingdom to investigate flight-deck
workloads in civil aircraft. It consisted of two full-time members from the then Ministry of
Aviation, a doctor and an operations officer, both pilots, and two part-time members, physiologists
from the R.A.F. Institute of Aviation Medicine, Farnborough. bt

Since the group had limited resources it had to decide which of the many possible areas it was
best suited to study. For instance it was felt that the detailed ergonomics side e.g. crew work-
space, control characteristics, instrument presentation, etc. could probably be more profitably
studied during the development of particular aircraft and was not the area best suited to the
group's capabilitics. It was, therefore, decided that we should study the effect of the total
flying environment on the man and it soon became clear that the work could be conveniently divided
into three distinct areas as follows:-

(i) The immediate workload: i.e. the workload experienced over any particular short period
of time, e.g., take-off, descent, landing or, in military aircraft, the bombing run or
the attack phase.

(ii) The duty-day workload: i.e. the sum total of the skort-term workloads experienced
during a working day.

v g ik Sl AP

{iii) The long-term workload: i.e. the effect of the sequerces of working days over a
particular roster pattern which would include such things as sleep patterns and time
zone changes.

The methods we used were of necessity very simple and unsophisticated by laberatory standards.
The situation in a civil transport ajrcraft on normal commercial operations is very different from
that in a military or research aircraft. 1In fact the initial part «f the work was largely an
exercise in public relations. In these circumstances one has to rely entirely on the goodwill of .
the airline, the Pilot's Association and the individual pilots themselves, to be able to take
bislogical measurements on the crews or even to be in the cockpits as an observer. Above all
nothing can be done that will in the slightest way prejudice the skill and concentration of the
crew or the safety of the aircraft. If one is following a crew through a long-haul duty roster
one may be away two weeks or more and fly in four or more different aircraft so it is impracticable
to have permanent recording installatione in the aircraft. Similarly, since by law one has to
travel on the passenger manifest, at each stop one has to pass through customs and immigration areas
carrying the equipment with normal baggage. Finally, for many reasons, we found it best to be .
independant of aircraft power supplies and to be battery operated. This placed a severe restriction
on the amount and type of equipment we were able to carry.

In the event, we were given full co-operation from the airlines and BALPA and quite remarkable
~ co-operation from the crews we used as subjects. Our methods and results are best described under
the three headings previously mentioned.

IMMEDIATE WORKLOAD

It was felt, at a very early stage, that in investigating the immediate workload we were
interested in the man's level of arousal and its relationship to the complexity of the job in hand.
There is at present no simple and direct way of measuring arousal, but there are several secondary
measures which can be said to be indicators of change in arousal level e.g. skin conductivity, :
muscle tone, respiratory rate and heart rate. Of these we chose heart rate as being the most
reliable, simple to record and offering the least interference to the subjects. The captain's
E.C.G. was taken from three conventional chest leads: amplified, filtered and the R wave made to
trigger a 300c.p.s. tone that was recorded on tape. At the same time the observer, who sat on the
jump-seat behind the captain, recorded on the same tape a running commentary of events as they
happened in the cockpit. On return from each trip the heart beats were counted in real time,
rlotted in the number of beats in each minute of the trip and then matched with events as recorded
from the commentary. An example of the type of record obtained is shown in Fig. 1. This shows
four day's flying on a six-day trip to Bangkok and return. The most obvious changes are those
associated with take-off, top of descent, and descent and landing. On sectors when the first
officer is flying, the record is still that of the captain and it can be seen that the peaks at
take-off and landing are absent. On the full record there were too many minor points of interest
to include in a short paper such as this but it can be seen that as well as flying activities such
things as meals, speaking on the P.A. and cleeping and so on are easily identifiable. An example
of how reliable an indicant of mental activity is the heart rate can be shown by two landings at
Teherans There are three beacons over which the aircraft must be positioned at particular heights
and the records show peaks corresponding to each of the beacons during both landings.

When using heart rates as an indicant of arcusal level it is essential to know your subject
and his heart-rate wells For instance after several flights with this particular pilot we judaged
that, when his heart rate exceeded 150 beats in a minute whilst flying, he was at or near the peak '
of his arousal ltevel that would seem desirable for maximum efficiency. It will be noted in Fig. 1
that at Bombay his heart rate exceeds 1500 This was a difficult approach since it was a dark night,
there had been some problems of radar identification, and Bombay at that time had a 33 degree glide

slepe on ats T.L.5. which was uncomfortably steeyp for a Boeing 707. The artitrary level cof, in
thas ~hse, 152 was admittelly ne more than an informed guess gathered from experience. These
records are noew cuite old {(this was 19u5) and we have advanced considerably since then.

Best Available Copy
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Squadron Leader Nicholson, who is a member of our group, in a later paper, will describe how he
has taken thiz a step further and, with the same pilot, has confirmad that when, during a landing,
his heart rate reaches approximately 150 beats per mimite there are other signs which suggest
definite changes in his physiological state.

As an interesting side-line to this, we noticed that the captain's heart rate did not rise
in the usual steps from top of descent to landing when the first officer flew the aircraft. We
therefore thought it reasonable to suppose that, on difficult approaches, if the first officer
dbrought the aircraft into say five miles out and at 1,500 feet and the captain then took over,
the captain would start the final approach at a lower level of arcusal and land the aircraft at a
lower peak of heart rate. We arranged to carry out two trips to Hongkong and return with the same
crev in a Boeing 707 and thus have two sets of landings, one with the captain flying the yhole of
descent and landing and the other with a shared approach. Fig. 2 shows the captain's heart rates
for both types of landing and it can be seea at Calcutta and Hongkong where the normal landing
produced very high heart rates the shared landing was markedly lower.

One final word on heart rates. We did for some time consider measuring r-r variability
throughout the trip. We have done this on some of our records; in Fig. 3 the r-r intervals are
. plotted for the last part of ar approach and landing by a captain of a BAC 111. The variability
is low while he is flying on instruments down to *field in sight', (F.I1.S.). when the field is in
sight the pilot loocks up and goes visual. In this particular instance he is in a good position,
the weather is good, the landing is an easy ore and the variability increases directly. We have
done some ground experiments to see how useful this could be to compare the same task during
different fatigue states and we find that, although certainly as mental work increases the r-r
variability decreases, the difference between the same man on different days is so great that we
have not found it useful to continue with this aspect of heart rate analysis.

To summarise: there is still very much more work to be done in this field but evidence
obtained so far does suggest that a reasonable assessment of immediate workload may be obtained
by physiological measures in the not too distant future.

DUTY DAY
For assessment of the 'duty day' workload we used three approaches:-

1. We collected all the pilot's urine, in separate samples throughout the trip, for
return to the R.A.F. Institute of Aviation Medicine and subsequent biochemical
analysis.

2. At approximately 1& hrs. after the final landing on each flying day, and at 18.00 hrs.
on each rest day, we asked the pilot to fill in a *state of fatigue' questionnaire
which gave a score, with a maximum of 20 points, of the pilot's subjective feelings
of fatigue.

3. A variety of post-flight psychological tests were used in an attempt to show changes
in performance that could be correlated with fatigue or with length of duty day.

The urine samples were taken specifically before and after sleep, before take-off and after
landing. All the other times were left to the subject's natural wishes. The main estimations
made in the subsequent analyses were of adrenaline, nor-adrenaline, sodium, inorganic phosphate,
potassium, nitrogen and parahydroxyphenyllactic acid. Of these, adrenaline was found to be by far
the most consistent and useful. However, although the results were interesting, it was not found
possible to use adrenaline as a finely quantitative measure of work done in the sense of work
leading to fatigue. This is understandable when one remembers the many subtle influences that
govern the excretion of adrenaline. Thus, two seemingly :identical flights would show differences
in adrenaline excretion by a factor of as much as 2 if one were at night and the other by day.
Again, on occasions a pilot's adrenaline output could be more on his rest day than on his flying
day. Also it was found that one somewhat alarming incident lasting perhaps 30 seconds could increase
the duty day's total adrenaline output by as much as two thirds.

Our use of post flight pyschological tests led to disappointment. The restrictions on the
weight and bulk of equipment we could carry, and the limitation on the pilot's time after a long
flight that we felt we could reasonably ask for, limited the types of tests we could apply. We
used simple mathmatical and card sorting tests and a modified Stroop test. We obtained no
consistent results that could be correlated with work done or with the subjects fatigue estimates.

The post flight subjective fatigue scores were most useful and the subjects were very soon
able to use them consistently. Each subject had his own interpretation of the questionnaire so
that there could be no direct comparison of scores between subjects, but for each subject the
comparat.ve scores matched very well the observer's estimate of the man's day's work and his
apparent level of fatigue. -

Thus to swwnarise the duty day: we have tried very hard to find an objective measure that can
be used to quantify accurately the pilot's daily workload or its effects. We have so far failed to
find such a measure but a subjective estimate of fatigue by a well motivated subject is a useful
alternative.




LONG TERM WORKLOAD

We knou of no Laeloqieal measure ¢f 1o term woryicand,  Qne of e Boct copeaetont caolre oo
in our earlier studies of leng-haul operations we, between sleep patterns aed post Lhigb b fatiquee:
scoress  In conscauence. we have concantrated nr ~loos catternn an! Sy Ui o s i D Loy
terme (e melthod 1o to igone the crews with Specially pranted diarres opowhach they reccrel each
day the t - they go to cleep, the time they wake, duty tames and the a wers 1oog pat e
questionnaire. From theSe we have obtainced much usetul nopmca s en on Leth Lok and Short=hoagd
operations,

An exomple is shown in Fig. 4. It shows the Sleep patterns d adving periades o F two

subjecsts, Captain C10 and C11, on a two week shuttle between Lay ralmas abd kio de Jone iro.

The: sleep has been plotted horizontally in real time units and the tsleep credit? has be o thown
vertically on an arbitrary scale. The rate at which sleep credit ic wssumed to be exhausted -
denoted by the diagonal lines whuse slopes are at an angle to the vertical, equivalent to the lous
of e¢ight hours sleep credit in sixtszen waking hours.

The flying duty pericds are plotted on the same base-line as the sleep prriods and where the
'credit! slope reaches the base line is where the subject is preswaed ro have exhaust ol his slerp
credit. 1n this admittedly oversimplified representation no atiempt his been made to adjust the
sleep credit for previously incurred slcep debts.

Captains C10 and C11 carried out the same flying programme, onc ! weeks after the other.
There was one slight difference in that, due to an ergine failure, Captain C10's flight on the
morning of Day 9 was curtailed by an emergency return to Las Palmas and the flight completed
later in the day.

A cumparison between the sleeping patterns of Captains C10 and C11 shows that Captain C10
vas able tou arrange his sleep in a much more satisfactory manner than wias Captain C11. This was
due more to Captain Cl11's inability to sleep during the day thou to lack of planning. The points
at which Captain C}Ots tcredit slopes' cut the base~line were, in most cases, at the end or after
the end of his flight. On Day 3 he wvas scme 3 hours short of his target and also on Day 13
although this latter was difficult to judge since the sleep he got between 17.00 and 23.00 was
described by him as 'dozing and reading® and, therefore, has been plotted in dotted lines.

Ccaptain C11, oa the other hand, did not on any occasion achieve the target of completing the
flight before running out of sleep credit. On one occasion, Day 9, he was ovut of credit before
the flight began.

Fig. 5 shows the three-day moving average of sleep for the two captains. Also are shown
their mean slecp per day for the duty period and their normal mean sleep per day culculated fron
a period of leave when their sleep was not affected by duty flights nor the recuvery period from
previous flights., It can b2 seen that, on the shuttle, both captains® means are well short of
their normal but that Captain C11 is rfar worse than Captain C10. This is reflected in the
subjective fatigue scores (marked on the sleep and duty base-line) of which Captain Cl1ts are
markedly higher at the end of the period than at the beginning whereas Captain C10's show little
change. This was confirmed by the observer's impressions that, although both captains were tired
at the end of the fifteen days, Captain Cl11 was very much more tired than CI1O0.

Both subjects incurred long-term sleep debts which continued to accwmlate during the second
week despite a degree of adaptation to the reversal of day-night activity. It was, therefore,
logical for the airline to reduce the duty pericd from two weeks to one; it did this and there
were no further compiaints of fatigue.

Space does not allow further illustrations. Similar methods were used over a four month
period with a group of short haul jet pilots and the importance shown of sleep patterns and duty
seguences.

CONCLUS ION

To conclude, one can say that therc are three main arcas of interest ir aircrew workloads.
with the first, the immediate workload, there is now evidence to suggest that before long it will
be possible to use physiolcgical measurements to assuss the pilot's level of arousal in terms of
those which are optimal for the perticular flying task.

In the second, the duty-day workioad, we do not as yet have anything better to ure than the
pilot's subjective opinion. Gne hopes that eventually a more objective and quantitative measw -
might be found and we will continue with the hicochemical approache.

In the third, long term workload, comparatively simple metheds such as the Leepsng of diores
by the crews car give much voluable information regarding the desirablility or othereite of
particular duty sequences and slezp patterns.

. I,
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SUMMARY

The term 'Work Load Study' can be interpreted tn many wayu depending on one's particular intereat
and point of view.

During the past four yeare a small team, from the Koard of Trade Aviation Department and the

Royal Air Force Institute of Aviatton Medioinc, has been conducting field studies in oivil airlines
during both long~haul and ehort-haul operationa. The team have found such studics can be
conveniently divided into three main areas; that associated with ehort term, or instantaneous
work load, that associated with dccumulated cffecta of work loads over a purticular period and
that assoctated with the total working environment.

Some of the methods used and the indications for further arcas of rcgearch are discuseed.




ENERGY COST OF PILOTING FIXED AND ROTARY WING ARMY AIRCRAFT
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SUMMARY

The energy cost of piloting three U. S. Army helicopt-rs (light, utility and medium) and one utility

fixed wing aircroft was investigated, Energy expenditure was calculated from expired minute volume ond expired

alr oxygen conieni meosured du ing the basal #ats end In romsl fiisht canditions, Dota were collected ona
L) 4

total of sixteen pilots, five of whom flew all three helicopters. All of the helicopter pilots were experlenced
test pilots. The data indicate that, for these pilots, and flying conditions studied (level flight in good weather)
and aircraft, the energy cost must be classed as very light work, averaging 1.79 kcal/minute, The energy cost
of fiying the fixed wing alrcraft by less experienced pilots was similor to previously reported energy expenditures
for such aircraft. The doto were segregated to separate measurements made at altitude from those made during
flight in close proximity to the ground (take off, hover, etc). In three of the four aircraft, the pilot's energy

expenditure was greater when ground contact was possible.




stress, o study was conducted to accumulate dota concerning the energy cost involved in flying current Army air-
craft, particuioriy naiicopters.

It is surprising that there is so little data on the energy costs of flying when one considers the wealth of
avoilabie informaiion obout ihe energy costs of performing a wide ronge of other human activities. Passmore and
Durnin's comprehensive review in 1955 reported only two studies ir. only one of which were measurements made
during flight, Twelve years later, these tome reviewers had found no new studies. As far os we can find, there is
no information avollable about the energy costs of flying helicopters, Earllier studies have all been dona in flxed
wing alrcraft, It is generally accepted by dual rated pllots that rotery wing aircraft are more difficult to fly than
fixed wing circraft, A pilot is alway, "flying' them, by continual adjustments of the cyclic ond pitch control
sticks ond the rudders. 1t hos been snid that flying helicopters is "like rubbing your head, patting your stomach,
and tapping time to Dixle with both feet, all ot once",

2=\
IN ORDER TO evaluate such factors as fatigue, decrement of performor-e, man-machina interactions, and thermal :

We ware concamnad in this initial study with energy costs involved in flying light (OH-6A), utility
(UH-1D), and medium helicopters, and also a typical utility fixed wing aircraft (U-6A).

METHODS

SUBJECTS. The subjects studied were sixteen men, all experienced aviators, The twalve helicopter
pilots fly test and evaluation missions for the U. S. Ammy Avlation Test Board, Fort Rucker, Alabama. The four
U-6A pilots may be comidered as typical Army nviators. The meon age of oll pilots was 39,5+ 1.4 years; meon
aude weight was 78,7 + 2,6 kg; mean height was 176.1+ 1.26 cm; mean surface orea wos 1.96% .04 m’.
They wore an overage clothing weight while flying of 4.51 + 0.16 kg. Their experience us aviotors may be
represented by their mean flying time of 7025 hours, with a range of 1500 to 13,200 hours.

MEASUREMENT PROCEDURE. Energy expenditures were <alculatad from expiratory minute volume and
expired alr oxygen content measurements made under basol conditions and during normal flight duties of pilots,
Each pilot wore o standard rubber oxygen face mask, (service M522001) which covers the nose and mouth, fitting
under the chin, and which had been modified to allow respiration through a T-shaped plastic one-way breathing
valve (Collins J catalog no. P-307) ottached to the mask. The mask and J valve combination had o dead air space
of less than 175 cc, Eoch pllot was accustomed to wearing the mosk ond could perform piloting tosks without
significant interference by the mask. Expiratory minute volumes were calculated from total expired volume as .
measured by the Franz Mueller gas meter, A 0,6% somple in Mueller bags was dried and oxygen percentage
measured by o paramagnetic oxygen analyzer (Beckman Model E-2). All valumes were corrected to STPD, based
on the barometric pressure measured by a standard surveyors field barometer canied within the gircraft, Kilo-
calories were calculated by the Weir formula, ond surface area was computed from the nomogrom of DuBois.

An electrocardiograph was recorded from two sternal electrodes on the megnetic iape of an electro-
cardiocorder, from which EKG paper strips were reproduced. The number of QRS complexes during o twelve
second time interval were counted for heart rate calculation.

Basal measurements were made early in the moming, ten-twelve hours postprandial, while the subjects
were lying quietly in a semi-darkened room. During the flying period, the first measurements were taken during a
1y five-minute rest period prior to starting the aircroft engine (sitting). The second measurement period, during hover
or taxi of the aircraft, averaged four minutes in duration. The third measurement period began at take-off and
losted for cpproximately two minutes until the aircraft wos leveled off at 1500-2000 feet, A five~minute period
of level flight (level 1), wos followed by o seven-minute period during which the pilot flew in o typical holding
pattern (aerobatics), with measurements made during the last five minutes. Level flight was performed for onother
five minutes (level 2), ond descent measurements began approximately two minutes before touchdown and were
continued until the gircroft landed. All values are reported as the mean plus or minus one stonderd error of the mean, :

RESULTS

Basal values for metabolism ond heart rate were secured from fifteen of the men. Their mean Vg was
6.52+ .20 L/minute; mean V0o, wus 2374+ 0.7 cc/min; mean metabolism was 35.1+ 1.6 keol/m?-hr.
(1.14 1 0.04 kcal/min); and their mean basal heort rate was 61.51+ 1.6 bpm. There is no bosa! metabolism dato
for one helicopter pilot, who flew all three helicopters, due to technical problems. A repeat of this data point wos
not possible owing to non-availability of the subject.

; Because some of the pilots were scheduled to fly more than one type of helicopter during the time of the
study, data were collected from five pilots who flew all three helicopters {Table 1). The mean total flying hours
for these five pilots was 8,640 (4,000-13,000) hours, the mean age was 40,0+ 3.3 yeors; the mean body surface
was 1,93+ 0.04 m®. Their basal heart rate was 61,2+ 2.5 bpm and their bosal energy expenditure (N = 4) was
! 38.6 1 4.4 keal/m¥-hr, (1.08+ .017 keal /min),




Figure 1 presents o compariton of the energy cost of handling thase aircruft near the ground and at
altitudes above 500 feet, for tha pllots in Table 1. The dato for the measurament periods of hover, toxi, take-off
and landing are used for low altitude (ground) operotion, Measurements during lavel flight 1 and 2, and
cerobatics are used for operotion above 500 leet (air). The bosal and sitting measurements are presented for
comparlson,

DISCUSSION

We expected to find a significant difference in the energy cost of flying the three different alrcraft
becauze of tha varylng degres of mechanical complaxity involved, We fourd no such significani difference.

We did expect to find significant differences in the energy cost of piloting the aireraft near to the ground
and ot a significant cltitude. These expectations were reolized. Hovering of helicopters and taxiing the fixed wing
alrcraft require thot the pilot provide fraquent and careful control motions to stabilize a dynamically unstable
olrcraft. The greatest donger of catattrophic ground contact exists during toke~off and landing. The pllot must
maintain more precise control of alrcraft under thess conditions than during operation at o significant altitude.

The measured energy expenditures suggest that fixed wing alrcraft Impose o greater work lood. This may
result from differences in pllot experience or weather {fixed wing aircroft are more influenced by surface winds) or
inherent differences batween fixed and rotary wing aircraft.

Review of the litemture reveals that for fixed wing aircraft in combat or routine flying, average energy
expenditure are 2.9 kcal/min and 1.7 cal/min, These rewlts, when compared to our findings for rotary wing
olrcraft (average 1.72 kcal/min) suggest, at least for experienced pilots, that there is no gross difference in the
overall energy cost of piloting aircraft,

Heart rates in general parallel the energy expenditure and at o time were high enough to suggest a
cardiovascular responsa to emational or physiological stress. Meither the heart rotes nor energy expenditures
measured in this study suggest that under the conditions of this study, the mechanical wortk of piloting these aircroft
Is a significant cause of pilot "fatigue"”,

This study wos designed to meamre the energy cost of the piloting task during actual flight and to provide
information not presently available, particularly for helicopters. We bolieve that the energy cost of flying heli-
copters presented here represents the minimum values. We suggest that the energy cost of flying these aircraft by
less experienced, or less confident pilots will be significantly greater. We are continuing this study in order to
increase the voriables of aircraft type, pilots, and flight conditions studied.

We wish to express our gratitude to the President of the U, 5. Army Aviation Test Boord and the pilots
of the Logistical Evaluation Division who willingly cooperated with us on this study, A special word of thanks to
LTC Robert J. T. Joy, MC who assisted in this study and SP5 Lawrence Kelly in preparation of this paper.
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SUMMARY

MUCH OF THE previows work in thermal stress utilized subjects performing heavy physical labor under
conditions of extremely high temperature and humiaity . Based on the assumption that performance remains
“"normal™ as long as body thermal eoutlibrium s maimtaimcd, these cariy investigilions provided vaiuaine
Jata with respect to physiological adaptation and maximum tolerance times .

Unfortunately, over the past decade, the assumption of "physiologieal adequacy™ and the data supporting it
have become less and less relevant to the problems of quantifying the effects of less sovere thermal
environments on complex human pecformancy . It addition, the thermal stres< Hterature reflecets a wide
divergence of opinjon regarding the selection, interpretation, and administration of much variables as stress
indices, 2xposure thmes, acclimatization perfods, cte. Mowcuver, as a conscquence of the fatture o
standardize experlmental variables, there §s currently Hetle agreement among rescarchers on either the
significance, magnitude or directlon of performance change as a function of the thermal environment.

The Increasing demand for design standards applcahlic to crew station thermal environments would seen,
to necessitate some modification of approach in future theemal stress rescarch, In genceal, changey inthe
basic research strategy should include:

1. Adoption of a standardlzed index representing all relevant environmental parameters acling to
produce what is now loosely termed “heat.”

2. [Investigation of those thermal conditions expected to oltain lu the predicted operationul
environment for a given man-machine system (rather than those capable of buing produced only in a climatic
chamber).

3. Greater emphasis on psychological vurlables such as learning, motivation and personallty as
they interact with both environmenta!l and task variables.

4. A aew definition of “stress” in terms of changes Ih a subject's ability to perform a given task
rather than his physiological adaptation.

S. Increased attention to the kinds of increasingly complex performance demanded of the human
operaror in modern man-machine systems.
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IN 145 THE British psychologist N. H. Mackworth initiated the first comprehensive, systemalic investigation
of the ¢ffeets of thermal stress on psvchomo. or performance I demicielvaiiog thae corian types ol skilled
pertormance are subject to degradation under sclected conditfons of hgh ambient temperature, Mackworth
provided the fiest empirical refutation of what Connel) (1948) later termed “The Concegt of Phystological
Adcequacy.” This concept 15 hased on the assumption that hehavier will rosiadi nonmal as jong as the body's
tiermai cquilibrivm can be maintained. Unfortunately, although the evidence adduced for thls assumption
derives almost exclusively from studies of heavy physical labor in extreme thevinal envirnnments, it has had
a dominant and cantinuing influcnce on the methodological approach to thermal stress rescasch.

Whether explicit or implicit, past rceliance on the validity of this assumption has tended to emphasize the
response characteristics of physioingical systems, often to the exclusion of other potentially valuable depen-
dent variables, For example, today we know a great deal about the adaptive mechanisms of the cardlo-vascular
system under heat stress: we know very lttle about cither the duration, magnitude or direction of changes in
an individual's ahility to perform, under heat, the increasingly complex psychomaoror tasks assoclated with
piloting an altcraft. Indeed, even when psychomotor task” is proadly interpreted to mean a coordination of
sensory, copnitive and motor processes, we ddnd that fewer than 50 thermal stress studies employing this
type of performance have been generated during the 24 years following Mackworth's work, Taken as a whole,
these studies, in addition to reflecting a sporadic approach to thermal stress rescarch, often present directly
opposcd conclusions regarding the type of perfurmance changy to be expected under conditions of hign ambient
temperacture . The remainder of this paper is devoted to an examination of some experimental variables whose
usc and misusce have contributed to the conflicting reports in the literature, In addition, criticism s coupled,
wherever possible, with suggestions for Improvement of future work. The analysis begins with a brief review
of the Hrerature itself.

THERMAL STRESS LITERATURE - IN BRIEF

THERE ARE A number of hiblicgraphics and reviews available on this subject (Bell & Provins, 1962: Groth &
Lyman, 1963; Hendler, 1963; Stevenson & Johnson, 1967 Stevenson & Trygg, 1966: U.S. Army Tropical Test
Cunter, 1967: Wing & Touchstone, 1963). Unfortunately, despite their publication dates, none of these com-
pilations are reecent or Inclusive cnough to allow an accurate appradsal of the effects of thermal stress on
complex “mental” or psychomotor performance. The only recent review in this area was done by Wing (1965).
He examined 15 experiments in order 1o determine the upper liniits of "unimpaired mental performance.”
Since his goal was to plot pecformance decrement as a function of exposure times, however, the experiments
chosen were necessacily Hmited to those in which some decrement was, in fact, reported. The major
objection to such a procedure is that ft teads to ignore or minimize the existence of studies which report no
change or, 1 some instances, improvements in performance. It is important that such divergent resules he
clearly acknowledged. Only ther cuan comparisons be made with respect to experimental designs, apparatus,
subjects, cte. Such comparisons are necessary not unly in reconciling conflicting data, but in establishing a
reliable basis for the sclection and/or control of relevant variables in future work.

In comparing stress vs. ronstress performance in a given task, only three outcomes are possible:

(1) improvement, (2) decrement, or (3) no change. Within cach of these categorivs, studies included in the
present review are further classified according to the type of performance investigated. These performance
arcas are similar to those usced by Wing & Touchstone (1963), and include the following: (1) sensory thresholds
and reaction time, (2) vigilance and perception, (3) psychomotor performance, and (4) "mental” performance.
These categories are neither mutually exclusive nor exhaustive: they are primarily for convenience and
represent only one of a number of possible classification systems, For quick reference, the pertinent
research is listed in Table 1.

SELECTION OF VARIABLES FOR FUTURE RESEARCIH!

IN GENERAL, the literature reviewed provides no clear -cut criteria upon which to base predictions of mental
or psychomotor performance under thermal stress conditions. The basic lack of agreciment between the
various studies is primarily the result of a gereralized failure to standardize experimental conditions. The
use of a wide varicty of temiperature levels, exposure times, cte., makes any direct comparison of results
difficult. The studies can, howcever, be profitably examined under the following assumption: if the application
of differing levels (or the omission) of an experimental variable leads to conflicting conclusions regarding
performance, then the effects of that variable must e contrelled and accounted for in future rescarch. 1 have
summarized what I consider to e a majority of such variables in Table II. It is obvious from the scope of
this tabie that time and space limitations prohibit any detailed descriprion of the relative contributions of
subject, task, and enviromnental variables. Therefore, I would like to focus at this time on the role of
environmental ond physiologicil variables in thermal stress rescarch.
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TABLE I
, LI ERATURE SUMMARY

PERFORMANCE EXPERIMENTAL EXPOSURE DIR
MEASURED El TEMPERATURES TIMES N OF PERF AUTHCR
SENGORY THR BSHOL DS Dry Wet @ CHANCE
& REACTION TIMES Bulb °F | Bulb °F | Rel Hun| Hrs | Min +lo{-{1
Simple Reaction Time 126 25-40 210 (24] X Lovingood, et al., 1967
" " 100 80 (ET=86) 6 181X Reilly & Parker, 1967
Simple & Serial R 86 86 100 6 8| |[x vy, ct al., 1944
" " 117 85 17 6 8 X B "
" " 90 83 21 20 X Pace, ctal., 1945
" " 108 83 3 20 X " "
Serial RT 92-104 2.5]14 X Peacock, 1956
Tactlle Sensitivity 104 30 Task Det {72 X [ Russell, 1957
Serial RT 90-104 90-95 4,2 7 X | Fraser & Juckson, 1955
VIGILANCE & "_
PERCEPTION
Spatial Orientation X
Visual Vigilance 100 80 (ET=86) 6 181X Reilly & Parker, 1967
Perceptual Speed X
Auditory & Visual Vig. 113 (ET=86) 20 12X Poulton, ct al., 1965
Auditory Vigilance Body Temp = 1019F 63 1171X Wilkenson, ct al., 1904
Visual Vigilance 100-115 4-24 4 L4 X Loeb, et al,, 1956
" " 104,122 20 1,283 9 X Carlson, 961
Auditory & Visual Vig. 85-145 76-117 1/3-4 8 X Bell, ot al, 1964
Auditory Discrim. 95 70,92 b6 1/2 10 X Fine, et al., 1960
Visual Vigilance 85 75 (ET 79) X } Mackworth, 1946a,b
Auditory Vigilance (ET79-97) X " 1961
Visual & Auditory Vig. (ET31-86) X | Pepler, 1958
Peripheral Vision 105 95 (BET 95) 140 118 X | Bursill, 1958
PSYCHOMOTOR
Rapid Line Drawing 115 2z 36 |X Vaughan, et al., 1968
x;f:f_rgn’;;r“?pcc 4 100 80 (ET=86) | 6 18 i Reilly & Packer, 1967
Hand-Finger Dexterity 126 25-40 210 |24 X Lovingood, ct al., 1967
Muscular Control, Eye~ X
' Hand Coord, Pursuit & 100 80 (ET=86) 6 18 X Reilly & Parker, 1967
Compensatory Tracking X
Pursu.. Tracking 104 30 Task Det 126 X Russell, 1957
Arm-Hand Coord 126 25-40 210 |24 X svingood, et al., 1967
Pursuit Trackdng | =-=-=-- ET B ummomoann X | Mackworth, 1945, 1961
" N R ET 81-86 ------~ - X | Pepler, 1953, 1938, 1960
" " 116 105 306 X " 1959
Simulator "Plloting” 160, 210,235 20-30 {PhysiolDet | 4 X {Blockley & Lyman, 1951
g:,‘:‘dclji‘::"g' Target 100 80 | (ET=86) | 6 18 X | Reilly & Parker, 1967
Rotary Pursuit Tracking X { Teichner, et al, 1954
COMPLEX "MENTAL"
Addition (no attempted) 126 25-40 210 [24 (X Lovingood, et al., 1967
ﬂgﬁzwy Perceptlon, | ¢4 90,100 |70,80, %0 60 [16] |x | |Bartlett, ctal., 1955
Elec. Trng, Course 86-92 80 X Mayo, 1955
Discrimination 85-100 75-90 (ET76-91) X Chiles, 1957
" " 85-110 75-90 1 10 X " 1958
Anagram Solution 95 70,92 b 1/2 10 X Fine, ct al, 1960
5 Digit Mult., IQ Test 109 4C 2 4 X Givoni & Rim, 1962
Discrimination @ | ------- ET 76-9} -----~--- X | Pepler, 1958
Auditory Recall | ~vveens ET 90,95 -=«~-w=cn 1 15 X | Wing, ct al., 1965
No Checking & Addition {16, 200, 235! | Physiol Det | 3 X | Blockiey & Lyman, 1950
Simple Addition Body Temp = 102°F 63|12 X | Wilkenson, ct al., 1964
Time Perception | 1 45 |12 X |Fox, et al,, 1967

b
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ENVIRONMENT AL

Tudices of Struss

Effective

ET Temp, 1923
Effective

ETC Temp, 1932
Corrected

. Physlol.

El Effect 1945
Corrected

CLET Effcctive 1946
Temp.

c.l. Craig Index 1950

of Strain
Effcctive

ETR Temp. & 1950
Radiation
Four-lHour -

3, .

PISR (e Rate 1992

1Sl Heat Stress ggsg
Index

WBGT  Wet Bulb 1956
Glol¢ Temp,
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VARIABLES RELEVANT TO STRESS RESE ARCH

TASK

( Type
Complex vs. Simple

Source of Stressor
Climatic Chamber vs.
Outside Ambicnt
Cunditions

Exposure Times
Single vs. Repeated
Coutinuous vs,

L Intermittent

SUBJECT

Novel vs. Repetitive
Continuous vs. Discrete

l'hxslulnldcul

Adaptive System Responsies
Hypothalaimic -regulatory
Mctabolic -endocrinological
Cardiovascular
Respiratory
Heat Storage

Acclimatization

Circadian Rhythms

Validity
Lab vs. Operatlonal Situation
(Face ys. Construct Validity)

Instructions
Written
Demonstration
Verbal

Physical

Age Nutritional State
Sex Health - Present
Physique & Past History
Physical Condition

Learning Factors

Feedback -~ Continuous Vs,
Discrete

Reinforcement --
Learning vs. Performance
Extrinsic vs. Intrinsic

Mecthods of Administration
Time, situation, physical

environment
Fatigue

Psychological
Personality
Skills & Abilitics
Motivation
Intelligence
Response “Scet”

Fatigue

Data Collection
" Measurement Scales
Frequency of Measurements
Performance Averaging

Statistics
Sampling --
Size - N =7
Composition: random,
stratified incidental
Reliability -- normative data

Interactions
Single vs. multivariate
predictions
Potentiation
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ENVIRONMENTA! VARIABLES

INDICES OF STRESS.  Much of the controversy regarding the effeets of thermal stress stems from
3 EHUTT 0 Con Mot T at” as o vumipiea sdmudus, fieat stress, as experienced by the human orglanism, s
actually a result of the bady's integration of the effects of (1) alr temperature, (2) bumidity, (3) air movement,

and (4) radiant heat.  As Minard (1904) polnted ouot:

"A comprehiensive Index of envivonmental heat stress ust evaluate the tour physteal
factors of the thermal environment In the proportion to which cach will effeet the
exchanges of heat by radiarlon, convection and evaporation between the man body

and its environment under varying conditions of skin temperature and skin wetness (p.3)."7

The developmental Wistory of attempts to construct such an index began with rhie usce of wet bulb temperature
as the single explanatory factor (Bedford, 1961). The availability of increasingly accurate instruments and
measurement oclniques, in conjunction with subjective reports of thermal comfort, lod to the subsequent

e lusion of the remaladng three factors (dry bulb remperature, afr velocity, radiant heaty, Usually, the
addition of cach new factor result o in a newly titled index, and the proliferation of these indices 15 o part
respunsible for some of the difficulty in comparing studices of performance under heat stress . The terms
"heat” or “hdgh ambicent temperatures” are frequently used by experimenters to refer to only one or two of
the four components involved In the production of “stress.” Many authors, for example, report experimental
temperatures in terms of wet and dry bulb readings only, and give no Information about alr movement. Some
studies st effective temperatures but provide no wet or dry bulb figures; others report dry bulb temperatures
only, without refurence to humidity. With the exception of Joy (1967), none of the studics previously reviewed
attempted to assess the possible significance of radiant heating effects. Buecause a number of different
thermal stress Indices are still being emiployed, a chronology of their development s provided in Table 11.

It should be noted that these indices are primarily concerned with the physiological impact of heat on man's
ability to work, and, in cascs where a particular index value scrves as a limiting factor for performance, it
is guenerally physical performance which is being referred to.

In examining the various indices it becomes apparent that all are based, to some extent, on the previously
described concept of physiological adequacy. As such, they are concerned with the metabolle heat loads
generated in various thermal environments: these loads arc usually assessed indirectly by the measurement
of physiological parameters including heart rate, rectal and skin temperature, sweat rete, cete. Table 11T
(Yaglou & Minard, 1957) provides an cxample of the relationship between the many indices and ane such
physiologicul measure., Unfortunately, correlation cocfficients of this magmitude are sceldom, if ever,
obtained between performance amd physiological responses.

TABLE 11

CORRELATION BETWEEN HEAT STRESS INDICES AND EVAPORATIVE SWEAT RATE

. Corrclation Cocfficicnt with Evaporative

Index .

Sweat Loss
ETR L7899
CET L7839
WBGT L7798
Clobe Temperature 7232
ET (normal sc:'e) 6943
Dry Bulb Temperature .3395
Wet Bulb Temperature 4606
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With reference to the scic o ol a purticular index for rescarch in heat stress, the ASHRAE Guide and
Data Book provides the following summary and rccommendations:

"There is presently no one proven method for combining all of the component heat loads
into a single value that would accurately indicate the degree of heat stress as percelved
by an indivigual vorking or resting in a hot environment. The difficulty lies in the
inahility to simulatce human response. Physieal instruments can accurately integrate,

but the human body has the ability to differentiate hetween component thermal effects

and to make promp adaptive changes which the instruments cannot do. Nonctheless,
cach of the indiees will supply valuable information on which to buse an informed opinjon.
The index or indices selected for use should depend upon the nature and exent of the
problemy, the cquipment and faciljties at har-’, nd the availubility o1 personnel trained

in the fickd of thermal stress (p. 107)."

Since thds advice iy somewhat general, let me give an example of how one might go about selecting a
specitic stress index, Inthe process, problems of selection criteria will become apparent. 1 have chosen
as o example the WBGT index . In a prospective study, the sclection of this Index could be substantiated
as follows:

1. Inthe presence of a radiant licat load, the globe temperature (GT) represents the balance
hetween heat galned by radiation and heat tost by convection; .n effect, it integrates radiant heat, afr
movement, and air temperatere into a single readlng, This GT reading used in conjunction with a WB
thermometer takes bito account the four physical cotnponents of the thermal environment without requiring
a2 sceparate measurement of ale movement.

2. Ficld tests of the WBGT dndex have proven it to be highly reliable in predicting decrements in
physical performance, o 1934, Yaglou & Minard conducted testy on Marine trainces and found the index
correlated well with o numbeer of phvsiological measures taken during the training exercises. Subsequent
swmmer studies at test stations in Arlzone (dry heat) and Florida (humid heat) confirmed these findings.
Additional trials in 1933 at the Marlne Corps recruit training depoi (Parrcis Island, South Carolina) resulted
i the adeption of tie WBGT index in 1956 by the Training Command at that installation: it replaced an index
then in use which was devived from air temperature and humidity alone. Under the new program, vigorous
training of new recruits (first three weeks of truining) was suspended at WBGT readings of 859 or higher:
at WBGT 887 or above, vigorous training excrcises were suspended for all recruits. Despite hotter weather
in 1936, the incidence of heat casualtivs dropped to 173 of the 1955 figure. In 1957 the NAS-NRC sub-
cammitice on thermal factors in the environment included the use of WBGT levels in controlling physical
activity and pireventing heat casualiios at British Atr Force and Naval training centers . In 1960 the Marine

training during hot weather. Finally, at a conference held in October 1966, members representing

US Army Natick Labwratories, USArmy Engincer Rescarch & Development Laboratery (now US Army
Mobility Equipment R&D Center), and US Army Human Engincering Laboratories agreed to adopt the WBGT
index to specify permissible Jeveds of heat in Armiy helicopter crew statinns,

3. Instrumentation for obtaiaing WBGT is relatively inexpensive and quite reliable, The British
Army is currently developing and testing a prototype WBGT mweter which will allow direet readout of the
single index value (Peters, 1967).

4. WBGT correlates highly with two other indices curvently in use, the CET (.9983) and the ETR
(.9708), and will thus provide some basis for compariag resualts from the present study with those repovted
by other investigators.

tiaving sciected an index, there remains the probiem of specifying the values of that index to be used in the
experimental situation. In apnlied rescarch, index values can generally be chosen on the basis of thosc
which: (1) are reported in the Literature as correlated with and relevant to the type of performance under
study, (2) arc capable of being duplicated and controlled accurately in the laboratory, (3) permit subjects

to perform for the required times (do not exceed physiological tolerance times), and (4) sample a range broad
cnough to allow some generalization to operational situations likely to be encountered in the “real world.”

In addition to these four, a fifth riterion is necessary when selecting WBGT levels, due to the structure of
the index itsclf. The computational formula, WBGT = .7WB + .2CT ;- .iDB, indicates that (1) as long as the
weighted sum remains constant, any or all of the component WB, DB and GT values can change without
changing the WBGT index numbey itself, and (2) any change in the sum, however slight, will result in a new
WBGT number., Thus, criterion S states that when selecting WBGT levels for heat struss rescarch, the
investigator must not only know the relationship cf the index value to the performance being studied, he must
also justify his sclection of the particular combinaiion of WB, DB and GT used to geacrate that value.
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Prospective WBGT values, for example, of 85°, 88°, 90° and 101° could be chosen on the basis of the five
selection criteria as follows:

1, Laboratery and Ucid sludice nave reported aecrements in both physical and psychological
performance associated with temperatures In this range.

. £ and 86" have airvady been widely adopted as upper thermal lmits for
moderate nnd heavy physical activity as well as for specifying permissible crew static  heat loads in Army
helicoptexrs. The studies which provide evidence for ado;ti.ng such values are not directly applicable to
pllot performance, but they do suggest that RSO and 88° are productive starting points,

3. These WBGT valucs can be accurately administered and controlled within most environmental
test chambers avallable,

4. Previous research indicates that no problems will be met at 852 and 88° with subjects (Ss)
engaged in a 2-hour performance regimen involving little or no physical labor. It i8 not known at present
whether the 90° and 101° conditions can be tolerated physiologically for this period of time. These extreme
values are included; (a)to bracket the upper lmits for unimpaired mental and psychomotor performance,
and (b) because these temperatures have actually buen recorded in helicopter cockpits under summe ¢ Hdight
conditions (Moreland and Barnes, 1969),

5. Some data is available for choosing valucs of WB, DB and globe temperatures for cach of the
WBGT levels. Table IV lists these values and the source from which they were obtained.

TABLE 1V

COMPONENT VALULES FOR SELECTED WBGT LEVELS

WBGT Component Values (VF)
No. WB GT DB Source

87.00 73.00 95.00 Each set of figures represents a point on a psychrometric
85° chart (USAERDL, 1956).

69.00 123.50 120.00 The straight line connecting these points is the "Outside
Design Curve™ adopted by the Army committee on aircraft
crew station theral environments (USAHEL Memo, 14 Dec 60).
The curve s hascd on a review of high temperature extremes
in AR 705-15 and MIL-STD-210A, with modifications
suggested by the Joint Army-Navy-Air Force Manual (TM-5-785)
and USAF Climatic Center curves., In essence, the curve
represents the probabilities assoclated with the joint occurrence
of WB and DB temperutures during the hoitest months, for the
hottest aveas, worldwide (McDonald, 1964). As such, it includes
the highest values recorded in Viet Nam (Natick Labs, 1953:
Martoran:i, 1960).

489 78.60 114.40 100.90 Basced on actaal [light measurements of U.S. Avmy aircraft
cockpit temperatures (Juy, 1967: Morcland & Bavies, 1969).
90°” §8.99 100, 14 97.00

@ 95.10 122.20 106.70

muwm
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It can be scen from my example that a rigorous and comprehensive sclection of WBGT levels 15 somowhay
difficult at the present time. The difficulticg 222 dus, iu part, to the {act that worldwide climatic data is
avallable for only two of the three WBGT components; viz., dry bulb and wet bulb temperatures. This data
is presented as probability curves for the joint occurrence of the highest wet and dry bulb readings, in the
hottest arcas of the world, during the hattest months of the year. What §s necded to establish truc index values
for the WBGT scale is an expanded set of 3-variable curves representing the highest values of solar radfadon
which occur in conjunction with existing wet and dry bulb values. Fortunately, worldwide solar radiution data
is currently being collected and, when available, should measurably increase the validity of the WBGT index.
Given comprehensive solar radlation measurces, it should be possible to accurately estimate (at a 90-95%
confidence level) the highest ambient WBGT values for prospective pilot/altcraft operating environments .

Once the relability of such estimates s established, it will, of course, be necessary to determince the
correlation berween outside ambicent and inside crew station thermal environments. These corrclations will,

in turn, permic the specification of more realistic design paramcters for crew station thermal environments.

EXPOSURE TIMES, In addition to using a varicty of uvxperimental temperatures, investigators have
also employed exposure times ranging from 17 minutes (Blockley & Lyman, 1951) to 6 1/2 hours (Rellly &
Parker, 1967). The sclection of exposurc times has been dictated by practical rather than theorctical or
emplrical considerations. Thus, at extremely Righ temperatures and/or humiditics, physiological tolerance
and requlrements for subject safety are the principal determinants for length of exposure. In more moderate
thermal environments, those known to be physivlogically tolerable for specific times, cxposure time is
determined by such factors as the time required to complete the assigned performance task{s). Even these
relatively gross criteria have not been applied censistently, however, and the inability to do so stems
primarily from the fallure of rescarchers to agree upon just what constitutes an “extreme” or a "moderate”
therimal environment . The problem is further complicated by the existence of such variables as degree of
subjeet acclimatization (discussed under subject variables) which affects both physiologleal toleranee and
the ability to perform, In general, conflicting reports on performance decrement are partly attributable to:

1. Treating exposure time o8 a dependent ruther than an independent variable; i.¢., allowing
thermal conditions to dictate the length of time subjects remain and/or perform in a given situation. When
subjucts are unable to remain in one or more cxparimental conditions for the prescribed time, the resulting
information on physiological tolerance, however valuable, is gained at the expense of losing performance
data. An example of this type of loss occursed i the carly work of Viteies & Smith (1946). Using tasks
shnulating the cierations of naval plotting and <hart room, they found no adverse performance effects at
ET's of 75" and 80°. At ET 859, verformance decreased only slightly althuugh Ss reported feellzgs of
annoyance and marked discomfort. At 947 ET, “"Marked irritability, dizziness, visual blackeat and nausca
became inereasingly common {p. 107)": none of the subjects were able to complete the tasks. Wing (1968)
notud that "Physiological tolerance limits for mer expored to hdgh ambient temperatures have bewn available
for nearly two decades. It has long been suspected, however, that human performance deteriorates well
before physiological limits have been reached (p. 960)." Experimoents in which subjects are unable to
complete the task(s) add little in the way of quantitative evidence to support this “suspicion.”

2. Using cqual exposure (tolerance) times as a basis for equeting thermal conditions. Blockley &
Lyman (1951), using temperatures of 160%, 2009, and 2359, RH 40%, found little cifeet on Ss' performance
until $5-6 minutes prior to reaching their physiclogical tolerance linits. Pepler (1959), in a auusi-replication
of the study found: "It was technically impossible to maintain the very high air temperatures and low humidity
of Blockley and Lyman. It was decided, thercefore, tu use o hnmid climate which would imposc a stress
cquivalent to their 200°F (93°C) condition, as assessed by the subjocts’ average tolerance times (p. 383)."
The resultant “equivalent” conditions were 116°DE, 103°WB wnd 100 ft/nidn air movement. Fepler found that
decrements in performance were much move severe, and eocurred carlicer in the jesting sussion. The
difference in results is not surprising in light of previous disciussion of the components of thermal stress.
There is at present no emprrical data vo suggest that cither the qualitative or quantitative (subjective or
physiological) stress cffects of these different thermal conditions can be safely equated,

3. Assuniing that equal expusure timaes allow thermal conditions of “cquivalent warmth” to act with
cqual eifect on performance Wing (1965), plotting perinrmance decrement (at various levels of effective
temperature) against exposure times, commented on this probicm:

"Sccondly, because the curve is plotted in terms of effective temperature, there is
the danger of assuming taet all the wombmations of temperature, humidity and
airspeed which yicld a given eftective temperature also produce the same degree of
performance deceement. This is undoultedly not the case. Eventually performance
decrements should be separately determined for a large number of combinations of
temperature, humidity cnd air rrovement and reported in a tri-dimensional chart .
However, such volmairous dats are not yet available. . .(p. 963)."
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A final factor involved in scle:sting heat stress exposure times Is the lack of reliable information regarding
the effects of (1) repeated cxposures to high temperatures, and (2) continuous exposure to mild or moderate
thermal environments lor pertods of several months, Previous studies have controlled for such effects by
random assignment of s to conditions. This technique is effoctive as long as the cffects of thermal stress
are assumed to be relativaly transient and non-additive .

SUBJECT VARIABLES

A NUMBER OF studles such as that by Carlson (1961) indicate that the fallure to corclusively demonstrate
performance decrement under thermat stress i3 often due to extreme inter -subject sariabllty. Carlson
noted that: “Although each individual’s performance was consistent, the range of performance among the
nine subjects was too great to permit definltive analysis of the influences (of heat) on vigllance (p. 10)."

This variability is the result of diverse physiological and psychinlogical characteristics which cuch subject
brings, in differing 2inounts, to the experimentai shwation. Under the assumptions of random sampling,
these characteristics, such as age, physical condition, intclligence, cte., are assumed to be equally
distributed among experimencal and control groups. Frequently, however, this assumption is 2ot met, and
rescarchers have often been forced to use whatever subjects were at hand. The acquisition of subjects solely
on the basls of availability, incidental sampling as Guilford (1957) terms it, has severely Hmited the
generality of many experimental findings. Unfortunately. the condivions which lead to expedicncy In saumpling
are not likely to improve in the near future. For tids reason, it is vita) that the researcher be fully aware
of the reic played by subject variables in the determination of performance . Given a knowledge of the
relevant variables, there Is an increased probability that some controls can be applied, perhaps through
modificatirns of the experimental design and procedures, to limit overall variabllity within groups .

PHYSIOLOGICAL FACTORS

ADAPTATION TO thermal stress invoives changes in a number of physiological systems. For convenience,
these changes are suminarized in Table 1V, prepared by Fox (1965).

TABLE V

ADAPTIVE CHANGES

Mechanism Adaptation
Sweating a. ereased capacity®
b. Quicker onsct®

o

Better distribution over body surface®
d. Reduced salt content®

Cardiovascular a. Greater skin blood flow*
Quicker responsc*
¢. Blood flow closer to skin surface
d. Better distribution over body surface
¢. Reduction in counter-current blood vessels

Metabolic a. Lowcred Basal Metabolic Rate
h. Lowered encrgy cost for a given task

Respiratory a. Hyperventilation®

Heat Storage a. Increased tolerance to higher body temperature
b. A lower rusting body temperature®

Behavioral 7

* Indicates adaptations for which there is agreement vegarding experimental evidence gathered to date.




The magnitude, rate, and direction of change have heen established for such physlological measures as
heart rate, blood pressure, respiratory vate and volume, body temperature {(orval and rectal) and rate of
sweating, The relationship between changes in these measures and chame v dn onviron
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depends largely on the particular phystological mechanisim examined, Thus, the coreclation of thermal
indux values with evaporative sweat loss [s high; with rate of sweating, it Is low. Regardless of the size of
the correlation coefficients, however, most rescarchers have contihued to select levels of these physialorical
lncasures to operationaily detine thermal stress . In this definltional copacity they bave hueen pacticularly
usclul in setting thermal tolerance imits for subject safety.

On the strength of thely correlation with changes in the thermal environment, numcerous attanpts have been
madu to relate adapeive physiological changes to concurrent vactations In performance . There s little
argument among rescarchers that some kind of relationship exists, but specifylng the parameters which
control or mediate fts effects has proven extremely diffieult for a number of reasons:

1. Effeets of physiological change vary with the type of performance being measured. Reliable
decrements have most successfully Ieen demonstrated loe tasks requiring moderate-to-heavy physical exer-
tion. In this situatdon, the expaditure of cnergy in performing ploces an additional drain on the already
overworked physlological systems and thus Increasingly augments the effects of the thermal stress alicady
present. The pleture §s not nearly as clear with respeet to offects of heat on complex mental and | ycho-
motor performance since, as Pepler (1960) poined vut:

“Little or nothing is known, however, of the mechanisms or causes underlying
these offects . Changes in performance have been observed in the abscenee of
(Watkins, 1956: Weiner & Hutchinson, 1945) or independently of (Mackworth, 1950
Pepler, 1958) changes in the concomitant physiological indices of an cffect of
warmth, such as body temperature, or the amount of weight lost as sweat (p. 65)."

2. Because changes in physiological measures and changes in performance lave cach been shown to
correlate with exposure to high temperature, it hias been assumed that they must also corcelate with cach
other to the same extent, Empirical studies have found this assumption untenable for many complex
performance tasks, Bell, ot al, (1964), for example, revicewed the relation between one phystological
response to heat {body temperature) and visual vigilance. They concluded that:

Mo consistent relation, however, has been shown in any of these studies hetween
body temperature or changes in hady temperature and changes in performance

ander adverse environmental conditions, except that a risce in deep body temperature
and a deterioration in performance have both been shown to be related to the
environmental temperature (p. 287)."

3. Prediction uf performance decrement is relatively good at the upper limits of physiological
adaptation; i.c., performance decreascs rapidly cnee a subject begins to display symptoms of heat cxhaustion
or pyrexda. As Hendler (1964) summarized:

‘It is obvious that performance and Iehavior of the individual as an operating
entity depends upon the functicnal status of the parts that comprise the whole.

As indicated previously, expesure of the individual to epvironmental temperature
extremes; can cesult in a v ide varicty of compensatery changes, the overall
cffects of which can confidently be expected te vesult in performance decrenent
when the comopensation is insufficiont (p. 334)."

Short of this point, howcver, prediction is poor, and the actual shape of the cuive representing performmncee
chanye as a function of physiological adaptation is unknown.

ACCHIMATIZATION. A final factor which must be considered under physiological adaptation is that
of geclimatization which can be broadly defined as the degree of efficiency of the individual's combined
adajrive mechanisms in coping with environmental beav leads. More specifically, the classical picture of
acclimatization is described by Fox (1465) as follows:

"The main features arc a loess marked anercase in heart rate while working,
tower skin and deep body temperature, a greater production of sweat and,
subjectively, a lessened sense of disconfort (p. 66).7
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The following summary presents some important points to be considercd in controlling for the effccts of
acclimatization (n heat stress research:

1. Acclimatization represents a process of adaptation characterized by reduced physioiogical strain
under taermal stress. It is operationally detined by specific physiological indices such as sweat rate, heart
raie, Leciai temperature, ctc. As an aggregate of these separate measures, accliratization is still subject
to the limitations described previousiy for single physiological parameters; it Is necessary in establishing
physiological tolerance limits, but its utility in predicting performance decrement is best under conditions
in which thermal stress approaches those Umits.

2. In general, $s should be acclimatized under the hottest of the experimental conditions planned.

There {8 some evidence that adaptation across climatic conditions occurs, but the exact amount of transfer
has not heen established .

3. For studies interested in measuring performance decrement under some standard operational
condition involving thermal stress, subjects should be brought to the maximum level of anclimatization
possible for two veasons. First, in most field studies or studies simulating operational situations, the
Interest {g primarily in determining the amount of performance degradation which occurs in spite of rather
than in the absence of defenses against thermal stress, Thus, prospective studies of pilot performance
might focus on the decrement which occurs even with standard ventilation, ad Ub. water intake, and a subject
who is fully accimatized. Second, full acclimatization for Ss prior to performance testing avoids the type
of confounding reported by Wilkinson, ct al. (1964) in their study of heat effects on reaction time and
auditory vigilance, They reported that "Results . . .confirm the development of heat acclimatization over the
testing perfods...(p. 289)." This situation should be aveided until such time as data linking change and/or
rate of change of adaptation with pcrformance becomes available.

4. All Ss should be ¢exposed to the full acclimatization training program. A physical examination,
however thorough, determines only the "normality™ of a $'s physiological adaptivr sysiems; it docs not
insure that these systems will function adequately under extreme thermal loads. Gold (1961) has noted this
problem:

"The philosophy of judging heat tolerance usually takes the form of an “index”
that seeks to express physiological 'strain’ in terms of numbers. The greater
the number, the greater the strain: the lesser the number, the lesser the
strain. However, inherent In such a philosophy is the fallacy that the level of
strain by itsclf can constitute un adequate evaluation of heat tolerance. At this
laboratory it is felt that two questions must first be answered before heat
performance can be properly evaluated . First, to what extent can an individual
dissipate heat? Sceond, how great a price must he pay? Indexes of straln can
at best answer only the sceeond question, and, as such, information obtained
from them is liable to be quite misleading (p. 144)."

CONCLUSION

IN PRESENTING A critical analysis of any bedy of experimental data there is always a danged of overempha-
sizing the negative aspects. In the case of thermal stress rescarch there are many such aspucets, the most
obvious being the radically divergent conclusjons regurding the cffects of “heat” on performance. However,
rather than dwelling on the fact that such a conflict exists, I have attempted instead to explain its genesis

in terms of certain uncontrolied (or poorly controlicd) eavironmental and subject variables. In conclusion,
let me summarize the propositions emphasized in this paper:

1. There is a need to agree upon some measurement index whose units would allow “thermal stress”
to be operationally defined from one experiment to another. It may be that a single such index is not possible
due to diffcring situational requirements; the attempt, nevertheless, snould be made.




2. It is time to question, experimentally. the assumngian rhar
conaitions of high amhient temperature and humidity - will » nain "hormal” as long as physiological
adaptadon {8 maintained. Blockleyv, ¢t al., polnted out some time ago that:

.. .studies of unclothed men In relatively mild heat conditions, within the
climatic range, have shown that the ability to perform cven simple tasks is
impaired long before the danger of physiclagical collapse is apparcnt.
Baglcally, tle asscssment of budy heat storage 15 prudictive of the physiclogical
tolerance of men; it is much morc difficult to predict the way in which
performance will he affected by the discomiort which accompanies even a
perfect physiological adjustment to heat stress. Psychological considerations
become of supreme Importance in this_mild heat arza.” [p. G-1} (italics mirc)

3. The demands made on opurators in modern man-machine systems are becoming Incressingly
complex. With respect to thermal stress, it is necessary not only to tnvestigate the psychological
considerations (motivation, lcarning, ctc.) mentoned above, but to examine their effects on more complex
types of performance iwolving such functions as purceptlon, decision making, memory, cte.
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Studies on Subjective Assessmont of Workload and Physiological Change
of the Pilot During Let-Down, Approash and Lending

Squadron Leader A.N, Nicholeon
Flight Lieutenant R.C. Rorland

Royal Alr Force Institute of Aviation Mediocine,
Farnborough, Hampshire, United Kingdom,

and
Captain L.E. Hill

British Overseas Airways Corporation,
Hounslow, Middlesex, United Kingdom,

Subjective esseasment of workload and changes in the rr interval and finger tremor of the
pilot have been studied during the let-down, approach and landing of a Boeing 707 alrcraft, The
observations nave been nmade during thirty~four landings intc international airporta.

Each let-down was assrsged for its overall difficulty and with reference to the various
factors which influence the work pattern, Each assensment was made by means of the 10 ¢m line
technique, In the case of overall aifficulty of the let-down the extremes of the agseasment were
"Extremely Difficult" and “No Difficulty" while in the individual [actors the ettremes were "Very
Favourable" and "Very Unfavourable", The pilot was required to indicate hie asseasment by a sirgle
line orossing the 10 cm line and the assessment was quantified by the mcasurement of the inter-

section from the mid-point of the line, The individual factors influencing the let-down, approach
and landing were:

a, Alrcraft with reference to technical serviceability, efficiency of the crew and
problems agsociated with the passengera.

The rveilability of navigational aids during the let~down, approach and landing.

The nmeteoroclogical conditions with particular reference to ceiling and visibility,

turbulence and conditions affecting the landing such as rain, snow and cross winds,

The physical leatures of the airport with regard to the length and condition of the

runw-c, the lighting in the event of a night landing and the existence of high ground,

The efficiency of the control proceduses with reference to the air traffiec control,
communications, traffic and towoer,

b.
Ce

d.

€.

The rr intesval was recorded during the terminal part of cruise and the let-down aad the
finger tremor was recorded before take-off .1d within one rinute of touch-down,

The physiological chanse in the pllot associated with an ureventful let-down was a me&n rr

interval between 400 and 450 msec and a finger tremor between 0,3 and 0,8 maeo-2Hg~1 at the 108z
f requency,

During lef-downs ii: which poor control was often accompanied by inadequiate aids anc unfavour-
able meteorology and frequently preceded by a high workload cruise (indicated by a mean o interval
at end of crulsr of less than 630 msec) tho mean rr interial at touch-down was less than 400 msec
but the finger tremcr at 10Hz remalned within the range for an uneventful let-down,

In the event of an unresclved problem persisting or a fresh problem of socme magnitude
appearing during the approach mean rr, intorvals of less than 400 msec were accompanied by finger
tremors between 0.8 and 1,3 mBeO"zﬁz"1 at the 10Hz freguency,

It is considered that mean rr interval around touch-iown refleots the workload of the cruise,

let-down, approach and landing whereas changes in finger ‘remor are associated with untoward
eventa during the approach.

FULL, PARYRT 0P THE AFOVE LAY 2FFN § UBLISHFD FLOEWHFRE

PO SRR RSRT SPY e




"=

OPERATIONAL MEASURES OF PILOT PERFORMANCE DURING

FIKAL ATPROACH TO CARRIER LANDING

by

Clyde A, Brictson

Dunlap and Associlates, Inc.




SUMMARY

Measures of pilot parformance during night carrier landings were found to
differ statistically and practically from daytlme performance in terms of
altitude coutrol. Night approachea were characterized by more altitude
variability, a larger percentage of approaches below glide slope and higher
bolter rates compared with day approaches flown by the same pilots, Practical
application of the performance data is discussed in terms of pilot and LSO
training, visual landing aids and aviation safety, Euwpiricsl landing per-
formance criteria arc developed from the data and used to predict :he
probability of landing success as a function of deviatlons in final approach
perforuance,
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OPERATIONAL MEASURES OF PILOT PERFORMANCE DURING
FINAL APPROACH TO CARRIER LANDING

Clyde Ao Brictson
Dunlap and Associates, Inc.

FINAL APPROACH TO landing has always been a
eritfcel phase of flight, Historically, the
greatest number of aircraft accidents hay occurred
during final approach and landing (Eldridge, 1961).
Change the landing field to an aircraft carrler
deck, move the carrier through the water at

30 knots, oscillate the deck in three additicnal
deg -ees of frcedom simultaneously (pitch, roll,
and heave), add a black night, and final approach
to landing takes on dimensions unknown to land
based pllots. In the fleet, pilots typically
accomplish daytime carrier landing in routine
fashion., At night, with an impoverished visual
field, the landing accident rate increases four-
fold.

PREVIOUS RESEARCH

A good deal cf information about carrier landing
performance has been reported in the last three
years. The Information was generated during a
research projuct which developed a rationale to
evaluate visual landing alds for night carcier
recovery, The first project report (Winterberg,
Brictson, & Wulfeck, )964) analyzed the system

in terms of its components and concluded that no
objective measure existed to assess the quality of
a final approach and landing. It also recommended
that objective performance criteria be developed
to evaluate the wide range of performance that
exists butween a successful and unsuccessful
recovery. A second report {Brictson, 1966)
described successful applicarion of an objective
measurement scheme to record day and wnight final
approach performance and suggested that additional
data bue collected to serve as a basis for develop-
ment of empirical landing performance criteria, A
third report (Brictson, Hagen, & Wulfeck, 1967)
documented pilot landing performance during com—
bat operations in the Gulf of Tonkivi,

THE CARRIER LANDING SYSTEM

We have defined the carrier landing system in terms
of a carrier, aircraft, pilot, landing signal
officer (LSO), and the environment in which the
system operates. Carriers can be classed as either
small or large; the length of the angled deck
{landing platform) can range from 520' to 724°'

in length. There are, at present, seven different
carrier-based afrcraft types, each with its own
slow specd handling and mancuverability charac-
teristivs. They range from small attack afrcrafr
(A&) to fighters (F&4, F8), bombers (A5, A6, A7)
and "tankers" (A3, The pilots who [ly the jets
are characterized by different levels of experi-
ence {0 total flight hours and in number of day
and night carrier landings. Pilot experience runs
freun fnitial carvler landing qualifications by so-
calivd "nuggets”™ or inexperienced pilots to two
tours of combat cxposure with several hundred
night recoverles by experienced pilots, The LSOs
l‘n’nrk supporled by Contract Nonr-498.(u0) with

the Office of Naval Research and the Visual
Landing Alds Branch, Naval Alr Systems Command.
Reproduction in whole or in part is permitted

for any purpose of the United States Goverument.
This manuscript has been submitted to the Human
Factors jeurnal for publication.

who monftor final approach performance can also
be differentiated by varying amounts of experi~
ence, Finally, the environment in which the
system operates is a function of westher...cloud
cover, sea state, ceiling, visibility, wind-over-
deck, and the availability and degree of visibi-
11ty of such natural phenomena as the horizon,
the sun, and the moon including its phase.

VISUAL CUES

Fundamental to effective carrier landing opera-
tions are the natural and artificial visual cues
available to the pilot during final approach to
recovery. During the day, under norwal condi-
tions, a pilot has an abundance of natural visual
cues which provide information on the "goodness"
of his final approach to landing. He uses the
horizon and the aircraft nose geometry for
attitude infornation and estimation of touchdown
point; alrcraft, ship, horizoun geometry and
surface texture of the sea with ship's wake for
altitude control information; a three-dimensional
view of the ship for additional relative altitude
and speed of closure information; and the painted
runway centerline for alignment information.
Expansion patterns and perlpheral streaming may
also provide feedback on his final approach per-
formance, The pllot's use of natural and arti-
ficial visual cues during final approach is
discussed more fully in Winterberg, Brictson

and Wulfeck (1964).

At night, In dark and somewhat hostile visual
surroundings which at best deteriorate, and at
worst climinate, most natural visual cues, the
pilot is forced to rely almost exclusively on
artificial cues provided by visual landing aids.
For example, the natural horizon may be unavail-
able up to 30 percent of the time; information
tror: the surface texture of the sea or the ship's
wake may be gone; and the three-dimensional view
of the ship may be occluded by darkness. In the
absence nf those natural visual cues, the pilot
uses information provided by visual landing aids.
The Fresnel lens, which projects glide slope
informatlon in the form of a lighted "meatball”
image , is used by the pllot to estimate his rela-
tive position on glide slope; centerline strobe
lights and drop lights are used for lineup infor-
matlon; and the angle~of-attack index (inside

the cockpit) is used for speed Information. The
pilot scans the visual field for feedback on the
quality of his final approach performance, obtains
information from the visuval landing aids (and
1.50), and makes appropriate control 1aputs to
cffect a safc recovery.

Visual landing aids are thercfore a fundamental
and a critical port of the carrier landing sys-
teme  They provide the artificial visual cues
that the pilot uses to judge the adequacy of
his f{inal approach pevformance...and they are
especially critical at night.

What influcence do day and night visual cues have
on final approach performance? Does landing
performance differ day and night? Can the dif-
ferences be quantificd? Whiat happens to re-
covery performance when the deck is pitchlng?
How docs pilot experience influence landing per-
formance? By measuring and statictically de-
fining cmpirical samples of final approach per-
formance, operational answers to those questions
have been provided.




Threc years of human factors resvarch on carrier
landing sy~tem performance in day and nfght
environments ls synthesized and reviewed {o thls
article.

METHOD

SUBJECTS.  All anhlesta wepe 11,8, Mawy oid
drawn from fleet squadrons. They ranked from
Ens. to Commander in cach squadron sampled.
Three levels of pllot experience were defined:
Inexpericnced pilots, fleet expericnced pilocs
and combat ready pllots. In the combat sample
105 pilots averaged slightly over 100 combat
misglons with an average across squadrons of
282 carrler landings., A characteristic profile
of fleet experienced pilots 18 reflected by F4
pilot background data showing that the typical
pilot averaged 72 day and 22 night carrier
landings in the F4 alecraft. Incxperienced
pllots, as ruflected by FB pilots, had no pre-
vious cacrler landing experience L{n that type
alrecrafe.

SAMPLE SIZE. A total of 1876 final approaches
were recorded across six types uf Jet alrcraft,
The total i{s broken down Lnto 1268 day and 608
night landings which were obtained during five
data collection tours aboard four alrcraft
carriers. 7The F4 asample, which ls used most
extensively to 1llustrate approach performance
trends, Is based on 136 day and 83 night
approaches collected abovard two attack aircraft
carriers. Combat landing operations described
later are based on 912 day and 390 night
approaches aboard one carrier operating off
North Vietnam.

SYSTEM VARIABLES. All performance data were
collected aboard large so-called super carriers
and Included the USS KitLty Hawk, USS Constellation
USS Enterprise and USS Ranger. A3, A4, AS, A6,
¥4 and F8 jet ajrcraft weve used for data collec-
tion. Visual landing aids included: the Fresuel
lens optical landing aid (line and point stabi-
lized); centerline strobe lights and drop lights;
and white an4 red floodlights. Weather condi-
tions, except where noted (pitching deck), were
conslderel relatively Ldeal; calm sea, visible
horizon, and acceptable ceiling and visibility.

INSTRUMENTATION. The procedure for recording
final approach performance has been described
by Brictson (1966). It consisted of a shipboard
instrumentation system (SPN-10) which recorded
1u~-flight geometry of aircraft during final
approach to landing. 7Twin precision radars
locked on and tracked the aircraft. The data
were processed through a sigral data recorder
which provided up to eight channels of continuous
flight information., The tracking radar was
calibrated agalnst a known standard prior to
shipboard recording and was checked perlodically
throughout the operations at sea. In a technical
description of the system, Shub, Rupp and Ares
(1962) reported the radar range error as &4 feet
and angular crror as 0.3 milliradians, The
signal data recorder was a military version of
an clghr channel Of faer dynograph and provided
a continuous curviliovar electric record of
alrcraft final approach variables, Recorder
calibration was performed prior vo data collec-
tion ard the calibration for vach channel was
checked before <ach landing sequence. A paper
take-up speed of 5 mm, per sccond was maintained
for all recordings. Range, true altitude,

altitude eryor, lateral error, sink speed, true
alr speed, deck pitceh and closing speed were the
variables usually recorded,

RESULTS

MEASURES OF API'ROACH PERFORMANGE. Mecasures
ol day and night carrier approach performance
included the following system variables:

Altitude Error from Glide Slope
lateral Error from Centerline
Sink Speed at the Ramp
Approach Specd at the Ramp
Arrestment Wire

Boarding Rate

Bolter Rate

ALTITUDE ERROR. Mcasures of altitude crror
from a prescribed final approach glide slope of
3.5% were taken at four ranges from touchdown,
Day and night altitude error eanvelopes arc
fllustrated in Figure 1, The envelope dimen-
dlons are defined by £2 standard deviat{ouns
from mean performance for successful recoverios,

In comparing day and night altitude vrror
performance several things seem clear. First
of all, preater varfahilityv wvas found {n control
of altitude error at night. Night approaches
show increased altitude performance dispersion
at each range from touchdown,

Previously published results (Brictson, 1966)
rveported stat{stically significant differeunces
between day and night altitude control at
Y% (p < .01) and 1/8 (p < ,05) miles from touch-
down., Furthermore, pilots also were found to
be relatively consi:tent in their day and night
altitude performance as reflected by reliability

scorrelations. At the ramp, altltude performance

correlated .78 by day and .21 at night.

Second, a greater percentage of aircraft flew
below plide slope at night than during the day
recoveries. At night, 30% of the F4s were below
glide slope at 1/8 mile from touchdown; during
the day, wich the same pilot sample, only 9 per-
cent approached below glide slope. The tendency
to fly below glide slope with greater frequency
at night has been found in other data samples as
well and Is illustrated fa Figure 2,

Finally, the night bolter rate (touching the
deck without arrestment) was found to be approxi-
mately double the day rate for F4 alrcraft.
Pilots had a greater tendency to land farther
up the deck at night and consequently had higher
bolter rates compared to their day approaches
(see Figure 5),

In summary, night altitude control perform-
ance was found to differ statistically and
practically from daytlme performance. Night
approaches were characterized by more altitude
variability, a larger percentage of approaches
below glide slope and highev bolter rates com—
pared wilth day approaches flown by the same
pllocs.

LATERAL ERROR. Lateral crror from center-
line was also measured at four ranges from
touchdown. Mean performance #2 standard devia-
tions for successful recoverivs are shown {n
Figure 3. Reliability corrclations for pilot
lateral error at the ramp were 7% duy and
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.69 night which reflect a relative consistency in
performance, No practical or statistical differ-
ences were found {n duy and night lateral error.
F4 lateral error performance wae found to be
esdentlally the same for both day and night final
approaches.

OTHER PERFORMANCE MEASURES., S1ink specd or
vertical gpeed was measured at the ramp just prior
to touchdown. Data from a study of combat landing
opurations sre graphically displayed in Figure 4.
For five different jet alrcraft covering over
1300 day and night approaches, no signlficant or
practical dif ferences were found between day and
night sink gpeuds.

Final approach slrspeed was recorded at the
ramp for the same Jet alrcraft douring recovery
operations fullowing combat sortics, The data
were analyzed and no practical or statistically
significant differences were found between day and
night approach gpeeds.

Day and night wire arrestment data for Fé
aireraft were calculated and cevaluated for trend
information, With four wires avallable to arrest
approaching alreraft there was a tendency for a
greater percentage of alrcraft to land shorter
(#1 and #2 wires) by day and longer (#3 and #4
wires plus more bolturs) by night (see Flgure 5).

APPROACH PERFORMANCE UNDER PITCHING UECKS,
Fleet doctrine calls for pilots to fly a constant
glide slope durlng final appioach and this is
especially stressed when seas are high and the
carrier deck Is pitching., What are the opera-
tional consequences of a pltching deck? buring
one data collection trip, heavy seas causing
considerable deck motlon provided the opportunity
to record approach performance under 2 pltching
deck condition.

A pitching deck wus operationally dufined ay
deck motion that excecded #4 feet (deck up or
down) from a stable platform. Thus, high deck
pitch was defined as any deck movement which
exceeded four feet either up or down. Low deck
pitch was deck movermunt less than four feet.

Effects of high and low deck pitch on day
and night approaches are shown in Figure 6 which
compares landing cffectiveness by contrasting the
percentage of unsuccessful approaches under low
and under high deck pitch conditions. Seventy
percent of the night rccoveries under high deck
pitch were unsuccessful (bolters or wave offs),
In sharp contrast only 18% of the day approaches
were unsuccessful under high deck pitch,

Previous data indicates that during the day
under calm seas, pllots fly consistently above
glide slope, When the deck is piiching they rend
to fly even higher, At aight, vhen the pllot 14
appareatly unable to percclve deck motion, the
percentage of unsuccessful approaches vas {ound
to Increase more radicaliy (187 to 70%) thar with
any other day/night recovery condition rccorded
to date.

INITIAL CARRLER APPROACH PERFORMANUE. How
do pilots perform duriag thelr first attempts te
land aboard an oircraft carcier? To answer this
quustion, data were coliccted on a small sample
(N = 58 night; 23 day) of FR replacement pifots,
Again, primary lnterest was focussed on the
varfabil!ty of altitude error control performance

—= in this case for pilots making thelr initial
carrier landlngs at sea.

o

A summarv of day and night altitude errov
performance at three vanges from tcuchdown 13
presented in Figure 7. Perforzance data ware
grouped and used to develop altitude performance
envelopes. Day and night envelopes were haacd
only on spproaches which resulted In succeasful
landings with the dimensiona defined by mean
aliitude error :2 standard deviations.

In interprecting the anvelope dimenalons {t
i8 useful to recall the F4 data from Figure 1.
Moc¢lice that night altitude error dimensions for
"i{nexperienced" F8 pilots are approximately the
same as those for "experienced" Fé pilots
(Figure 1). Although different alrcraft types
should not be compared dircctly because of
obvious differences in handling and maneuver-
abllity characteristics, it appears that with
expecricnce, pllots are able to reduce the
variability of day altitude performance. On the
other hand, night alcitude variability, especially
{n the ceritical reglon below gllde slope, remains
almost constant regardless of experience. Tie
relative frequency of low night approaches also
appears to be consiztent across alreraft types
regardless of pilot experlence,

The percentage of F8 alrcraft below glide
slope at 1/8 mile was 38% at night cowpared to
only 19% by day. In general, at night ad the
purcentage of F8 aircrait below glide slope
increased, unsuccessful approdches (bolters,
wave offs) increased and overall boarding rate
Jecreased,

EMPIRICAL PERFORMANCE CRTTERIA, How high
or low, left or rlght, can an alrcraft be at
various ranges from touchdown and stiil land
successfully? To ansver that question data for
successful carrier approaches, e.g4., those that
resulted in safe arrestment aboard ship, were
used to develop performance enveloupes in both
vertical (altitude) and harlzontal (lutleral)
dimensions, “The dimeusions of the performnance
envelopes were defined by 1o (687) and $20
(95%) values from moan perfoimince.,  Separate
vivelopes were developrd for both day and night
successful approaches.  Figure 8 comparces F4 day
and nignt criterfon envelopes (m 2 2¢).

Those envelopes consiftute empfrical per-
formance criteria.  They are based un successul
Fa landings aboard large carricrs, by experlenced
pllots, under relatively good eunvirvonmental
conditions (calm svas, pood visibility, distinc
horlzon, sceady deck),

The altitude performance cuvelope for the
F4 is illustrated and compared with the Fresnel
lews ideal altitude tolerances in Figure Y. In
reality, very few alreraft (25%) §fly within tie
restricied Fresnel eriterion envelope,

PROBABTLITY OF SUCCHESSFUL RICOVERY.  What
bappens if altoraflt excevd the copirical per-
formance criteria?  What di(ference doen it make
In terms of banding soccess §ioan adrveraft
approach fa'ls outside the 220 eavelope?  To
examine the predictive atilite ol tie empirically
derived performance enveloprs Monnoecessal”
approa-hes were superimposed on the "successful”
performance cnvelopes.  Both tle (681) and 27+
(95%) enveldopes arce shown in Figure 1, A range

|
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of 1/8 mile from touchdown was sclected as a
critical ocoint at which an alrcraft should be
fimly estublished on glide slope, line-up and
speed to land safely. Onc-eighth mile ia
approximately eight seconds from touchdoum {n an
r4 atrcraft. trom the resulcing scatier pluls,
the probabiiity of succzssful rucovery for extreme
performance deviatic-a (220) was determined,

The prohabilicy of successful recovery, {f
an alrcraft spproached outatde the 220 empirical
cnvelope, 1s shown tn Figure 1. Durinp the day,
with experienced pilots, there wus a high proba-
bility ui landlng success {f an aircraft approach
was outside the empirical covelope. In faci, In
otir data sample all F4s which approachued outside
the criterion envelope landed suc: vasfully. At
night, however, landing success for (inal
approaches outside the criterion envelopes was
only 45 percent for F4 and 55 percent for A4
approachua, . .1n both alrcraft, vxperivnced pllots
were wt the thretcle.  For lnexpericoced pllots
(F8), night landing nuecess was only 19% compared
with 38% by day. Lower burrding rates for F8
carqual piiots probably reflecis more stringent
approach tolerances, l.e., more technigie wiaves
offy applied by LSOs, ay wrll as lesy pllot
proffcicency In salvaginyg "poor” (-23) approaches.
e practical consequences of exceeding the
empirical criteria are obvicus. At nlght, fewer
approaches result in successful landings 17 alr-
crart exceed emplrically derived performance
crigeria,

DISCUSSTON

Ve have scen that the major difference hetween
day and aight carrier approach performance was
foLad 1o altltude «rror cantrol. At night, with
an lmpoverished visual field, final approach per-
Fformance showed mote alzitude varfabillty, a
greater percentage of afreraft below glide stope,
hiphev belter rates, and most slgaifter-o, less
landinyg success as measured by overall boarding
rate. At alghs, altitude fnformation during
tinal approach to carrter Tanding s provided

by the Fresonel lens optical landing system,

No pne can guarantee that night landing perforin-
ance can be improved., it may be as good nuw as

it ever will be, The data reported here, however,
strongly suggest that the greatest payoff in
tmproving night landing performance lies {n pro-
viding better altltude control information, We
now have clearcut, objective cvidunce of wherc

to place the cmphasis Lo future virual ianding

ald design.

Just as mo one can y¥r.arantee fmproved night per-
formance s0 no one can guarantee fewer night
landing accldents, The present accident ratlo

of approximately 4:1 (night vs, day) may be as
low as we can expect piven the interactions and
complexitics of the present system variables.

The landing performance data do not necessarily
portend any reduction In the existing carrler
landing accldent rate. Nlght approaches are wore
difficult than routine day approaches, simply
because, as many pilots put 1t, "At nighe, Lt's
dark., Yuu can't sve," Throw in a black, moonless
night, no hourizon, low fuel state.,.and the
probabllity of a successful recovery rapidly
dlminizhes, Under such conditions the landing
accldent potential increases as deviatioms In
landlng performance increase. With less than
optimal conditlons (pltching deck, carrier quali-
flcations) the number of unsuccessful approaches

begins to Increase and the boarding raie drops.
The overall effectiveness of carricer landing
sysrem performance 1s sharply reduced.

The fundamental question to be addressed, however,

with {ty increcased altitude control varfabtlity,
increasd percentage of low approaches, and higher
holter tates -~ {s aczceptable system performance.
If [t is not, then major emphasis must be placed
on lmproving the preseantation, reliability and
stabllity of hefght guidance visuval cues {n
existing and future visual landing alds. One
such system now under development by the Navy

{3 CLASS (carrier landing afd stabilizaiion
system). More sensltive aud precise visual
information must be provided to the pllot to
reduce bag altitude performence varlabi ey
durlng night carrler approaches,

We new have empirical quantitative meusorn s of
carrier landlng performance utillzing the Fruesuel
lens eptical landing system, Unfortuwnately, such
obJuctive data were not avallable during (lect
evaluatison of the Fresnel lens.  Similar cwpirical
data ot Llandlng perfomance bascd on new or
mod{fivd visual landing alds arc essential.
Comparisons can then be made to the bascline
petlormance diata reported here to provide a

basis for evaluating visual landing alds in

terms ol statlstical distributions through
measures of accuracy (m) and precision (u) of
fioal approach performance under a glven set of
conditions,

Along the way to collecting objeciive perform—
ance data to vvaluate visual landing alds,
several fall-outs have cccurved, In the search
for a criterion to assess the Lln{luence of

system cumponents on landing performance, ecwpiri-
cal perfornance criteria were develeped., Their
practical implications were illustyated by
describiong cavrier landing success in terms of
how high or low, left or right, an approach can
L and still result in successful recovery.

Nlght approaches outside empirically developed
enve lopes were seen to represent potencial accr-
dents because of their exrrene deviation (»220)
from mean approach perforrmance. Based on the
likelihood of successful landing, thosc approaches
place a pillot "in extremis" aad become calculated
risks. At night, 1/8 mile from touchdown, landing
success for Fé approaches outside the empirical
cnvelope was 45%. Landing success inside the
cuvelope was BSZ. Which approach would you pre-
fer?

The usefulness of landing performance data con-
tinues to expand. Currenily, the objective
measures are belng used Iu tralning Landing Signal
Officers (LSC) and as a training fecdback dovice
for pilots and LS0s afrer fnitial carrier landing
qualifications and actual fleet excrcises. A
graphlc preseatation of final approach perform-
ance data is used to ifllustrate to the pilot his
actual approach performince in terms of several
continuously recorded varfables. LS0s, on the
other hand, have used the data as a reliabic

check on their own proficliency 1n monitoring
carrier approaches. In addition, the empirical
performance criteria can be used to valldate flight
tralning school measures and previde operational
feedback to training personnel on the relative
performance of fleet pilots.
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SUMMARY

Tho Boeing Company'g new multimission simu-
lator, combining a 160~ "real-world" visual
display in high-resuvlution color, together with
& cumplelely funciional and correiatad cockplt,
is describved. The simlator permits ‘ircrews to
train in proposed aircraft and avisnice systems
and fly real-time missions over specially
deaignated areas of the Ualted States. The
simulator was deaigned to evaluate aircrew pers
formance using state-of-the-art concepts,
coatrols, and displays incorporated in the
cockpit of an advanced fighter/attack aircraft,

Visual target acquisition performance was uced
as a measure of task loading in tests of one=~
and two-man crews flying both realistically
task-loaded missions and sequences requiring
visual target acquisition oniy. Visual target
acquisition performance of two-man crows wes
significantly better than that of one-man crews
in both types of flights,

i ¥
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The Boming Company has developed a research
facility for evaluating aircrew performance in
proposed aircraft with inlegrated avionics sub-
cystems, This facility ia the Boeing Multi-
mission Simlator,

The simlator incorporates advanced aireraft
dealgns with stete-of-the-art avionics, displsys
and controls, New aircraft performance require-
monts are egtublished, airframe models are
tested in vind tumels, and the final flight
dynaxics are programmed into a high-speed
hybrid computer. Tarrain elsvation data from
Army Map Service computer tapes are fed into
the computer memory bank so that flight can be
similated over designated portions of the
United States,

Integrated in the £light deck are inter-
changeable avionics displays and controls., The
hardware portions of the avionics, film readers,
and flying spot scanners are housed under the
flight deck, The displays are driven by the
hybrid computer logic in response to aircrew
control settings.

The capabllities of the Multimimsion Simu=
lator as presently configured are:

(1) Low=level, high=speed flight

(2) Terrain following and terrsin avoldance
(3) Radar navigation

(4) Oround attack

(5) Alr-to-air combat

(6) Flght controls/sensor displays
eveluation

(7) Defense displays evaluation
(BECM and wissile threat)

(8) VFR target acquisition
(9) Data recordiig and reduction
(10) Stimulus material playback
The simulator flight deck incorporates the
controls for two major systems., These are
compoged ofs
(1) The major airframe subsystens
a, Flight controls
be Flight and engine instruments
cs Propulsion
d. landirg gear
8, Hydraulica
f., Eectrical power

g, Fuel

umHH

he Life support

{(2) The major avionics subsystems

s, Integrated cossurdcation,
navigation (radio), and iden-
tification

b. Integrated navigation (doppler,
inertial, LORAN, OAR3, digital
canpuurs

o, Maltimission rader
d. Weapons control

o. Displays (WOD, VSD, HSD, radar
repeater)

f. Integrated self-test and checkout

The simulator operates under two separate
flight conditions - a VFR mode wimulating flight
under Visual Metesrsincical Conditions, and an
IR mode slmulating flight under Instirument
Meteorological Conditions,

In the VFR mode, the primary displsy is a
15~ft, radius screen upon which 1s projected
high-resolution color motion victures ol low-
altitude, high-speed flight over standardized
flight corrldors., A rul&stic, external o
fiald-of-viev extends 160~ laterally by &0
vortically. In VFR wmissions, the flight
dynamics of the simulutor are controlled by the
Automatic Flight Control System operating in
the Autcaatic Terrain FMollowing mode; the
flight path of the simulator 1s determined by
the autonavigation system in conjunction with
preset checkpoints along the test course. In
the IFR mode, the pilot can comtrol his own
£1light path within a 25-mile wide corridor
assigned for his mission,

The aircrew can operate the simulator
systems in reali-time under normal, degraded
mode, or emergeicy conditions. Complete
missions can be programmsd to include enemy
ground defenses and air threats, end sensor and
aircraft systems failures.

During the course of the missions, the
hybrid computar momitors and recorde the crew
operating procedures, Time of switch actua-
tiocns, navigation update errors, and weapon !
delivery errors are typed out by the computer;
actual flight profiles and systems parameters
are traced out in analog graphics. A closed
circult TV eystem monitors crew sctions and
records the missions on video tape; aircrew
communications are recorded on FM tepe. In
addition, direct cbservation of the asircrews 1s
possible from an enclosed experimenter's balcony
and control station,

The complexity of the Multimission Sirmlator
requires rigorous training for the individuals
who {1y it. Operating and training manuals have
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LSsi piepaswd Lor use with the simulator. Dise
play and control mockups are used as teaching
alds in the ground school. Cockpit checkouts,
fardliarization Mighta, snad trodndng wlasions
are conducted pr.or to scheduled tests. Selac-
tion can be wmade from complete aets of refer—
enco material to establish controlled briefings
for selscted rdssicns, Complete cartographic,
reconnaissance photography, and air intelligence
information is available, Psychological set can
be established by briefings of hypothetical
strategic and tactical situations,

The Multimission Simulator is a flexible
resesrch tool, Studies have besn conductad in
target acquisition, afrcrew utilization, cockpit
geometry, task-load analyais, avicnics displays
and controls anelysis, The studies have used
military oparational pilots, pilot~qualified
Boeing personnel, and selected Boslig profen-
sicnal personnel.

The results of studies conducted in the
Multimission Simulator show that task loading
and psrformance are interrelated and depend
on experience, training, equipment, and specific
test instructions. Task loading is the utili-
zation of an aircrew's mental and physical
energies in the performance of tasks necesasary
for the successful completion of a misaion,
Task loading is generated by the individusl
aircrew's effort to accomplish that mission
with the available airborne systems. A direct
quantitative measure of task loading is diffi-
cult, However, an important end product of
work load is performance within the mission.
Thus, aircrew performance can be measured for
mission subtasks under different conditions, and
the nost favorable work load conditions can be
related to favorable mission performance,

In several Boeing tests, visual target acqui=-
sition, an important misszion success paramster,
has been used as a measure of task loading. In
studies involving team efforts, 1. was found
that two-man crews acquirad prebriefed targets
at significantly greater ranges than one-man
crews., In missions where the only task was
targot acquisition, two-man teams acquired
targets at 20 percent greater ground ranges
than one-nan crews. In missions vhere realistic
flight management tasks were imposed on the
crew, two-man crews acquired targets at 30 per-
cent greater ground ranges than one~-nsn crews,
In both types of mission, visual target acqui-
sition was stressed as the vrimary objective of
the mission,

Figures 1 and 2 are examples of visual target
acquisitior. comparing one- and two-man crew
performance on two specific targets.

The sharing of the target acquisition load
by two-man crews resulted in significant
improvement in visual target acquisition per-
formance. Tho exact reascns for the superior
performance, however, are not known, Studies
are plamed to establish those critical areas
wherein two-man task loadirg difrers from that
of the one-men,

Points of interest are that two-mén crewn
apparently made better use of the preflight
briefing meteriels. In flight, the cbservers®
perrormance of routine tasks, allowed the pilots
more time for critical mission objectives.
Approaching target areas, the observers helped
ths tean effort by referring to in-flight
referance materials while the pilots were able
to direct their attention outaide of the cock-~
pit. The observers also pointed out upcoming
checkpoints and target features. Although the
observers were unabls to actually trigger the
acquisition response to 8 target, they helped in
confirming possible targets and rejecting false
targets,

Generally, the two-men crews made fewer
mistakes in standard operating procedures than
the ond=man crews apparently dus to the more
specialized nature of each crewman's duties,
and the asslstance afforded the pillot by the
observer in calling out necessary requirements
at proper times. There wero somes two-man con-
flicts generated by inadequate meshing of the
crew's workload. However, these were generally
resolved with training and experience. The
conclusion was that two~man prublems were out-
weighed by their c¢verall improved performance.

There are many other areas which are
suitable for investigation with the Multi-
mission Simulator. The prime one is the
analysis of improvement of missiun performance
through (1) improved sensor and predesignation
displays, (2) the display of reference mater-
lals in flight, and (3) the optimal allocation
of task loading between the pilot, his
avionics, and crew.

Target acquisition performance has been
used to determine the relative degree of task=-
loading between one= and two-man crews. The
two-nan configuration is considered more
desiruble becsuse of significantly improved
mission performance,

It 1s felt that an adequate analysis of
mission performmice requires a realistic and
real time analysis of aircrew task loading.
The Boeing Multimission Simulator orovides this
capability and has been a usaful tool in the
study of task loading amd mission performance.
By using the simulator, performance can be
effectively improved through

(1) Proper systems and equipment design
(2) fTraining
(3) Proper crew utilization

(4) Confidence induced by systems
reliability snd accuracy

(5) Experiance.

X
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PHYSICLOGICAL ASSESSMENT OF PILOT STRESS DURING LANDING
K. G. Corkindale, F. G. Cumming, MBE, and A. M. Hammerton-Fraser

1. WHEN IN 1965 it was decided to investigate the value of physiological measures of pilot stress
during landing, a joint programme between the RAF Institute of Aviation Medicine and the Royal
Aircraft Establishment was agreed, starting with a study of compensatory tracking on a digital
display under laboratory conditions (1).

As a result of the encouraging results obtained from this investigation it was decided that the
feasibility of the techniques used should be studied in the real flight situation, and to use as
this flight situation trials being conducted at the Royal Aircraft Establishment, Bedford, by the
Blind Landing Experimental Unit (BLEU) with the hope that the physiological measures could be ured
to augment the objective and subjective assessments of performance.

A physiological recording system had to be developed for this trial, suitable for installation
in a fairly large aircraft. Basically, the system reduced a set of physiological measurements into
cumulative digital form which were photographically recorded at ten second intervals. The
measurements taken being:-~

a) integrated arm muscle activity.
b) integrated leg muscle activity.
¢) skin resistance activity.

d) respiratory rate.

e) respiratory flow,

f) end tidal carbon dioxide.

g) heart rate.

This set of measurements was the same as that used by Benson et al (1) in the early laboratory
series with the omission of respiratory peak flow. A full deseription of the equipment is given by
Hammerton-Fraser (2).

After testing in laboratory conditions the system was transferred to a rack in the forward
passenger cabin of a Comet jet transport aircraft at BLEU, Bedford.

The reason why the Comet was chosen was that the programme being undertaken by the Blind Landing
Experimental Unit at that time involved landing with or without Autoland facilities either completely
blind or in various degrees of fog conditions and it was felt that this particular exercise should
give as reasonable stressful a situation as one could possibly hope for in an early investigation.

2. THE EXPERIMENTAL PROGRAMME

Initial flight tests showed that the carbon dioxide recording equipment would not work satis-
factorily at that time under the airborne conditions and eventually it was decided that this
measurement would be abandoned. However, after successful flight testing of the remainder of the
system a series of nine sorties was completed in February 1967 in which recordings were made on the
back of the aircraft flight programme.

Initial analysis of the data from these runs undertaken while the aircraft was grounded for
modification led to the conclusion that with only four subjects available for this experiment it
would be difficult to make any valid deductions from the physiological measurements unless they were
made in a statistically balanced programme of flights.

The reason why such a controlled programme was required was that it had become apparent from inspec-
tion of the initial ground a-d airborne recordings that there was a basal decline in the subjects
level of physiological arousa. in activity from the beginning to the end of flights of the duration
intended. This flight duration of some 90 minutes was due to the operational use of the aircraft and
it was clear that unless this effect could be balanced out by varying the order of different types of
approach within each flight misleading conclusions might be drawn from this data.

A balanced programme of 16 flights comparing two conditions of visibility (fog screens, and
clear) and two control conditions (head-up or head-down display of information) was designed (Table 1)
and this programme commenced in July 1967. 1In the event owing to problems of aircraft availability
only 9 flights were completed before the equipment had to be removed. Only data obtained during these
9 flights will be considered in this paper.

In summary, this programme had two main aims:-

1) to investigate the feasibility of obtaining records of a pilot's physiological activity in
fiight under operational rather than experimental conditions.

2) to determine the usefulness of physiological recording in the assessment of pilot work load.

3. EXPERIMENTAL METHOD

(i) TFLIGHT PATTERN. The aircraft normally took off at maximum landing weight so it was able
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to go straight into the circuit pattern. This usually permitted 8 approaches to be made inclgding
the final landing. Each circuit from take-off to touch-down took approximately 1O minutes, circuit
height being 1500 feet.

The types of approach being studied by BLEU included full autoland, with the pilot acting
purely as a monitor; manual instrument approach using head-up or head-down displays with and without
auto-throttle. The head-up display was of a pure director type.

These manoeuvres could all be carried out either under clear screen conditions or with fog
screens simulating visibility ranges down to Category 3 conditions.

During the early airborne series of runs physiological recordings were taken from the end of the
downwind leg through touchdown into the overshoot phase. From these readings it became apparent, as
might have been expected, that the most marked and consistent changes in physiological activity
occurred during the last 2 minutes prior to touchdown; therefore in the balanced series of 9 flights
recordings were only taken over this 2 minute period.

TABLE 1. PHYSIOLOGICAL ASSESSMENT OF PILOT STRESS DURING IANDING EXPERIMENTAL DESICN

§gg; CI:SUIT SET 1 SET 2 SET 3 SET 4
REQUIREMENTS )
(i) No subject should perform two FLIGHT 1 | FLIGHT 5 | FLIGHT 9 | FLIGHT 13
flights in one day.
2 FS D c HD FS HU | C "
3 HU HU HD HD
1 4 c HD FS HD C HU FS HU
5 HU HU ¥D HD
6 FS HD c HD FS HY C HU
(ii) Flights in each set should be FLIGHT 2 FLIGHT 6 FLIGHT 10| FLIGHT 14
completed before those in
the next set are started. 2 FS HU | C Ry | C HD | FS HD
3 HD HD HU HU
11 4 C HU FS HU FS HD [of HD
5 HD HD HU HU
6 FS HU C HU Cc HD FS HD
(iii) In each flight circuit 1 FLIGHT 3 FLIGHT 7 FLIGHT 11| FLIGHT 15
should be autoland with fog
screens. Circuits 2 to 6 § ¢ :g FS gg FS gg ¢ gg
should then be recorded as
shown. 1If any of the re- 1 g FS gg ¢ ﬂg ¢ W | FS HD
quired approaches is not 6 c w | rs ;U FS :g C Hy
completed it should be HD
d, and i
zggsizi 7.a“lf'§§:’:§d;s;: FLIGHT .4 | FLIGHT 8 | FLIGHT 12| FLIGHT 16
circuits 7 and onwards may 2 c HD | FS HD | C HU | FS HU
be used for any desired 3 HU HU HD HD
purpose. v 4 FS WD [C W | FS HU|C Hu
S HU HU HD HD
6 [ HD FS HD C HU FS Hy
VISIBILITY. C = CLEAR CONTROL. HU = HEAD-UP
FS = FOG SCREENS HD = HEAD-DOWN

(ii) THE SUBJECTS. All the four subjects were qualified Test Pilots of the Blind Landing
Experimental Unit at the Royal Aircraft Establishment, Sedford.

(iii) DATA REDUCTION. The six measures were integrated over ten second epochs from 2
minutes prior to touchdown through to touchdown. This cata was thea further grouped to 30 second
periods giving four intervals before touchdown.

As the balanced design was not able to be completed the analysis that followed used data from
only two circuits for cach subject under cach of the four conditions although all subjects
comnleted at least ten circuits,

In summary therefore we have:-

6 physiological measures,

» time epochs before touchdown,

viewing conditions,

display modes

circuits per working conditions per subject.

>~
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4.  RESULTS

The data obtained was subjected to 6 analyses of variance, onme for each physiological measure.
The results of these analyses are summarised in Table 2.

TABLE 2. SUMMARY OF ANALYSIS OF VARIANCE RESULTS

Physiological Measure
Source of
Variance Arm Leg Skin Respiration | Respiration | Heart
Activity | Activity | Activity Rate Flow Rate

Periods (P) L] - - - *k *hk
Head-Up v. - _ - _ _ *
Head-Down (D)
Fog-Screen v. * " _ _ * ahk
Clear (C)
P.D. - - - - - -
P.C. - - - - - -
D.C. - P - - - Rk

Key: * Stétistically significant at p = 0.05
** " " " P - o 'ol
RN - " " 1 P = 0.001

In addition to these findings a significant difference in the level of response between subjects
was demonstrated for the 6 measures. Whenever a significant difference shown in Table 2 was demon-
strated it was always of the same general pattern, that is that higher physiological activity was
associated with approaching the ground, and with the presence of fog-screens.

Table 3 illustrates the findings of what, from this study, appears to be the most sensitive
measure, namely heart rate. The data shown is the average value across four subjects and two
circuits per working condition.

TABLE 3. HEART BEATS (COUNT OVER 30 SEC.)

Time To
Touchdown FSHD FSHU CHD cnHu Average
(mins)
2 54,88 53.13 46.38 54.38 52.19
14 57.00 56.38 47.13 55.25 53.94
1 63.00 58.75 51.13 58.25 57.718
} 68.75 61.50 56 .88 61.88 62.25
Average 60.91 57.44 50.38 57.44 56.54

1f the physiological data compiled as in Table 3 is ranked (1 = least activity) for cach working
condition with respect to the 4 time periods before touchdown then the sum of these ranks for each
working condition demonstrates the increase in physiological activity during the course of the
approach.

TABLE 4. SUM OF RANKS OF 6 PHYSIOLOGICAL MEASURES
FOR 4 WORKING CONDITIONS OVER 4 TIME EPOCHS

Time to Touchdown (mins)

Working Condition 2.0 1.5 1.0 0.5

Fog~screen, Head down | 10 11.5 18.5 20
Fop-screen, Head-up. 12 10 15 23
Cicar, Head-down 9 12 15 24
Clear, Head-up 11.5 7.5 1 22

5.1. CGENERAL. Experience in this trial indicates the feasibility of using physiclogical assessment
techniques in the field without inconvenience to either the trial's staff or to the aircrew subjects.
The fitting of the sensors was accomplished by non-specialist staff in less than 13 minutes betore
each flight and did not interfere with the pilot's airborne activities in any way. .
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With the exception of the carbon dioxide recording equipment all of the measurement techniques
worked reliably over the puriod of the trials without causing any maintenance problems. Of the
measures employed and within the limits of the data reduction and analysis techniques used it would
appear that the most sensitive physiological parameter is heart rate, a finding that has been shown
by many laboratory studies. It is known, however, that more sensitive analysis procedures arec poss-
ible for the parameters recorded in this trial. For example, during the course of this trial omne
of the authors has developed a method of assessing changes in skin resistance which is more sensitive
to the effects of working conditions than the methods used in this report (3). Similarly, Opton et
al (4) have shown that the utility of heart rate measures can be improved.

5.2. ASSESSMENT OF TRIAL VARIABLES. In assessing the differences between working conditions that
have been demonstrated in this trial two points should be considered. Firstly, not all of the
planned flights were completed and hence the amount of data available is less than could have been
desired. Secondly, all of the four subjects were experienced pilots familiar with the various
aspects of the trial and less likely to show wide variations in response as the conditions were
changed than would a group of less skilled pilots.

When differences were shown (see Table 2) the various physiological measures gave exc:llent
agreement on the direction of rthe difference. Three parameters showed increased physiological
activity as the time to touchdown decreased. Similarly, the same three measures showed heightened
physiological activity when fog-screens were in use compared with no fog-screens. Only for heart
rate was a difference between Head-Up and Head-Down display of informiticon demonstrated and then at
a low level of statistical significance. In these two latter cases the significance of the intcr-
action should be borne in mind when making interpretations of the data.

6.  CONCLUSIONS

1. Multivariable physiological assessment of pilot stress in the field is feasible both technically
and administratively.

2,  Data obtained from physiological assessments is capable of providing useful insights into the
situation under study.

3. Further use of multivariable physiological assessments in both flight and simulazed flight
conditiuns as an assessment technique should be accompanied by the development of a more portable
digital recording system, using the principles demonstrated so that a normative body of data can
be assembled.
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Abstract

Rasuarch with a night visual approach simula-
tor has provided data supporting e logical ex-~
plenatinn for sbout 16 psrcent of eir transport
aocidents, The explanation is in the form of a
two-part hypothssie: a deocent path that nulls
out some visual information and a delay in rela-
tive motion supplsmant of the same inform.tion.

Tte mlsping topographic inforwation sllows incor-

rect interpretation of altitude and distance,
Most operatiomal examples of this class of acci-
dents include information sbout crew distrace
tions, critieal intrucions and work losds. In
recent investigetions, the flight deck work
losds were altered by varying the frequency of
appearance of other traffic which the pilot was
instructed to detect and report to ground con-
trol, Analysis of the effect of work load on
performance rovealsd this to be a significant
facter only as it interacted with terrein slope
and pilot differsnces, btut not otherwiase. These
inwegtigations, along with previous ones in the
asries, have yleldsd quantitative data on a
subtle aspect of night visual approaches that
nay lead experienced pilots into a dangarously
low approach. While the study was conducted
with cormercial jet exporience as a background,
the problem is thought to extend to all types of
operations and squipments - commercial, mili-
fary, and private.

Ogbjectives

During the first eight years of commercial jet
opsrations, that 1s, prior to 1967, approximaioly
16 percent of the major aircraft accidents
ocourred during night approaches over unlighted
terrain or water toward well-lighted cities and
airports (1), Meteorological conditions in all
cases wsre such that the flight crew could have
smployed visual reference to light patterns on
the ground, In 1967, ths accident rate under
similar conditions ross to 17.5 pereent (1),
Accidents inwolving highly instrumented aircraft
continue to occur during seemingly safe night
visual approaches,

Accordingly, w set as our research objectives
the following considerations:

o To determine the degres to which night visusl
approaches are unsafe.

actual path flown by experienced pilots in a
sirmulator and compare this with requestsd paith
and with pilots' estimites of altitude,

dent reports involving commercial jets showsd up
many more differences than similarities in the
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0 To determine now flight dsck work load may
influsnce approach parformance under nicht
visual conditions,

The results of the resesrch will be used to ldan~
tify requirements for hardware and operational
procedures to mske night approaches safer.

Operational and Msthodologzical Problems

1

!

Qur major emphgsis is on the visual aspacta of :
landing approaches, and ressarch results have E
convinced us that at least some of the "pilot ]
error" ascribed to approach accidents is baped 3
on incorrect sssumptions concerning normal human i
visual abjlities. For exampls, pilots seen 3
generally unable to judge & safe approach alti- i
tude by vision alope 1f the terrain has an up~ i
ward slops., They fly too lowv. On the other i
hand, they tend to follow too high an approach i
when only the airport is wisible, Another find- i
ing is that they tond to use the pattern of city i
lights as a horizon reference even if it results i
in one wing being low, i |

Others have written of "illusions" and warned
rllots of perceptions of height and distance
which might lead pilots into dangercus opera-
tional comditions (2, 3, L4). Wwhatever the
machsidam - 1llusiona, subthreshold silwuli, or
adequate but invalid stimull ~ the fact remains
that nonstructurally related accidents are
occurring during night approaches under good
weather conditions,

In our study of night visual approaches, we
atiuck thy problem in three ways. FPFirst, we
study accident reporig t: wearch for clues rela-
ting the scolident to the visual envirwucat,
Second, we analyze night approachss in terwms of
the visual information available to the pilot
and what he would need to malntain or correct his
flight path. Specilsl emphasis is placed on thoza
situations where informaticn from vision outside
the aircraft may tend to conflict with that pro=-
vided by instrumants. Third, we measure the

B astadetids i oLt i L0

It wiil surprise no one that s survey of accl-

visual environments where these accidents

0 To determine how specific topography, light
patterns, descent paths, etc. result in
inadequate visual information,

occurred,

difficulties faced by the pilot whose approach
path provided him with a poor set of visual

Howsver, we were impressed with the
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cues = not the sbsolute minimum >f dense fog, but
rather conditions that would lead him to trust a
VFR approach vhen visual information is marginal
or possibly misleading. The most obvious of these
conditions is the darkness of night when manmade
vources of light provide ths only visual stimuli,

The complex pattern of a city at night can
replace to a large extent the normal daylight cues
and the experienced pilot can successfully rely on
them most of the time to get his bearings. Thers
1s a redundancy of such reference points in an
approach over lighted terrain, However, an
spproach over water or unlighted terrain means
that the visusl reference points occur at a dis-
tance where altitude and sink rats would be more
difficult to judge,

Our ocbjectives were to measure the amount of
information presented pilote by the external (to
the cockpit) scens., This quantitative informa-
tion was not availadble to those writing of
"{1llusions™ 4in prior articles, What was needed
was to know the influence of this scene on
pilots' estimates of thoir altitude and whether
the estimates were compatible with the actual
snimdo that they would generate while letting

OoWNn .

To obtain these measurements by asking pilots
to fly night approaches to cities on various
terrain was not compatible with the requirements
for safety, sconomy, or adequats experimental
control, The use of motion pictures to provide
the night visual scene for use in simulators also
proved noncompatible, The extremely amall point
sources of light on the ground from 20 miles away
at altitudes of 20,000 ft, were too small and too
dim to photograph on high-speed 3Smm film, Slower
£41m of higher resolution was not compatible with
aircraft spproach speeds and expcsure times for
night photography,

The photographing of models of cities for
experimsntal purposes ls limited by film grain and
also by the insufficiert resoluticn or speed of
color film, Furthsrmore, photographing to provide
specific viewing angles and uniform resolution 4s
most difficult,

The adequacy of visual stimuli was not the only
problem, Very senior pilots, first officers,
private pilota, and nonpilots all have one thing
in common - differences among individuals. Wwe,
therefors, had to turn to the mathods of experi-
mental psychology, with representative sampling,
to gain adequacy of msasurement.

Simulators that reproduce all the flight
characteristics of a commercial jet aircraft are
very expensive, Therefors, judicious selection of
those aircraft characteristics most pertinent to
the problem is required for the most efficlent use
of the conventional research budget.

Approach To The Problem

An approach to the problem was selected to
provide (1) good quantitative data, (2) compati-
bility with the operatiomal procedures and condi-
tions, and (1) pertinent aircraft characteristics.
The applicability of the final date was thus
maximized as follows:

o Analytical investigation of cities, flight
conditions, accident records, and airline
procedures, in relation to visual abilities,

o Operational flights to obtain realistic data,

o Design and construction of a simulator con-
taining the essential elements of visual
operational conditions.

o Experimental investigation of pilot perform-
ance and judgments in aircraft approaches
toward cities,

o Quantitative assessment of each of the factors
and their interaction,

0 Recommendations for improvements in hardware,
procedures, and training through application
of research data.

Development Of A Testable Hypotheais

Lookdng at the problem from the standpoint of
the virual environment, we asked: "Was there
something about those approaches in the accident
reports that.might have resulted in insufficient
information or in false information to the pilot?"
In this examination, we considered the visual
angle that provides information to the pilot.
This is the angle subtended at the eys by the
nearest and farthest lights of the city as the
pilot follows his flight path, To a pilot flying
on a level course at a constant altitude, this
angle increases progressively as he approaches
the city, To a pilot descending vertically at a
constant distance from the city, this angle
progressively decreases, There is a specific
£1ight path in vhich the visual angle subtended
by the city remains constant, If the airplane
i1s maintained on this path, the pilot may be
losing important closure information without his
awareness, This approach path follows the arc of
a circle centerad above the pattern of city
lights, with its circumference contacting the
terrain, Such a path provides no changing pro-
Jection of the topographic plane formed by the
pattern of city lights along the dimension that
is, in visual terms, most relevant,

In addition to the changing prnjection of the
topographic plane, visual information is avail-
able from the relative motion of the light
pattern as seen from the cockpit., However, since
this motion must exceed approximately one minute




of visual angle per second before it is perceived,
approaches over dark areas do not provide relative
motion cues until the aircraft ie relatively close
tu the city, Figure 1 shows that at 2L0 mph and
31,000=foot altitude, motion would first be per-
ceived oight and ons-half to nine miles out,
When slowing down and descending, as one would in
sn approach, the rotion threshold occcurs later,
At 1,000 feet and a speed of 120 mph, the
3;:0)1010! distance would be three and one-half
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Figure 2 illustrates the ways in which visusl
angle of topographic plane projection and per-
celvad motion relste to flight path and sircraft
velocity for approaches to leval and to graded
terrain, The area of greatsast interest is between
10 and 3.5 miles out, where dangerously low alti-
tudn3 and fast aink ratas may result from the
intsraction between inadequate visual information
and topographical variation,

Similation for Night Visual Approaches

A simulator for night visual approaches was
conatructed and the firat atudies were carried
out with movie films taken of fluorescent chalk
models illuminatad with blue light. The cameras
were equipped with proper filters and mounted on
scaled approach tracks, With this simulation,
the pilots provided altitude estimates but were
not given control of their flight paths., In the
current, more sophisticated simulation, the city
model is situated atop an 8- by 10-fi, table,
which would appear as a large light parel if the
city were removad, The city light pattern 1s
mede of thousands of tiny raised translucent
bumps in an othervise opaque film, 17he city thus
remains visible ai simulated ground lsvel, with
each bump a point source of light. Selective
coloring has been used to simulate lights of
sodium yellow, marcury vspor, and tungsten, The
city model in the similator {s scaled § inches to
the mile, Thure is a tendency on the part of the
pilots "flying" the simulator to try to identify
the city from their past experience.
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Figure 2. Influence of topography, dizzribution of hights,
and motion thresholds cn average approach paths
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The tabla containing tho clty mowna vertiecally
and in mounted onon o vhenled corringe that moves
toward thn pilot on rails. The pilot’s control of
the atick and throttle in the cab {8 fed throuph
the motora that drive tho table along those iwo
sxnn, Distancas from 3 Lo 1,5 miles Crom the
alrport can be siimlated, Miximm altitudo ia
16,000 ft.; miniram Altitude 13 minug 2,500 ft,
The aimulator Va programmad to react like a
135,000=1b, commorclal airliner in &n approach,
Haxirum forvard aneed 1n laevel flight 1s 380 JAI;
maximum climb rate 1s 6,000 fpm; dosrant, 8,000
fpm, 5tal] speed 1o sot at 110 TAS, an! tha alre
craft losea altitude at the rate of 12,000 (pm
under atall comditions,

To make the simalation realistic, the pilot's
view w13 rostrict 4 to ona eye bLecaune at tho
distancen simitated, there are no stereoucoplic
visual cunuy as there would be with tha antunl
distancon wsex! in tho slrulator. Tho validity of
thv atrmulition 36 btout ropresented in the entlwu-
aslaptic acceptance by experienced pilots of how
realistic an Lmprossion it creates.

Exporirontal ividenca

While tho conutruction of the simulatc''s
power, drivo, and simlified computer was Leing
completod, u ntatlc study of the 1nfluonco of
topegraphy on night visual approaches was under-
taken, This static Study, done with still photo-
grapbe of the model city, provided the informi-
tion that tho greatost overestimation of altilude
would vecur with a sateady upward-sloplng terrain;
that a city with hills on tho near or far side
would lead to losg overentimation than a uniforrdy
oloping =ity w-uld but to more overcatbration than
8 flat clty,.

Whan the construction of the gimilator wan
(A

Tntnt Pk,
naon

o Sres Y oamt by, b wan pasadiae b
compara tha resulta from the 0ti 11 photographs
with pllot parformapce {n tha dynamic nttuation,
Twolve Mool instructory from Flight Crew Train-
{rg each made 12 apprueaches, aly te the clty in s

Figure 3. Simulgtor with Pilot Seot Removed

Figure 4. Test Crew Flying the Boeing Simulator into "'Nighterton'’




fist pocditdon and adx o the same medel at o 3=
degree siopo. Thoy wore informed of the slope or
lack of 1t beforo asach appreachs  Two other
variabluo wore Lesled in tho exporiments atarting
altitudo (26,000 ft, and 1G,000 ft.) and distribu-
tion of 1iphts (airmort only, airport with distant
half of city, and a’rport wi-h full city),

Pilota wore instructed to choosr “hoir own
appreach path to the alrport at the near edpe of
the dlaplay, excopt that they slwuld attumpt to bte
at 5,000 ft. 10 miles out and at 1,240 £t, L.%
miles out, at which distance tho problem ended.
They wore alsc avked to be Llying 180 mph TAL at
10 milea out aml 120 mph at 4.5 mileu out, An
x~y recorder at tho oxperirentar's station makes
& continuous record of tlhe flight path genarated
by tho pilot.,

During each approach, the pliot recelved 2ight
requocts forr altitudn gstimates; stsrting at. the
18-mile point. ile was forced o gneus becaute
thore wan no aliimeter in the cochkpit,

To increngn the workload on tho pilot during
his approach, he was required to report tho
pregence of other aircraft in the area, Two aimu-
lated airoraft orbited over the clty, one clock-
wise, the other caunterclockwita. A speclal
svitching srrangement made one or the other alre
craf't vigsible for 10 seconds ut a time, for a
total of eight euch exposures during each
approach., The pilot was alerted to the preswence
of othar alrcraft shen he heard comvmuniretions
‘vetweon the ground and the airplane he wan to
lesute, On delocting the other airplene, he was
to report 1ts position and <1ltitudo relative te
his own, &nd its heading.

Exporimental Findinps
Homopens us Terrain

The performance variable of majur interest was
generatud altitude {the approach actuslly sim-
lated by the pilot), The table below shows the
relative importance of tae :fiects of the main
esperimental variables va gencrated altitude,

Source Percent of Varlance
Pllots 24,9
Distances 19,8
Slope of city 16
Light distribution 4ed
Beginning altitudo -

One of the main variables, beginning eltitude,
had no significant effact on genorated altituds.
The remainder of the observed variatjon in ;er-
formmnce (the 35% that ¢-~es no. appoar in the
tabls) occwrred a8 a result of two or more
variables acting together., All such Interactions
included differences in distances or pilots,

The larfest source of variation in gonerated
altitude (25%) {9 due to diffrrencer among indivie
dual pilots, Wwhilo individual differoncer are
typically large 4n hvran factors siudies, that
finding is particularly interesting in this study
becaune it 16 assumed that approach paths would be
rather standardized for comrorcial jet sircraft,
The performunce of Booing pilot insiructors in our
slnlator Bupgects that there are broad limfts i
the range of altitudes choaen op Liw basis of
visual refeorence,

The necond larpacst source of variation in
gonerated altitude im distance fron touchdown
(20%). Thio méasure ia actually a difference
score, tho difforence betwern a strajght path
(betsmen roquented altitudes) and the path flown.
The: pilot atarted his run at an exporirentere
controlled altituds (15,840 or 10,000 ft.) and
was requeated to be at 5,000 ft, 10 miles ouh and
1,2h0 ft, L.5 miles out, Unexpectedly, this
factor of distance fron touchdewn causes lens
vardation in genorated eltituds than d fferences
arong pllois.

City slopo, the main experimental variable,
accounts for J6 percent of penerated altitude
variation and ia the third most potont variable
teated in this study. The effect of this
variable wae congsistently that of causing the
pilots to take a lower approach path, l.e., they
flew lowor whon the city was sloping than when it
was flat,

The remaining variable, distiribution of lights
on tho terrain, had a smull but aignificant effect
on &.proach path (L.3%), It is the direction of
this effect thst 18 most interesting. Wun would
expoct thai increasing the amount of visual
information by adding lights would provide better
referernce information., However, our data suggest
that more visual inforration muy actuslly be
datrimental if it tends to be misleading. Thus,
the addition of 1ights in this study caused a
greater deviation in approach path toward
dangerous altitudes than was true when only the
airport was viaible,

It was anticipated that the detection of other
atreraft would be easier when cnly the airpert
1ights were on, and this expectation 18 supported
by the data, Approximately four times as many
aircraft went undetected when all or part of
the city lights wers on as when only the alrport
was lighled,

Returning to the major exporimental variable
of city slope and the performance variable of
genarated sltitude, let's look tt the two curves
in Figure 5 for the effect of city topography on
approaches to an airport when all the city lights
are on, Although the pilots wers inforred prior
to bogirning esch approach a3 to whother the city
was flat or sloping, their flight paths were
obviously quita lowor when the city was sloping.
The vimua) angle subtendod at the pllst's oye
by the eity wio very nearly the sams at the L.5-
mila point. for both cases - 2 degreer 45 minutes




for the flat city, 2 degrees U6 minutes for the
sloping oity,

acruakal aablh A thwe ataadns adbew 48 Adaamanmiateor
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e =
close to sero altitude,

Wat path did they think thay were taking?
Look at the shaded bars projecting upvard from
the points on the lowwsr curve in Figure 5. The
tops of the bars represent the pilots' estimates
of altitude at tnede points. It appaars thet
these experienced pilots thought they were at
approximately the same altitudes as in the
appreach to the flat civy,
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Figure 5. Influence of city topagraphy on descent.

Heterogenecus Terrain

In the experimentms cdiscussed above, the run=
ways, taxiways, and support areas had the same
terrain as the city. Controlling airport terrain
to conform with city topography allowed us to
maasure i1ts effect as a separate independent
variable. Although runway slopes exiet that
exceod 3 degrees, they are much more commonly
graded to be approximately level and, therefors,
do not comform to the surrounding topography.

The logical next step was to detsrmine
wvhether the influence of a sloping city was
indepandent of the airport terrain,

n addition, there was the question of whether
additional instrurentation - that of providing
pilots with rates of climb and descent (without
absclute altitude informution) ~ would provide
sufficisnt information for safe let-downs., It
wap an exporimenter's "gamble" that these two
variables could be studied in the same experi-
wont using the prior experiment as a baseline,

The follow-on experimental design also in-
cluded starting distunce as a variable., Sta~ting
altitude had not proved to be a significant

variable, but despite the clree relationship of

Beginning at the B-mile point, the distance and altitude in any let-down, one could

MAL EEELEAE A
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The heterogensous-terrain experiments indi~
cated that very similar let~downs were accom-
plished by the pilots regardlese of city topo=
graphy for the 20 mile/10,000-ft, starting
poaition only. This atarting position is fami-
liar to commercial pllots as this is the FAA
regulated maximun altitude at 20 milea. It is
asaumed that approach/descent spesds could be
set up successfully with the two available
ingtruments from this familiar starting point
with less dependence on the visual scens,
However, when tho starting point was the less
familiar condition of 10,000-ft, altitude at
3L miles, the final altitudes were lower for
the sloping city and the results conform to the
visual angle hypothesis,

Pigure 6 1llustrates the similarity of the
final visual angles and the lack of similarity
in generated altitudes. The pilots' estimated
altitudes are almost identical inslde of the
12~nile distance, generally underestinating
their altitude toward the flat city and over-
estimating their altitude on approaching the
sloping city.

The authors would conclude that the city
light pattern does have an influcnce on pilots'
let-down performance independent of the plane
«f the runway,

Hork load

In this experiment, tha flipght deck work
load of the operational situation wes approxi-
mated by introducing a task of visually detect-
ing and reporting the presence of other traffic,
This task has provided data that zoncurred with
some operational dataj 1.e,, the difficulty of
detecting other aircraft at night increases
with the presence of city lights. The opera-
tional data obtained by others indicated that
"flashing lighta", high intensity areas, and
lights of similar color were, in that order,
detrimental to aircraft detection., These cone
fusion stimuli exist in the "Nighterton" simula=-
tion, and our prior data concur in indicating
that the presence of city lights decreases the
ﬁeuction of other alrcraft by a ratio of about

210

In all the studies, the reporting of other
aireraft task had three parts: (1) the location
in azimuik of the other aircraft's position
relative to the simulator's flight path; (2) the
detection and reporting of the other airecraft's
relative heading; and (3) the detection and
reporting of its relative altitude in respect
to that of the simulator pilot's altitude.
Location was reported in clock position; heading
as "toward" or "away", to the right or left;
and altitude as "above", '"same", or 'below",

Tne criteria was :15° for the first two areas of
Judgment and +1000 ft. as the equal category for
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altitude. To put the difficulty of this task in The Flight Deck Work load Experiments

perspective, one needs to know that no aircraft
remained visibla longer than ten seconds,

The following table indicates that the pro-
portion of correct responses 1s similar for
each of the sub-tasks, city topography and
starting distances., The average percentage is
35.6%, indicating the difficulty of this visual
task.

Percentage of correct Reports of
Other Aircraft During Night Approaches

location MHeading Altitude
-1 5;-}20 mile 29 36 LS
£33 milex 37 u2 L5
5“ ,,.}zo mile 32 3k 32
24513 milex 3o 35 2l
6)’ (&)

#In thls comparison, only those aircraft pre-
sented between the 20~mile and 4.S5-mlle points
are ronsidered, regardless of starting
distances.

York loads

The investigations discussed thus far used a
constant work load., The most recent inveatiga.-
tions studied work load as a primary variabdble,
The night visual approach simulator was modified !
to provide three aircraft flying over the city i
in separate orbits, their lipghts activated by
stepping relays with nearly random sequencing.
As many as 16 presentations of aircraft could be
made batween the 20-imile and L.S-mile distances.
The "light" work load was 3 to 4 aircraft; the :
"medium® was 8 or 9; and the "heavy" was 16
ajrcraft psr let-down,

Topography/Aircraft Variable

The second major variable combined cities of
three different topographies with three differ-
ant alrports, The flat city had the fardliar
(to our pilots) 10,000-Ft, long, 300-£t, wide
runway, This represented owr c¢ontrol condition
as these variables have been used on each of the
earlier inveatigstisns. The second topographic
cordition was a 1,5 city slope and a 7,500-7t,
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Figure 7. Work Lood Experimentol Design and Relationship with Other N.V_A.R. Experiments

lorg by 20C=-ft, wide runway, The third topo-

graphic combination was a 13- alope and a 5000-f't,

long by 100-ft, wide runway. The pattern of

support buildings, taxiways, etc. wers modified
to provide very similar configurations with the
requiremant that they be operationally feasible.

The runways were always flat and the strobe light
path length was shortered to conform to decreased

runway length,
Wind Shear

To minimize a possible tendency for pillots to
depend upon fixed rates of descent for constant
air speeds over approximately equal times, the
gimulator was modified to permit the introduc-
tion of wind shear conditions. Preeprogrammed
were 30 mph head and tail winds which would
affect the aircraft between 3000 ft, and 6000
ft. of altitude. 4 third condition had zero
wind shear in this altitude band. Above and
below this band, there were no wind effects.
Pilots were told of the existence of these wind
conditions, but no wind information specific
to a given trial was provided.

Citly Brightness

The illuminances of city lights are modulated
by atmospheric molsture content, the proportion
and particla s5ize of air pollutants, as well as
distance, altitude and other airerafterelated
variables, The apparent brightness of the city
will influence pilot estimatss of distance and
altitude. Included in theas two iavesiipatlons
vwas the condition of low city brightness.

Figure 7 permits the comparison of the several
experiments with regard to Lthe variables of city
brightness, work load, and topography/runway
dimensions,

Distribution of Cit hts

The city lights representsd a city 20 miles
wide and the most distant 1ight was 16 miles
from the runway threshold (1.e., along the 1line
of flight), One experimont was undertaken
wharein "the city was built out to the airport";
i1.8., the pattern of lights was contiguous
from the airport perimeter lights, The second
experiment was a replication of the first but
with the city 1lights separated from those of
the airport, This disiunctive pattern was
produced by excluding fron the model those
lights around the airport and those extending
beyond it for six miles.

Plots

The Boeing Flight Crew Training organization
was the gsource of our very experienced pilots,
The men average scme 17 years of flying exper-
iance, mostly in jets, including military,
cormercial and flight test., They form the
cadre of instructors who train airline pilots
In the operation of Boeing commercial jets,
and a9 a group, they are familiar with most
airports in the free world., Theres was one
excaption in our opulation. A North Wuest
Alrlines Pilot, a Pirst Officer, volunteered
and did participate in the experimsnt with the
disjunctive light pattern.

Pilat Briefing

The entire proup of pilots had received a
previous briefing on the results of our prior
exporiments, and they had access to all publica-
tions on this vork. Moat of the pilots had
participated in one or more of our experiments
and, therefera, they were varsed in the imourn
affects uf terrain on night approaches,




The inatructions fur thess experiments were
writtan out and read by sll participants before
sntering the cab, During the familiarization
flight, they could ask questions of the experi.
menter who flew copilot during this first leis
down, A summary was given verbally as a check-
out. Before sach of the nine exporimsntal runs,
all cunditions of the city, runway, distance and
altitude were reviewed over the intercom system,
Only the conditions of wind shear and sthere
alreruft traffic load were not reviewed,

Let-down inatructions were to make good a
speed of 180 mph at 10 milee out and 120 at k.5
miles out, Final altitude at 4.5 miles was to
be 1,243 ft., the interssction of a 3~ glida
alope,

The Results: Flipht Deck Work load Studies

The starting altitude and distance yore
planned to provide a visual angls of 2 L2', or
2,7°. This value is equivalent to the visual
angle at L.,S milea obtained when we previously
studied the 16 mile deep, contipuous patterned
cily with an iptermediate briphtnass, The flat
city and the 3~ sloping city match this angle
at the start of each Jdescent., The starting
altitude for the 1.5° sloping city matches the
FAS()S\axinmm at 20 miles and the visuwal angle 1o
3.067.

EXPERIMENTS ON CON-
TIGUOUS AND DISJUNCTIVE

As reflected in the major dependent vari *‘e
of gensrated altitude, the net effect of siart-
ing with nearly common visual anglesa was to
reduca the principal variables of "distance
out" and "topography' to non-slgnificance whan
all distances were included ‘n the analyais.

In all prior investigations for the "all
distances" analysis, these variables wero
significant, The "distance out' variable was
sacond only to individual differences among
pilots in contributing to the owverall variance.

The influence of topography on genorated
altitude remained significant for the 6 and 4.5
mile distances when thess were analyzed sepa-
rately, 1In its effect on estimated altitude,
topography remained a significant variable in
the analysis for the eight distances combined,

Performance variation attributabls to pilote
(individual differences) has always beun highly
aignificant, the probability of obtaining the
observed variation by chance alone never
exceeding the .00l level, The following table
shows the probability lavels fur all analyses
conducted on generated altitudes and estimated
altitudes for each of the two experiments
testing different work loadq,

CONTIGUOUS LIGHT DISJUNCTIVE LIGHT

LI GHT PATTERNS COMBINED PATTERN EXPERMENT PATTERN EXPERIMENT
8-6 5 4564 % 8-6 456 6~G S8-G 5-t 8-G 456 66 5
DISTRIBUTION OF LIGHTS (L) NS 1.05}.05] NS = |m = = - - | = - :
CITY TOPOGRAPHY (D[ NS 1.001},001].001 NS |.001{.01 | NS |. 005 NS |,001].01 |00}
WORK LOAD (WL NS | NSTNS| NS NS | NS| NSi NSNS NS|NS]HNSINS
PILOTS {P). 001, 001|. 001, 001 .001] 001(.001|. 001}, 001 001, 001),001{.001
DISTANCES ouUT (D) NSNS | = | == NS{ wo | w= [ == | NS NS | NS{ NS] NS
X1 NS] NSNS | NS == | = - - - |~ |-
LXWL NS| NS[NS| NS || | =] - | =] - 1
TXWL NS[ NS[NS]|NS NS | NSINS[NSINS NS|NS| NS
IXD NSINS| | um - - | w | -] - - | | w | o
TXD ,001(,001] we | s 200l = | e | == | 001 00]] = | = [ 01
WLXD NSINS| e | om NS|om | en|am|NS w— | = = |NS
TXP 001[.0011,05| NS ,001] NS | NSNS 001 02 | NS | NS {.001
WIXP L001(,0011 NS | NS 001 NS NS [ NS [. 001 .001) NSINS ].001
PXD L00L[,001] = | = | .01 = [ = | = L0604  L.001] = | = ] 00l
LXTXWL NS| NSINS|NS - | -] - - | -] -
TXWIXD NS[00) =)= NS [wo [em | ==} (2 NS|= | = |NS
XWLXP 001,001 E| E L001) ELE | ELOO) .00]] E1E [ool
TXDXP NSLOOL = | - NS|w | = [ = [NS OO w | [.02
WIXDXP NSINS|o= | = NS | we | wm| = NS NS|m [w | NS
LXTXWIXD NS|.02| s | wm ot el el el w | - -] 00]
* 8 «NO OF DISTANCES ANALYZED OR 4,5 « THE SINGLE DISTANCE ANALYZED === DOES MOT APPLY he

G OR E = GENERATED OR ESTIMATED ALTITUDE NS = NONSIGNIFICANT  E = ERROR TERM
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Figure 8 1llustrates that, for the 8.2, 6.0,
and 4.5 mile distances in the let~downs, the
eftact or tOpography of the city and runway
configuration was to result in lower flight
paths. This statement is true only for the

eontiomiond Yeht nrattavn which wee madeled sftar
those cities which have btuilt out to surround
their coastal airport, The figurs illustrates
that the pillots' estimates of their altitude
wore similar to the generated altitude for the
intermediats condition, that of the 1.5 aloping
city and 7,500=t. long rumay, Their estimates
of altitude approximated the overall meman,
underestimating the flat topography "‘Bd over-
estimating their altitude above the 3~ sloping
terrain,
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Figure 8

The experiment with the city whose light
pattern was contiguous to the airport adds fur-
ther suppert to the visual angle hypothesis,
The letedowns whose final 3,5 miles (i.e,, from
8,0 to 4,5 mles) are depicted in Figure 8
terminste a8 altitudes that represent visual
angles of 3°Sh' # 1 minuts,

These visual angles are from 50' to a degree
1 larger than we would have expected irom the
atarting visual angles and prior experimenta-
tion. In previous studies with the sams city
and the same runway (10,000 ft.), but with
mtermediatg brightness, the average visual
angle was 3 Ol', whether the runway had the same
slope as the city or remained flat, It could be
argued that this visual angle difference is due
to the brightness differaence and that runway
length/width configurations are of little
: impcrt. At this time such a statement remains
F merely an hypothesis; an alternative hypothesia
]

is suggested by the increased variance found for
the flat city and its famlliar (to thess pilota)
10,000-ft. long by 300-ft, wide runway. That

is pilots may have remained higher as a
cautious response to the leas familiar runways,
this higher altitude correspunding to a larger
visual angle, Support for this viewpoint may be

e el ol

found in ths following table, which shows that
for the matched work load conditions, ths
standard deviations for the low brighiness fliat
city are nearly three tiwes as large as those
for the intermediate brightnsass city, This

compariseon 48 asrose evperiments althongh the
separaté samplings of the pilots are from the
same population and all had prior brisfing on
the effect of slope, The very large variance
may, lherefors, be a result of thsir bsing
extra careful against sloping terrain and co-
varylng runway lengths or re when
faced with the "familiar" and "safer" condi-
tieona,

Variability in Approach Altitudes

at Three Distances from Cities of

Two Brightnosses and with Medium
Fligii. Deck work Loada

A M 0

Bueirhinane Topusi " Thy Minway 8 Mles
Intermediate Flat 0 0= 739
Low Flat 10K 2301
Intermediate 32 Slope 10K 872
Low 3° Slope 5K 940

6 Miles

Intermediate Flat 10K 593
low Flat 10K 1661

* termedia‘e 32 Slope 10K 721
Low 3° slope SK 702
L.5 Miles

Intermediate Flat 20K 512
Low Flat 10K 15U,
Intermediste 33 Slope 10K 619
Low 3~ Slope SK 510

As mentioned previocusly, pilots show &
general underestimation of altitude above the
flat city, ggod approxdimation of true altitude
with the 1, sloping city, and overestimation
on approaching the 3~ sloping city. Figure 9
{llustrates how these estimates varied with the *
flight deck work load, Had this experiment
dealt only with the two extremes of the
"toporraphy/runvay" dimension, a systematic
inver: ® relationship might have been postulated,
The inclusion of the 1.5 slope/7.5K runway
level reflects no linsar effect of work load.
The replication of this experiment, with the
disjunctive city light putternm, shows under~
estimations for all topography/rumway combina-
tions, Also the underestimations are very
slightly greater for aach work load which is
congistent only with the above data for the
{lat city,

These results imply that, if estimated alti-
tude varies with this kind of flight deck work
load, it will probably be measured only in an
expsrimant where the analysis can include (or
hold constant) the simulated aircraft's actual
altitude,
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Rarlier data with the intermediate city
brightneas had indicated that the disjunctive
city light pattern was the more difficult city
against which to mals night visual approaches
without altimetry referesnces., This effect,
though consistent, was small as the mean final
altitude varied betwsen 135 and 170 feet botween
the contiguous and disjunctive light patterns,
There was a larger difference found when pilots
descended toward airports not surrounded by city
lights. The following tabls shows the magni-~
tude of this effect:

City Light Pattern
City Topography DMsjunctive Contiguous
Flat 612! 21
3° Sloping 570" L35t

This tendancy to f£iy higher toward the
smaller visual scens may be a cautious
behavioral pattern associated with the smaller
image and slower rates of change,

In the work load experiments, the city
brightness was the lowest avallable with the
sirulator and repressnted those atmospheric
conditions which would attenuate the brightness
of nint-light=sources without imposing in-
creased luminous areas dus to diffusion, The
influsnce of city light intensity interacting
with that of the pattermn of lights appears to
be inconsistent with the prior data, Fllots
fly higher approsches to the disjunctive light
pattern in the work load experiments rather than
lower, Figurs 10 illustrates that this differ-
ance is 765, 946, and 101, feet for the
topographic/runvey canditions identified as
"A", "B", and "C", However, 1f we postulate
that pilots respord to tho disjunctive city of
low brightness as though they wero flying
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Figure 10. Let-down Petformance with Diffcrant Work Loads and

Dilferent City Light Pattesns

toward the sirport lights alone, then the cur-
rent and former date 2re conaistent. This is
most apparent when brightness conditions are
compared for the Ilat ¢ity/10,000-ft. runway.
The intermediate brightness produces about 600
feot of differsnce mnd low brightness 765 feet
of difference in msan altitude. The lorzer
differsnces between the two light patterns, in
terwms of generated altitude performance, are
associated with the pllots' flyilng to shorter
runways, Possibly pllote respond to the area
of the 1light pattern rather than to its cogni-
tive content. Figure 11 illustrates that the
overall visual sigls increases with the flights
toward the shorter rumways ani the cities of
greater slope. The pilots did not fly to make
the visual angle of the runway & coastant, Had
they done this, ths final altituds for condi-
tions with the shorter runways would have been
higher than tiat with the longest runway.

Work load as a varlable shifts the mean
altitude within the ranges shown in Pigure 10.
The "zip~toned" area on either side of the
means illustrates the maximur voriation fownd
among the means. The resder should be cau-
tioned not %o interpret this shaded area as
the standard deviatior or that the upper limits
are always assoclated with a light work load.
The means do not show such systematicness,

What is illustrated 1s that, within the work
loads studled, the mean performance was modu-
lated in thres different patterms as a function
of distance out. Those patterns of variation
either increase, remsin similar, or decrease
with decreasing distances from the runway,
These patterns and the ANOVA reflsct that “he
main effect and the firwt order interactions
within any one distance are not significant,

In thess expsriments, flight deck work load
is both an indepsndent and dependent variable,
We have, up to this point, discussad its
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Figure 11. Altitude ond Visual Angles ot the 4.5 Mile Distonce

influsnce on £light performance, or as a dspend-
snt msasure. We recorded pilot performance in
detecting aund reporting the position, heading,
andd altitude of othar aircraft. These perforn-
ance mesasures pertain to how well the pilot
performed on the indepandent wvarisble, work
loud, These data tell us that ths pilots timne-
shared their tasks in about the sams proportion
for each work load,

The proportion of correct responses in
detecting and reporting the asimmath position,
the heading, and the altitudes approximated
35 percent., This is the appruximate proportion
found in prior experimsnts with the interme-
diate work load condition., The proportion of
correct judgments was comacn for each work
load., This 15 reflected by the percent of
correct altitude judgments shown in Figure 12,
Ths influsnce of "work load categnries" 1s not
systamatic and of limited size compared to the
large effect of topography. The greatsr the
slops, the lowsr the proportion of correct
altitude judgments. These data, pertaining to
thes contiguous pattern of lights, may reflect
that this lower performance may be associated
with the greater probability that the other
aircraft lights must be detucted against the
city lights., A similar result may be expected
if the altitude of other aircraft are mors
difficult to judge when the perceived horiszon
18 higher than the "true" horizon., Further
analysis nay support one or the other of these
explanations, but at this point in tims, either
hypothesis is acceptabls,

The complex interactions of work load x
topography/runvay x pilots has proved difficult
to organize or illustrate., Bivarlate analysis
depicted in three dimansions show soms aspects
of this complex function, but at this level of
analysis, they tend to complicate rather than

Figure 12. The Iufluence of City Topography und Crow Wark Loud
on Judging the Altitude of Other Air Troflic

clarify. A portion of tho problem may be
illustrated in the frequency diagrams of Figure
13, The work load distridbutions include all
topographies and runway conditious. These work
load distributions are similar in their shaps,
the central tendency, and the standard dsvia-
tion. The numbers within the area of the
distributions represent the pllots designated
by number. Each pilot's number should appear
three times in each distribution, Their posi-
tion along the horizontal axis connotes the
pllot's contribution to the msan in any cne
let-down. ‘‘hese data pertain to the final
altitude and these are difference-scores above
or below the requested 1,243 feat,

It will be noticed that Pllot #1 flew higher
and much wore variantly under the light and
madiun work lcad than under the heavy work
load, Pilot #7 flew higher under increasing
work load but maintained simlar variances for
the "light" and "heavy" conditions, Pilot #6
flsw lower and his variance increased with
each increased work load,

These examples {1llustrate the pilot x work
load interaction. The interaction of pillot x
topography/runvay is illustrated by Pilot #5
who flew lower with the increasing slope and
shorter runways, Pllot #5 also illustrates the
second order effects in that heavy work load
increases his variance but not his flying
lower, the latter being the influence of the
topography/runway variable.

Conclusions

We conclude that flight deck work load ixn
the form of other traffic to detect and report
is a significant variable in affecting altitude
and estimated sltitudes during let-downs, The
effect is a complex interaction among this
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work load, pilots, and the city topography/rune
way copditions, Within the levels of work load
studied here, soms pllots may improve their
performance under heavier work loads, some my
be unaffected, and some will deteriorate in their
performance,

We also conclwde that pilote acquire through
their training and experience a visual frame of
reference that spproximates a safe and conven=
*iopal flight path onto a flat terrain. Many
successful apprsaches are made with this refer-
ence, particularly with assistance from instru-
mantation, The night visual approach accidents
with highly instrumented aircraft then may occur
when the light pattern, topography, etc., provide
invalld visual information, and ecircumstances
are such that other sources of information are

" not referred to or fail to provide corrective

information, Illuminated topography at night
ray &lso influence experienced pilots in their
estimates of the altitudes of other aircraft in
the terminal ares,

Recommendations

In future investigations of work load, it is
recommended that the plan be constrained to
(1) include sufficient experimental degrees of
freedom that camplex effecis may appear;
{2) that work load be treated as both an inde-
pendent and dependent variabla; and (3) opera-
tional paradigm be considered for the work
load, the overall task, and the simulation
model,

In additior to these reccmesndations for all
aviation safety, we consider that the modificy-
tion of wvalid visual angle inforwatian occurs
as & function of natursl, economic, and chance
conditions; that 1s, topography, distribution
of population, iyregularity of lighte within
city limits, attenuation of brightness and
clesernevs of lights by atmosphere, Man has alsc
by desiyn made certain cities or sirfields more
dangerous than others. He was designing, in
these instances, for man's other comforts or
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safety when he oreated the more dangerous air-
ports for night visual approaches, fle loocates
airports away from cities, requiring approaches 1,
over water or over deserted farm lands, to avoid
nolse and potential injury for ihe terrestrial
populstion, He builds airports by £illing in
shorelines and by wsing resmote land, In solving
oo safety problerd, he may unexpsctedly raise 2,
others, Operstions ressarch people will

see the need for their type of work
in this overall probdlem,

The following city/airport/approsch features
are considered to asggravats this problesm:

3.

‘-‘-
0 An approach over dark land or dark water
whare lights to the side and below the alre
oraft do not exist.

o A long straight-in approach to the airport
located on the near side of the city.

~ An airport runway loi, unewidih relationship
that i» wnfemilier to the pilot.

o The airport situated at s slightly lower
olavation and on a different slope from the
surrounding terrain,

0 The navigational facility locatcc seme
distance from the airport.,

0 Substandard lighting of the rumway, and
other landing aids not available,
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10, "Analysis of Variance", In u

Introduction to
mtiatgég Apnalysis, McGraw-ll111 Boock Co.,
Inc,, 1957, pp. 139-186.

g%mn, We Jo, "Analysis of Varlance", BMD

v

University of California Frese, Berkeley and
Los Angeles, California, 1967, pp, 587-593,

Gaito, J,, "Expected Mean Squares in Analysis

of Variance Techniques', Psychological Report
1960, 7, pp. 3-10.
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DUMMAKRTY
ILSTCRICALLY, THE DESICH and development of aiveraft enviroimental systems have been largely l

inadequate because of the lack of suitable quantifiable data describing human performance changes
under high vabin temperatures. It was the purpose of this study to explore techniques which could
provide this quantifiable information and to asscss actual pilot performance in a hot environment.

A prototype (1-06A helicopter was instrumented as the test vehicle, Four experienced pilots flew
precision air patterns, chserved and recorded ground targets, and performed nomal flight duties
of monitoring flight and engine instruments and other tasks Juring two-hour flight test periods.
Four separate clotling configurations were worn by the pilots during the study.

During each flight two obscrvers simultaneously measured pilot physiological and psychological
performance as well as the crew station enviromment. The physiological performance was measurcd by
heart rate, skin and rectal temperztures, and perspiration weight loss. Measures of psychologival
performance were defined ac photopanel exposures of the instrument puncl during precision flight
patterns, respon-e and reaction time measures, ground target ideatification, and asscssments of
subjective comments during post-flight debriefings. Both airbome und ground environmental
measures of Dry Bulb, Wet Bulb and Globe Temperaturc were taken to detcrmine the Wet Bulb Globe
Temperature (WBGT) Index of heat stress, which provided a4 base by which pilot performance changes
were compared,

Stepwise mulciple-regression program, Pearson correlation, analysis of variance and t tests of
significance were employed on the data to describe the rclationships of temperature changes with
pilot yerformance factors. The following statements generally summarize the results of the study:

1. Pilot performance (P}) decreased and performance variability (SD) increased above a WBGL
Index of 85°F,

«. The predictor performance ejuations detemmined by the multiple-regression program
indicated that skin anu rectal temperatures weve highly related to pilot perfomance.

3. Pilots' reaction times increased as either ambient temperatures or rectal temperatures
incrsa.ed,

4, Filots performe. (P}) better when they encountered lipht to woderate aircraft turbulerce
than they did on non-turbulent flights.

5. Pilot subjective judgments of cabin heat were highly inconsisrent with environmental
measurements.

6. Weight loss {rom perspization appeared to have a positive correlation with performance
(P1).

7. The clothing and equipment configurations worn by the pilots (including body ammor) had
no significant effect on their perfomance (P)).

8. The cabin heat did not significantly affect the pilots® ability te obscrve ground targets.

9. large differences in performance (Pj) variability among pilots were due to bas!- nilot
techniques {(regardless of cxperience),

10. No constant relationship could be determined between ground and airborne measures of WSGT.

Limited aircraft and pilot uvailability allowcd only four subjects to be used during the study, of
which twe complcted all requived flights. The above results, therefors, should be considered oniy
as irends foy the subjects and cunditions tested,

The techniques used during this study did successfully measure both a large portion of total pilot
performance and the cockpit environment. The multiple-regression program enabled comparisons of
pilot perfonmance and environmental sub-factors on large volumes of data, which heretofore would
have been impossible. Though environmental variables could not be controlled, they could be
accounted for, measured and correluted with other variables using the multiple-regression program.
It may be hypothesized that §if these variagbles can be accounted for and correlated, then the basic
approach of inflight meusurement of hunan performance certainly offers the potential of obtaining
realistic assessments of new crew station designs and may ultimately be the best apprecach to
deve(llgping the type of quantificd infornation needed to develop crew station Jesign criteria and
standards.

In conclusion, this study provides a good baseline from which to structure future infiight research.
Certainly, the techniques employed as well as the results should be further verified,
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OBIECTIVF. This study was undertaken with the following objectives:

1. Todetermine f changes In pilot physiclegical and poychslogical porfurmance could e detacted
and correlated with changes In relatively high crew station ambient temperature, humidity, and solar
radfuation.

2. To assess quantitatively, the compatibility of pllots wearing complete combat flight clothing and
survival cquipment, with a new (prototype) Army alrcraft system operating in a hot, humid environment.
The fntent of this analysts was to point out hardware and clothing problen arcas, if existing, and make
appropriate corrective desiym recommendations before the alrcraft became operational.,

PROBLEM BACKGROUND . Isslating and measuring the factors contributing to pilot fatiguce and
cfflelency has cha'nged the sclentific community since alreraft began to fly. The principal question
unanswered has heen (o what degree do these factors contribute to or cause human performance decrements
and crrors, and ultimately, to what degree should they be considered in the design of the aireraft.

Previous Arimy field reports have suggested that one of the most significant cnvironmental factors contributing
to pllot Tlght performance decrements may be the combined offect of high temperature and humidity. A
scarch of related Hterature®, however, indicates that no one has been able to define these sieerements in
sufficiently precise quantiffable terms to verify signiticant performance changes or fatigue, or to establish
adequate criteria for the design of airerew environmental contre! /ventilation systems (ECS) and related
aircrew clothing and survival equipment.

The design and development of ECS hardware has by necessity been determined more by crewmembers’
stubjective apinfons and, to some degrec, by what the airirame contracturs happened to furnish as “of{-the-
shelf” hardware and systems. Unfortunately, subjective opinions are difficult to design to, arce unreliable
regarding estimates of heat, and in general do not provide the framework of data necded to develop crew
station design standards .

There is a tendency to rely on an assumed ability of the aircrew to adapt to the environment. This allows the
tradeoff argumients of increased costs and weight to dominate the design of the crew station, to the negleet of
an adequate environmiental system .

The net effect of this design approach has been that Ariny crews, an order to compensate for inadequate
cooling/ventilation, make ficld changes such as removing the doors from the aireraft to provide additional
ventilation,

The increased performance capability of current and projected Army aireraft (LOH, AH-564A, AH-1G,
UTTAS, etc.)however, will require that the doors and/or windows remaln in place to achieve the full aircraft
flight performance envelope. Their mission requirements will require flight at near ground levels at which
reflected solar radiation and high air temperature Ievels will, in warm climates, likely aggravate the crew
heat stress problem.

METHOD

AIRCRAFT AND STUDY SITE. A prototype light observation helicopter (LOH, OH-6A no. 4211,
Figure 1) was instrumented as the test vehicle as illustrated in Figures 2 and 3.

Fort Rucker, Alabama, was sclected as the study site becausc of its capability to maintain and support the
aircraft, availability of additional personnel needed to conduct the study, and a favorable climatological
listory, which indicated that relatively high temperatures and humiditics would prevail during the study period.
Predictions were: August 1966, 91°F mean maximum temperature with 70% mean Relative Humidity (RH);
September 1966, 88°F mean maximum temperature with 659 RI1,

See AFSCM 80-3 (12), Hendler (4), Jones (6), and Joy ()
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Figure 1. Above: TakeolT ol pretotype O 6A light abscervation selicopter (LOH) during

environmental study at Fovt Rucker, Abr, Aupust i960,
Below: Acrial view ol ground target & crew, The view shown is one of tweaty target
contigaratlons displayed to the piiots during cach Tight as an obscervaiion & reportiyg
task,
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SUBJECTS. Fori milly qualificd Army LOH pilots served as subyect~, Medical and personal histesy
data, flight expericnce, and anthropometric measurements of cach subject were revienced to deternine the
selection and matching between subjects. The pilot-subjects had similar fhyght experimence, were highly
qualificd, highly motivated instrnictor pilots, and as permanent residents of the Fort Rucker area, were
acclimatized® and accustomed to flying in that arca. Their qualifications tended to assure that learning
ctfects, pecformance and flight variability due to acclimatization or arca peculiantics like air traffic,
weather conditions, special regulations, cte., would be riinimized. No attempe was made to contro! or
change the living patterns of the pilots during the course of the study.  All woeree family men asd enjoyed
normal work and home activitics, They were asked to I rested and not to {ly other airceraft the day they were
to [y as sabjects,

PILOT -SUBJECT FLIGHT SCHEDULE AND CLOTHING MATRIX. The pilot flight clothing and
survival configurations A, Band C, illustrated in Frygure 4, were considered representative of what Army
aviators are currently wearing and will be wearing in the near future. They were worn by the suhjects during
the study to duplicate the thermat insulation effects of operatio ol clothing and cquipment. The ventilated
clothing confipuration D (Figure 9) was added to the study for an assessment, rather than as part of the
experimental design,

The experinwental design for the Qtud_v requirea cach subject to serve as his own control . Awotal of 11 flights
per pilot was scheduled. two in the morning plus nine in the afternoon. Eleven fHghts appeared to e adequate
to sample the temperature regdon of concem (WBGT range of 50”F through 100"F). The subjects, flights and
clotiiing contymrations were asstgned according to a random-number matyix to minimize experimental bias
factors.,

AME flights were schaeduled for one hour and PM flights for two hours . The AM flights were to be completed
during the hours of 0530-0900, to ebtain a tevel of pilot performance during cool or morce ideal temperature
condittons (WBGT < 83°F, e preferably within a range 70-50°F), Theoretically, it would have been desirable
to duplicate two-hour AM flights for cach two-hour PM flight flown, but this approach had to be abandoned
because it was impossible to guarantee s:fficient pilot and aircraft availability or to control ambient environ-
mental temperatures . On the other hand, there appeared to be considerable evidence, both in the titerature
and from trial flights buefore the start of the study, to substantiate that no more than once~hour AM flights

were necded,

1. Previous studies by Hornick (3), UL 8. Army (13), and others indicate that measures of pilot
flight pertormance (atreraft heading, altitude and airspecd eontrol, navigation, cte.) indicated that -here
were no effective performance decrements or indications of fatigue during flights up to four hours duration,
i a dow altitude high speed flight simulator (operating with an assuved constant ¢ool room temperature),
These simulator Tlights also exposed the pilots to random gusts and vibrations up to 4RMS G and 1-12 CPS,

2. Trial flights of 1-2 hours in the prototype OH-6A before the start of the study indicated that pilot
performance (l’l) seemed ta level off wathin one hiour,

3. The pilots” physiological responses were not expectad to change sigmiticantly from the normal
classical form during cool flights: i.c., some deviations at the heginning of the flight, then gradually
reurning to a normal state .

Two=hour PM flights were selected to enable ample time for physiological changes to oceur, as has been
demonstrated by studies of Hendler (4), DuBois (2) and others. These flights were to be completed during
the hours of 1000-1600, to utilize the period of highest temperatures (WRGT > S3YE) in the Fort Rucker area.

PILOT PERFORMANCE AND PHYSIOLOGICAL OBSERVERS. During cach flight two obscrvers
(rsually non-pilots) obtained simultancous pilot physiological and psychological performance and crew station
caviranmental measures ., They alse assistedan the instrumenting and weighing of the pilots on the ground,
and conducted post-tlight pilot debricfings .

Previous work by Hendler () suggests that performance measures taken on acclimatived personnel would
not beas sensitive to daily thictuations of temperature and hamidity as non -aeclimatized personned .
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The observers were also required to closely monitor the pilot's physiological condition Inflight: primarily
brcause nu saivty pilots wele used during lire {ligihis and te fact Uai Wiight kel siacss capusule Luuii nui
be accurately predicted. The following predetermined pilot physiological safety limit eriteria were used if
a judgment to cancel the flight was necessary:

1. Any heart rate above 140,

2. If heart rate at takeoff was less than 100, the flight was to be terminated if the heart rate
Increasied to 120.

3. Any rcctal temperature exceeding 100.59F

4. If starting rectal temperature was less than 99.5°F, the flight way to be terminated if the
temperature exceeded 100.09F .

5. Inall cases the flight was to be terminated if the rectal temperature exceeded 100.5%

A flight sucgeon was also avallable for consultation via radio link, if required, Frequently, o flight surgeon
tlew on the flights as the physiologieal observer,

GROUND CREW. A ground crew was also required for cach flight to periodically change the
configuration of the ground target, measure ground level metcorological condltions, and occasionally
monitor the pllot physiological data which was elther communicated or telemetered to the ground station,
They alse prepared the next pilot-subject ahead of schedule o minjimize flight turn-around time.

PSYCHOLOGICAL PERFOKMANCE MEASUREMLNT AND EQUIPMENT .

Precision Flight Pattern. A precision flight pattern entitled BRAVO (Figure 5) was flown to obtain
measurces of pilot psychomotor flight tasks. No safety pilot was carried in the aireraflt; therefore, the piiot
had to fly the patiern as well as perform the pilot's normal dutics of monitoring flight and engine instruments,
fuel management, commurications and other tasks. These normal duties appeared to be similar to the
concentration, decision making and aircraft control activities anticipated for pilots flying LOH missions.

"

The BRAVO pattern was derived from the U, S. Navy's “Charlie” pattern, used during WW 11 to train pilots
to fly instruments and qualify for the Standard Navy instrument card. A further discussion of the pattern
may be found in the Navy All-Weather Flight Manual (16).

Flying the BRAVO pattern during this study was not considered as complex as flying by instruments alone,
mainly hecause the pilet was allowed to see out of the aircraft to cross-reference his flight instruments. The
perforimance criteria for the BRAVO pattern, therefore, appeared achicevable and realistic as a performance
measure for this study.

A movice camera was mounted In the aireraft (Figure 2) to take pictures of the flight instrument panel at the
rate of one frame per second (shutter speed of 1/250 second) during cach BRAVO pattern flown, A turn-and-
bank indicator, sweep sccond timer and clock were installed (Figure 2) for the pilot and performance observer
to use during each flight pattern.

Obscrvation of Ground Targets.,  The pilot -subject was given an inflight task of perfodically obscrving
and recording the configuration, obscrvation time, and orientation of a ground target (Figure 1), while
simultancously flying the BRAVO pattern (Figure 5). The target was painted international fluerescent orange,
which madc it distinguiskable at an expected slant range of two miles at an altitude of 800 ft.; 1t was identifiable
at just under a mile. Pilot performance scoring was accomplished after the flight by comparing the ground
crew's log with the pilot's written obscrvations .

Response/Reaction Time Measures.  The pilot’s response and reaction times were measured 30 to

40 times during cach flight, To accomplish the reaction time measurement, the pilot was alerted ahead of
time that he was to receive a continuous tone 2000 CPS signal in his headset. At the onsct of the signal, the
pilet responded by pressing the trigger switch on his eyclic control, which stopped the signal and an elapse
timer accurate to 1/100 second. The 2000 CPS signal was sclected because it was not masked by the aircrait’s
ambicent noise levels, because it did not resemble any existing aireraft signal or imterfere with normal or
emergency sipmals, and because it did not interrupt comrmunications .
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PERFORMANCE CRITERIA;

Hold Heading within £5°

Hold Altitude within 50 ft.

Hold Airspeed within -5 knots

Fly Precision Timed Turns of 3° per/sec.
within 12 scconds accuracy
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Figure 5. BRAVO Precision Flight Pattern
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The response -time measures were taken the same way, excep that the pilot did not receive any prior
warning of the signal  In hvth pnane tha nilat was Ungoatd (oo piiinady ashk of ilying the aircraft, wnien
required his right hand to be on the cyclic control. Figurc 2 {llustrates the control box which the performance
observer used during cach flight to control the camera, clapse timers and pilot response time signal,

Post Flight Debriefing. The pilet was debricfed after each flieht for an appraisal of the environmental
conditions, the clothing and survival equipment worn, and other flight conditions. Sclected questions, which
encouraged objective answers, were grouped on scparate cards and given to the pilat to read and answer .

All his comments were tape pecorded.,

The pllot interview was considered structured but opun-ended. The Interviewer remained sileat during most
of the recording to minimize any hiasing of the pilot's responscs to the questions. The pllot, in turn, was

free to select question cards in any order of importance to him and could spend as much time as he wished to
respond to the questions.,

PHYSIOLOGICAL MEASUREMENTS AND EQUIPMENT,

Heart Rate. Mcasurement of the pilot's heart rate was taken by the physiological observer before,
during and after cach flight . Two silver clectrodes were applied to the skin of the piiat's chest at the sternum
(Figure 6). Two wire leads (reference and recorder) connected the electrodes to a battery -powered
oscilloscope and to a small (3 1/2 1b.) clectrocardiographic recorder (Figure 3). The obscexver manually
recorded pllot heart vate readings from obscrvations of the oscilloscope every five minutes . The portable
recorder made a continuous, permanent heart clectrocardiograph record which was analyzed after cach flight.,

A ""breadbvard” portable telemetry unit was installed in the aircraft to assess the capability of the hardware
to transmit both an clectrocardiograph signal of the pilot's heart rate and the rectal temperature (Figure 6).
The system was installed as a redundant heart rate monitor, primarily for test purposics.

Body Cor. lemperature. A rectal thermister probe worn by the pilot during cach flight was wired to
the temperature display at the physiological obscerver's station (Figure 3) to enable initight body -core
temperature measurements every five minutes .

Skin Temperature.  Once skin temperature sensor was worn on the inboard position of the upper thigh
of the pllot during each flight. Studics by Tcichner (11) indicated that one sensor placed in this position
could provide an aoverall assessment of mean body surface temperature. A wire from the sensor was
connected to the temperature display at the physiological observer's station (IFlgure 3) to enable inflight
rcadouts cvery five minutes.

Welght Loys. The pilot-subjects were welgheu nude just before and after cach flight to determine
possible weight losses duc to perspiration, The scale was accurate to the nearest five grams (approximately
01 Ib.).

AIRBORNE ENVIRONMENTAL MEASURES. Wet Bulb (WB), Dry Bulb (DB) and Globe Temperature (GT)
thermisters were positioned in the cukpit just forward of the pilot (Figure 2). Additional DB sensoers were
mounted at the crown of the ce~kpit, shaded from the sun, and at two locations on the physiological observer's
seat (passenger compartment).,

A Wet Bulb Globe Temperature (WBGT) Index was usced as the overall measure of the total heat stress imposed
on the subjects. WBGT Index i computed as follows, as per THB MED 175 (14):

WBGT = 0.7 Wet Bulb Temperature (V1F)
+0.2 Black Globe Temperature (PF)
+0.1 Dry Bulb Temperature 1)

Environmental measures ware taken simultancously with physiological nmicasures at least every five minutes
of flight,

GROUND METEOROLOGICAL MEASURES, W, DB and GT mcasures were taken on the ground
immediately before and after cach flight to obtain comparative measures of WIGT tov cach flight. Mcasures
of WB and DB were also taken periodically with an clectric psychrometer as o cross-check on the temperature
measures taken {or the WBGT Index. Standard Relative Humidity (RH) was computed from the psychrometer
data.
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Figure 6.

Above: Physiological observer viewing portable oscilloscope to dotermine pilot
heart rate. A partial view of telemetry transmitter installation is shown

Befow: Mounting of +kin thermisters for imcasurement of heart rate,

in forcground,
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The officlal DB, Dew Point (DP), wind and cloud cover, as rcported by the Fort Rucker (Cairns Ficld) Flight
Meteorological Services, were recorded far each reat flizht 55 5 (cuss-reivrence lor ineasires obtained by
the study team.

DATA REDUCTION AND ANALYSIS Al phyet

lnrdaat
PRySililgacas

o al and peyciwiogical pertormance measurces taken
on cach pilot -subjecct were obtalned simultancously with the crew s

an
cw station environmental measures,

A photopanel exposure was made of the {light and engine instruments every sccond durdng cach 16-minute
BRAVO flight pattern. Usually, two or three patterns could be flown during cach hour of flight. This data
was reduced, recorded and compared to pilot physiclogical and psychologlcal purformance and environmental
measures taken approximately every five minutes of flight. Becausc of the large volume of information
generated during the study, a pllot study was injtially performed in which different time intetvals of collected
data were sampled to determine the degrec of performance changes and trends durding these tntervals, Ten-
second Intervals were selected as optimum for the photopanel data, Extrapolations were made between the

five-minute intervals of data collected from the physlological and environmental measurces to oltain
corresponding information for cach ten-second photopanrcl time frame,

For the purposc of recording and processing the data, thls time frame was ddentificd as a “lne entry " A
linc entry represented all inflight performance, physiological and temperature measures recorded at ten-
sccond intervals during cach 16-minute BRAVO flight pattern.

An equation was deviscd to represent an overall measure of pilot performance while he was accomplishing his
primary task, flying the BRAVO pattern. This performance value could then be comparced with the physiological
and ~nvironmental measures occurring in the same time frame. The following formula was developed for
computing the measure of pilot performance (P) for cach line entry of the flight data:

Pl = 100 - (absolute airspeed error + absolute altitude error +

ahsolute heading error + absolute A torque)

where 100 = an arbitrary scoring value for perfect performance. The absolute (abs) values were obtained by
comparing the following precision flight requirement vaiucs with the actual aircraft values achicved:

Airgpeed (A/S)
Altitude (alt)

80 knots

800 fcet absolute altitude (1100 feet indicated altitude at
Fort Rucker, Ala.)

as per the BRAVO flight pattern (Figure 5)

the absolute difference of the valuc of present torque and the

previous value of torque for any two scquential time periods,

In the special case of the initial value of torque for each

pattern ,A torque was the absolute difference between

50 PSI and the value of torque. The value of 50 was chosen

as respresentative of a realistic power setting for the

aircraft and flight conditions. A varfation of =2 P8I was

considered normal for the power/load/airspeed operation of
the OH-6A during the BRAVO pattern.

Heading (hdg) =
Torque =

The numerical version of the formula for measurement of performance is as follows:
P| = 100 - abs (80-A/S) - abs (1100-alt) - abs (hdg error) - abs ([ torque).

The term "with limits applied” as used in this report references a variation of the P\ value which has heen
computed with the tolerances allowed by the BRAVO pattern performance criterion (Figure 5), The teim

“without limits applied” desciribes the actual performance (P)), discounting the performance criterion
tolerances.
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Stepwh=e Multiple Regrossion Computer Pregram developed by Breany, ot al. (1), The candidate susdel

equation uscd by this propram consddered all variables to the (ifth power and then climinated those which did

1 not meet the erfteria of 0 (V01 devel of signiffcanec . The eondidate mode! for this oXporhing il wis dosoriinad
as:
. B P E H
Py VL ea V2 ra V22 aagv2dwa vt v agvaS o va b ayvaZ v agva® eagvat ea vaS i
SoeapVioT,
where: :
Reference Linerature
Factor:s Sourve of Standards :
V1 = Constant Becanx, Camphell, Torreey (1)
V2 = 73 - Wet Bulb Temiperature Value AVSCM 803 (12)
! V3 = 100 ~ Globe Temperature Value ALSCM R(-3 (12)
V4 = 90 - Dry Bulb Temperature Volue AFSCM BO-3 (12)
Y5 = R5 - WBGT Index Value Minard (8), Yaglou (17)
' V6 = 98.9 - Rectal Temperature Value DuBois (2)
H V7 = 94,8 - Skin Temperavure Value Hall & Klenn (), DuBols (2)
i V8 = Basc Heart Rate-Heart Rate Value Plattner (10}
V9 = 69 - Dew Point Temperature Value AFSCM 80-3 (12)
V10 = 70 - Relative Humidity Temperature Vahie ALSCM s0-3 (12)
From the randidate model equation, the program derived an cquation which provided the above varlables
(V1 - 10) with the proper exponents and coefficlonts to best desceribe (or best i) the pecformance shown by
the pllots, This program also provided a value for cach line entry of performance as gdven (P() and as
computed using the cquation derived by the program (Py). The difference between the value of Ppoand Py was |
known as the restdual value . Theoretleally, the ideal residual cqualed zero, thereby substantiating the
predicting capability of the derived cquation Py !
Compurer analysis runs werce made to determine the “best fit” pezformance cquation P, both with and
without crew performance limits applicd for the following conditions: 1) AM (lights, 2) PM ilights, &) All i
flights, and 4) those flishts having a WBGT Wdex higher than 8571, i
e computer was also  rogramumed te provide means  standard deviations, freqguency counts ardd the values ,
of N for other computations which were to Le performed manually for the swdy. ’
i
|
RESCLTS AND DISCUSSION i
MEASURES OF PILOT PERFORMANCE WITH TEMPERATURE CHANGES. Mcasured data from all :
lights with a WiiST Index of greater than 85YF were grouped togetier as “hot” (lights and comiparced with 1
E other flights by time perioas (Table 1). |
Flight Time Mean Perf.(P)) Total Totai Linc
Periods* (al] subjects) Sigma Flights Patterns lintrics
Morning 85.M4 20.32 4 7 612
Afternoon 87.52 23..0 21 76 4452
et 81,196 25.68% 6 24 1880
; All Flights 87.33 22.785 25 83 5064 ‘
TABLE }. Comparison of Pilor Performance o0 ilot Flights with Other Viights !
* Table 4 provides a sunimary of crew station trmperatures associated with cach flight time periad
sisted in Table 1. ’
|
!
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Even thougn no significant difference in perforinance was found, the above data sample clearly suggests
that when the WBGT Index uncreases above 85°F, pexrformance decreases and variability increases .

TR—

The changs 1n performance with temperature changes was even more apparent when the mean performance
flight data of pilots L and C, who completed all requized flights, were compared with WBGT Indexes which
were either greater than or less than 85°F:

Mean Performance (WBGT > 85°F, 1695 line entries) = 80.99
Mean Performance (WBGT < 85°F, 4159 line entries) = §9.00
All flights were reviewcd to determine assoclated temperatures when pilot performance (P ) fell below an

arbitrary value of 50. Table 2 summarizes mean temperatures from four flight patterns in which the mean
low P| = 42.44 and the fUght having the lowest performance score of 35.83.

Pl = 42,44 Pl = 35,83
WB = 76.8 WB=94.4
GT =110.4 GT = 118.6
DB = 100.5 DB = 103.1
RT =99.5 RT =99.9
V/BGT = 85,9 WBGT = 98,1

TABLE 2. Associated Temperatvres when Pilol Performance (Pl) Fell Below 50.

Of the days in which both An and PM flights were scheduled and flown by the same pilot, wearing the same
clothing/cquipment configuration, only one day's matching of flights yielded enough nexformance data to be
reportable - - the rest were incomplete because of weather, inadequate film, flight cancellation, ctc.
Table 3 summarizes the ilight performances versus temperatures for pilot -subject C, wearing the same
clothing configuration, flying both an AM and PM fiight on 4 September 1966,

AM Flight No. 1§ PM Flight No. 20
Mean Perf. Mecan Mean Perf, Mean
Perf '(Pl) Var.(SD) WBGT Perf. (Pl) Var.(SD) | WBGT
Flrst Flight 84.54 18.94 78.9 85.42 19.18 82.1
Pattern
Second Flight 89.25 12.81 80.8 80.77 22.71 83.2
Pattern
Total Flight £6.52 79.7 84.05 82.45
TABLE 3. Comparison of Pilot Ferformance and Environmental Temperatures

for Matched Flights

Though one samplc of data (Table 3) cannot bc used to predict, it does relate to other findings (Tables 1, 2
and 6) showing a tendency toward a decrease in pertormance as temperature increases and an increase in
performance variability as temperature increases.

Table 4 provides an overail listing of somc of the inflight measured performance and temperature data
summarized from each flight fiown during the study.
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MORNING FLIGHTS

Flt. Wet Drv
No. Scored A/S Alt. Heading  Delta Bult Glole Bulb WBGT  Rectal
and Fit.  Line Peef# Error#Ervor® Error®  Torque Temp. Temp. Temp. Index  Temp.
Pilot _Patterns Entrics (P\) (knots) (feet) (degrees) (D) °F Op Oy Oy 1
1C 1 74 76.77 J.00 1.29 36.9% 1.67 67.85 92.43  82.45  74.23% Yy .23
6L 2 188 79.11 2.62 2,01 31.83 1.42 77.29 99,55 93,13 8332 Y936
18C 2 180 ¥6.52 2.8B0 1.88 21.28 2,18 74.72 w30l HOLT3 O 7900 99,30
2L 2 170 96.88 66 11K 7.22 3.03 73.58 94 .84 88 .88 79 .36 9h KY
AFTERNOON FLIGHTS
*7C 5 366 55.54 4.04 2.06 57.43 1.82 77.53 11L.60 100,06  80.05  99.19
* 9L 4 338 93.49 1.72 1,65 11.92 3.16 93.15 110,92 UK, 71 97 .20 99 .50
*10C 4 295 75.79 2.84 .55 3491 2,51 92.36 100,93 97.96 95,83 99,31
*11B 2 185 83.09 1.75 2,82 27,93 1.92 6.8 0016 97,02 YU.e2 Y985
*15C 5 375 8S5.7¢6 2.51 .94 21.31 2.1 FR.US 14,90 104 87.75 LI
*16L 4 321 96,08 2.47 i.60 5.08 3.18 76.29 109,43 004 45,30 gu,60
2G 2 189 91,31 4,06 2.99 15 .80 4,04 69,491 102,09 vl,51 7H.62 949,09
ic 0 Cancelled because of aireraft maliunction.
4L 2 207 92.40 2.61 3.50 11.63 2,91 73.95 108 .91 97 .04 83.25 99.62
5C 4 258 61.49 2,74 2.04  55.92 1.04 74.84 103,38 98 .54 82.91 Yy .47
8L 1] Cancelled because of rain,
121 + 43 91.91 1.8l I.83 14.56 3.45 T4.45 109,73 99, 14 K398 99,20
13C 4 334 90,76 2,24 1.4 15,03 2,09 74,40 102.72 99,18 H2.54  uB.26
14L 3 260 v7.52 1.50  1.0b 6.05 2.12 74.37  W7.66 100,60 8§3.09 99,72
17C 1 RO 76.31 2.78 2.00 3i.89 2.71 73.69 96,44 94.53 50,35 99 .50
191, 4 309 Y5.71 2.68 2.20 6.71 4.48 75.63 101,82 92,97 §2.60 99 .26
20C 2 251 ¥4.05 3.¢7  2.57 25,74 2.43 74,14 104,98 95 .44 B2 .43 9y 22
22L 0 Incomplute performance data because of movie camera malfunction,
23C 3 237  d4.14 2.9 1.70  23.87 2.58 73.49  107.93 96 .51 82.71 9 U4
24L 4 340 97,40 1.00  1.25 +4.25 3.61 74.45 111,19 101,73 84,53 99.81
25B 5 373 73.06 1.83  1.46  d42.36 .01 70.68  105.19 98 .50  80.37 vy .70
26L 4 340 97.3K 62 1.2 4.42 3.59 72.34 100,06 92,05  7YU.85 99,29
27C 3 266 K1.39 3.0 2,73 22.24 2.48 70,19 105.78 94 .72 79.76 99,30
28L 4 422 95.70 2.91 1.65 5.24 4,82 7l.10 111.02 99 .75 81.Y5 99 .43
298 = 342 77.32 3.03 L.45  34.02 i.76 69.44 99,74 94 .49 7600 99,67

* Indicates Hot Flights, >85YF WBGT.

# With Performance Limits Applicd.

TABLE 4. Means of Performance and Environmental Mcasures

CORRELATION (r} OF PILOT PERFORMANCE FACTORS WITH PHYSIOLOGICAL AND
ENVIRONMENTAL TEMPERATURES. Individuai pilot performance measured during the study was compared
with recorded WBGT Index and physiological measures oceurring simultancousty, Tables 3 and 6 summarize
the resulting correlation (r) values for cacli pilot.

Significant differences from zero were determined at the (01 and 05 level for cach pilot using the means of

repeated measures from cach flight pattern (Tables 5 and 6).

A scarch of the literature did not provide a clear basis to make a valid asscssment of the importanee of
physiological corvelation values. Values of ¢ = 1000 for example, may be quite sigmiticant in view of the
fact that a simail change in Rectal Temperature can be eritical. The results might e interpreted as tromds
and many appear to produce the expected results, For example:

1. For all subjects, WBGT appearcd to have a positive correlation with heart rate (Table 5). This
positive correlation would have been predictable according to results reported by DuBois (2), Hall (3) id
others.
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2.  The negative correlation between performance and WBGT for nilats Toand 0 ITakle &3 might he

consitered atrend since these pilots flew the most flights and, therefore, represented a larger sample of
buhavior.

4. lhree of the four subjects showed a negative correlation between performance and skin
temperature (Table 5). The strong r of -.97 for pllot G should not he overinterpreted bucause it represents
only onc flight of data,

- Pearson Correlation Values (r)¥
Comjuratlve for Mean Flight Pattern Scores
Mcasures Pilot L Pilot C Pilot B Pilw G
(n =41) (n = 38) (n =12) (n_=2)
Pilot Performance (7)) 50314 -.0069 - 3467 -.9730)
vs. Skin Temperature
Pilut l’cx'lox;xfuulcu r)) 0783 - .5453%* -1035 3145
vs, Rectal Temperature
Pilot Performance (l'l) - .4503%* 0473 0124 3335
vs. Heart Rate
WBGT
.2072 .2520 2790 ~.3887
vs. Skin Temperature
WEGT .3640° 8167°* .9307¢* 6856
vs, Heart Rate
WBGT 2686 1588 8112 -.3754
vs. Rectal Temperature

# Calculations are based on summarics of data obtalned for cach flight pattern of all flights
(Table 4) for cach pilot. Pilot G flew only one flight.

Minus (-) r indicates that as temperaturce increased, performance decreased.
* Significant at the .05 level.

** Significant at the .0l level.

TABLE 5. Correlations of Pilot Performance and Physiological Measures

The Pearson ceryelation analysis of performance (Pl) and temperatures did not fully substantiate the
predictor cquation results determined by the stepwise multiple-regression program summarized in Tables
7 and §. This difference proliably occurs because the Pearson is a test of linear relationships, while the
multiple-regression program defined a curvilinear relationship between all measures,
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3
4

Pearson Correlation Values (r)
Measured tor Mean Flight Paltern Scors
Conditlon Pilaot 1, [ Pilot C | Pilat 1
| B n=+1) (n = 35) (n = 12)
: Performance vs, Wet Bulb -.(037 - ol 2339
! b " Globe L2039 L3440 L0602
: " " Dry Bulb L2198 -.273 - 2140
| v " WiGT L RLR - 1800 L1867
Sipma Perf, vs,  Wet Balb L2475 Nt X = 3004
v " Glulne -L2044 - 0940 REYR!
i b h Dry Bulb - 2249 L1380 L2220
" " waGT L lus3 A2K -, 2400
}1 Duolta A/S vs, Wet Bulb LOBRS L0 .. 2555
. h Glulxe -, 2557 RTINS - 0204
" " Dry Bulh -.2821 L0204 =270
" " wBiT -.U757 AR - 2YAT
Delta Alt, vs. Wet Bulb L6l - 55 Sh3044"
" ; Globe 234 Ay - 248
" " Dry Bulh L0325 -2 B IRALY
P - " WRBGT L0819 -0t 504
Heading Err.vs, Wet Bulb 2203 LAn12 -.20498
. " " Crlobe -.2024 REELN 1502
i " " Dry Bulb - 2528 . 2300 L2008
| " " WBGT L0002 . 1800 ~ 195
i ) -
: Delta Torque vs., Wet Bulh - 1794 L2047 L0400
i ) T Gl 30407 L7060 5741
. ! Dry Bulh IR RM L2540 LOT0hYC
i " " WBGT NIGHEY 2 BETE
} The anticipated corrclation (r) retationships at the stact of the study woere as Tollows:
i Performance: negertive value of v, wmperature up, performance ddown,
Sigmna Perd . positive value of r, temperature up, Sigina Poerf. up.
Airspecd: positive value of v, temperature vp, Delta Atrspeed up,
Altitude: positive value of r, temperatire up, Delta Altitude up.
Heading Error:  positive value of r, temperature up, Heading Evroc up,
Delta Torque: positive value of ¢, temperature up, Delta Torque up.
Pilot G was not listcd because of insutficient data.
* Significant at the .05 level. '
** Significant at the .01 level,
TABLE 6. Correlations of Pilot Performance (I’l) Factors and Environmental Temperatures

REGRESSION CORRELATION ANALYSIS OF PPLOT PERFORMANCE VS, ENVIRONMENTAL FACTORS.
Tables 7 and & suminarize the computesr analysis rins which established between all data catry mcasurements
of the study the appropriate “hest flt” predictor performance equation (Pg), both with and without crew
performance Linits applicd (described in Method Section).

The stepwise multiple-repression solution of the eifects of varous temperatures upon performance was an
attempt to derive a predicror equation for performance hased on envirommental temperatires, It wauld have
been most satisfying if the solution for cach condition of crnvironmiental temperatuves had provided a linear

| equation with cach variehic in:luded: but, v fact, cach condition produced a different equation. The equations
which applicd limits to the performance measares were quite similar to the cquations tor the same conditions
without limits, and the similavity served to vorify the equations,




Porformance Eguatons Without Pertormance Lints

I Ail Flights: . 1. AL Flight: .
P, 04,218 ¢ LIEWE « 277WRE 0 17u02 Poo 100508 - L0sWH 272w - 286GT
’ CLONGTY E 2.029D8 - 17100 R oG G 2 enn
< LZADBY - SS4WBGTY - LotewaaT < TIY o oReDIY - 4DRWEGT 2
13,4638« 3538T2 - pesTd <013 WRGE 3, 1788T - L 3405T
FLO72R 1 009HRZ 1+ an007HR? <L ST 100K e 00HRE, - 0001 HR S
- 1.5720P - .080DP2 ¢ 0u2DP? - 13730 - 070DPT 1 002DP + L 182RH
+.391RH 4 oou2iit
*Shortencd Forny: *Shortened Form:
1'2 - 94,54+ 4, 118WB +2,029DB + 3.4635T Py - 101.5IK 3.995WR + 2172008 + 3,1785T
- 1.5720p - 1.37308
2. Morning Flights (WBGT < 857F): 2. Morning Flights (WBGT < KSUF):
Py - 76,179 - .375wn“ t ¥,751GT Py~ 77.702 4 .162GT - l.,gmluT2 - 73.&)391{'1‘2
+ 1.673GT* 1 094GT " + 30, 763RT - LUB7DP” - LOU044RH” - 623.55RT”
- 092002 < 500,57 1K1 - .o920Td
*Shortencd Form: “Shortenced Forme ,
Py = 76.179 4 5.7SIGT + 1.073GT2 Py = 77.702 +9.162GT - 1681612
+ 30,763RT - 500.571RT’ - 73.039RT2 - 623 ,55RT"
3. Afternoon Flights: 3. Afternoon Flights:

Py o 67.025 + .423WB% + .006WBD - 4126T
+,382GT2 + .020GT + 2.4591B
- 208082 - .031DB3 + 0,722 WBGT
- .549WBGTZ - 027WBGTS + 2,9555T
- .5525T2 - 156STH 1+ .2471R
+ .0HHRZ - 000INRS - 1,758DP
+ .00005DP3 + DudRI>

*shortencd Form:

Py = G7.1 +2.459DB + 6.722 WIGT

+ 2 9ASST - 1.75HDP

TH.ATR + 379WB2 + 006WBD - 47961
+.3536TE 0 0196T3 + 2.52808
- .143DB2 - .028DR% + §.798WBGT
- L3N5WBGTZ - 026 WBGTY + 2.538T
- .5288T2 - ,1498T3 + .2421IR + .U10HRZ
- LUODIHRY - 1,856DP + 027D
+ . 0003RH
*Shortencd Form:

Py = 75.376 4 2.528DB + 5.798WBGT +2.535T
- 1.556DP

P'i =

*Shortened forms of predictor cquations: are provided for case of reader interpretation and to higlhtlight the more
prominent facters contamed in the performance equation, It was derived by arbitrarily dropping all factors

with a coufficient of less thun 0.0,

TABLE 7.

Predictor Performance Equations

Performanice Equations with Pexrformance
Limits

4. Hot Flights (WBGT > 85°F);

Py = 187,828 + ,5668GT - 1.590DB L2043WBGT? + 526 .03RT r 545 ,976RT?
+439.213RT 4 9.79475T - 5.351 ISTZ - 1.202457% 5 1.552501R + .08491IR2
< L0029HRY - 2653RH° = 0)5RE3

*Shortened Form:

Py = I87.8 - 1.6DB+ 520RT + S49%T2 4 439RT + 9507 - 5.45T2 - 1,251 5 | 55010

S. Al Flights with R, ST and HR out:

r, =

+ 0009901+ 2777RI1
*Shortened Forme

Py = 65,4 - 1,007 = 2,300 + 5 4WBGT + 1,0DP

08,338 1. 2016WBE - 1L0340GT = 1ASSGTE FL0104GT + 2.259208 - L200iD)”
S 0293089 + 3 J0SOWBCT - 331IWRGTZ - L01SIWBGTS - 1, 04300 - L0as2002

*Shortened forms of predictor cquations are provided for case of reader interpretation and o highbipht tee

more prominent factors contmned in the performance eouation,

factors with a cocflicient of less than 1,0,

TABLE s,

It wass derived by arbitvarily droppings all

Predictor Pevtormance Equations | Spxecial Conditdons
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a2 for the cool tmornmg) thghts (Table 7) emphasized the importance of the Globe Temperature and

Rovrad Temperatnro and assigned leaser siamficance to Wet Bulb Temperatare and Dew Point Temperature .
The large ceefficients assymed to Rectal Temperature represented moderate velues when it was considered
that rhese chames were tenths of a degree while, in general, the other va »cs changed by whote degroees
during the fipht investigated.

The flights which were flown under extremely hot (WBGH Index > Hbcl-, Kauarion 4, fablc ¥) conations
alse emphasized Rectal Temperature and added Skin Temperature, Dry Bulb Temperature and Heart Rate
while assigning a lesser significance to Globe Temperature. This cquatton also constdered WBGT Index and
Relative Humidity and dropixed Wet Bulb Temperature and Dew Point Temperature,

The afternoon scries of flights (Equation 3, Table 7), whici included the "hot™ flights, assigned Importance
to Dry Bulb Temperature, WBGT Index, Skin Temperature, and Dew Point Temperature . Heart Rute and
Relative Humidity were also considered as contributing to the value of performance .

The total solution of all flights (Equation 1, Figure 7) Usted Wet Bulb Temperature, Dry Bulb Temperature,
Skin Temperature and Dew Point as the major variables and Globe Temperature, WBGT Index, Heart Rate,
and Relative Humidity as contributing variables.

The final cquition in this group (Equation 5, Figurc 8) considered all of the flights' data but did not compute
coefficlents for the physiological variabl- s (Rectal temperature, Skin temperature and Heart Rate), The
results were similar to those for the total flights (Equation 1) with greater importance placed on Globe
Temperaturc and WBGT Index, while Wet Bulb Temperature was considered less important that it was in the
total flight equation.

EFFECT OF TURBULENCE ON PILOT PERFORMANCE . There was a quustion of whether the
difference in performance between the "cool” and “hot” flights was perhaps due to the turbulence caused by
the heating of the ground. Scven of the flights had a notation by the observer that there was moderate
turbulence during the flight.* These flights were statistically compared with flights which had no such
notation but which had the same pilot and were matched as closely as possible for ¢qual number of line
entries and for equal WBGT values (sce Table 9 for a summary of the results).

P, Line
FLIGHT (Limits Applied) SD Entrics t
10C* 75.79 24 .88 295 3.6888
5C 61.49 39.00 258
15C* 85.76 18.94 375 11,1826
7C 55.54 32.99 366
16L* 96.05 4.97 321 5.2246
12L 91.91 9.54 343
9L 95.71 5.80 390 -3.2540
261, 97.38 3.38 340
20C* 84.05 20.22 251 -0.0600
27C 84.19 17.21 266
23c* 84.14 19.34 237 -0.0216
27C 84.19 17.21 266
241" 97.40 3.46 340 -0.2727
14L 97.52 4.07 260

*Turlaulence noted by observer and pilot,

TABLE 9. Comparisoen of Pilot Performance During Turbuient and
Non-Turbulent Flights

* Standard inflight terminology as uscd by the joint scervices and defined in TM =300 (15) was usad to
report the degree of turhulence encountered durksg cach flight, These classifleations of turbulence ace
sciocted according to the effect of the turbulence on the ajreraft.
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The negative values of t are the cases in which the performance {5 better under the “hot” non-turbulent
conditions. There was only one case (Flight 19) of seven in which there was an apparent disadvantage duc
$s turhulenee . Duaing iids ilight wurbuience was noted as increasing from moderate to “severe.” The
differcnce in performance, as tested by the t test was significantly better than chance at the .01 level of
confidence.

It can be scen that in both cases performance generally varied more under smooth air conditions than it did
under turbulent conditions . Onc possible reason for the improved performance during turhulence is that
more attention is required of the pilot.

Additional cxperimental evidence of the small effect of light and moderate turbulei:ce upon the performance
of uxperienced pilots in helicopters has been provided in simulator studies by Nicholson, et al. (9), and
Hornick and Lefritz (5). The 1csults Indicated that pilot performance was not significantly affected by gust
loadings to 15K and/or 0.20 RMS G intensities,

VARIABILITY OF PILOT PERFORMANCE . The mcan performance for each pilot during the eatire
study was as follows:

Mean Perf. (Pl) Total
Pilot (with Limits) sD Line Entries
L 94 .44 9.43 3139
C 78.04 29.49 2715
B 76.74 29.44 900
G 91.43 15.97 189
TABLE 10. Performance Variability Among

Pilots

It can I seen that there were differences in the mean performance of the pilots who flew in this study. This
differerce was made mere pronounced by the methods of scoring performance during the BRAVO precision
flipht patterns . While all the pilots flew well, it waz observed during the flights and in reviewing the scoring
that techntques of flying aff-ct performance. The pilot who used a method averaging out alreraft attitude,
headimg and altitnde changes during tne BRAVO flight pattern, scorcd lower than the ones who corrected
immediately to the desived positon. This variability scens to fit the rormal expectod varfation of human

e rtartinanee.

WEIGHT LOSS. The value of the rican water loss for all pilets in the experiment was 1,216 Lbs, per
flight: the standard deviation was given as L7734, The range of these water losses varied from L1584 1bs. to
20404 Ths., of which pilat L had the most varianility. Becausc of kuman variability in this area, it scemed
more meaningiul to constder cach pilot separately regarding water loss versus performance correlation.,

Pilat G was not listed becsuse of insufficient data. A summary  these caiculations are provided in Table 11,

Meoan Perf. Mcan Corrclation Lire
Pilot (P-[) Water Loss r Entrics
L 94.21 1.408 r=.1232 3139
C 78.04 1.i89 - = ,114] 2716 !
B 77.82 1.075 r=-.,9926 900
L— —_
TABLE 1. Comparisen of Pilot Performance and Water Loss

For pilot B, the corralation was neasly perfect, but the sample size was only three flights as compared with
W0 and 12 fughes for tise other pilots .,
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INITERACTION CF TEMPERATURE, PERFORMANCE AND CLOTHING. Each clotiing configuration
uscd by the pilots during the study was compared with their associated performance (l’l) while wearing the
clothung, The results ave semmarlzed i Table 12.

Glothing No. | Mcan Perf. Computer
Configuration Filghts rp Line Entrics
A R 86,08 2277
B B 85,88 21483
C 9 82.76 2162
D i 95,70 322

TABLE 12, Compari=on of Pilot Performance and
Clothing Conflgurations

The performances using clothing configurations A and B, both of which tnclude pudy armor, are for all
purposes identical. The performance using clothing configuration C, which does not include armor, is
somewhat fower than the others but not significantly so. Performance wearing clothing configuration D is

not a irue representation of this configuration as it refers to only one pilot and one flight: henee, even though
the performance s better than with any other configuration, it cannot be considered as a preferred coafigura-
tion without further testing. The pliots' subjective comments regarding the D clothing configuration indicated
it was completely unaccejrable,

TARGET IDENTIFICATION TASK, The data was analyzed for variations in pilot performance due to
indivi jual differences, clothing differences and fatigue, and differences in environmental temperature. A
total of 348 target displays were presented to the pilots during 22 flights providing usable data. Of the 348
rarget displays, 228 were correctly identified, 89 werc incorrectly identified and 31 were not detected.,
During the 22 flights the pilots flew five flights with A, six with B, ten with € and one with D clothing
configurations.

The data were analyzed using WBGT Index as the environmental measure wich a2 mode of 85°F. The flights
were broken into two groups, AM and PM. No AM flights had a WBGT greater than 85°, The results showed
that there were no significant differences in pilot performances. There was no significant diifcrence hetween
performance during the first part of the flights and performance during the latter part of the flights. There
was a trend indicating a difference in performance due to clothing, but this was rot significant at the .1 level.

The PM flights show a greater number of errors oceurring vhen armor was worn and the WBGT was greater
than 85°. In the cases when no armor was worn, the errors occurring in cach temperature zone were
approximately equal. The results indicate that trends were present but were not significant at the L1 level,

REACTION/RESPONSE TIME MEASURES. Pilot reaction times and response times were mcasured
30to 40 times per flight. The range of mean reaction times for all pilats during the study vacted from .23
to .63 scconds, with an overall mean of 44 seconds, Responsce times varied from .41 to 1.21 sceonds, with
an overall mean of .93 scconds.

Pilot rcaction times were taken in a more consistent manner than response time measures; the results contadned

smaller ranges of values and smaller variability. Only reaction times were, therefore, considered reliable
enough to be reported and are suramarized in Table 13,

The corrclation analysis of the data indicates a trend showing an increase in pilot reaction time as cither
Rectal Temperature or the WBGT Index Increasces.
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Mcasured Pilots **
Condition Lin=9) Ci=9) Bn=23)
Reaction Thine
v, WHGT A6 L124 994
(seconds)

Reactlon Time
vs, Rectal Temp, 220 L340 .993¢
(Nuecoruds)

* Significant at the 05 level.

** The n velues shown for the pllots represent the means of 234 repested
measures from several flights (Pllot G was not ligted because only
one flight was available for analysis).

TABLE 13, Currclation of Reactlon Times with Tempuerature
Mcasures

COMI'ARISON OF GROUND AND AIRBORNE WBGT . During the carlicr portion of the study it was
hypothusized that perhaps a fixed relationship (similar to a2 standard adiabatic lapse rate of tempe« rature) may
exist between the WBGT Index measured at ground level and that measured in the aircraft, assuming that the
measurements were taken during the same time perfod and that the aircraft maintained the same alrspeed and
absolute altftude, and remained vithin the Jocal area (5-10 miles), It was hoped that if a reasonably constant
relationship did exist, then perhaps ground measurement of cockpit WBGT would help schedule the alrcraft
for the desired above 85°F WBGT flight conditions.

Unfortunately, no cunstant relationship could be determined between cirborne measurements of WBGT and those
taken on the ground. In 18 out of 28 cases compared, the airi orne measurcd WBGT was greater than the WBGT
measurcd on the ground during the same time frame. The range of diffcrences between ground WBGT and
airborne WBGT was 4.64 to -15.29, The mean difference was -2.4157 and the sigma was 4.56.

PILOT COMMEMNTS AMD OBSERVATIONS, All of the pilots ¢xpressed a desire for improved ventilation
in the crew station.

Figure 7 summarizes the rating scale of pilots’ judgments of the crew station environment. Thelr judgments
arc compared with the actual WB, DB, GT and WBGT Index, as measured during cach flight in which the pilot
reported a specific rating scale index. During the study, no attempts were made to inform the pilots of how

their subjective ratings of crew station eavironment comparced with the actual measured temperatures,

The pilots’ ratings of a “cool” or "warm” environment included very large overlaps and very large ranges of
vach temperature measured. Some flights were actually hotter than others they rated as “hot”or "very hot.”
If oniy mean (X) temperature values arc considered, Figure 7 indicates that pilot ratings tendud to paraliel
actua® increases in Globe and Dry Bulb Temperatures when reporting their estimates of “cool,” "warm,”

“hot" and “very hot.” When the cnvironment was judged as “hot,” the range of actual tempurature was smaller
than when the ratings were “cool” or "warin®', however, the number of times “hot” wes selected wus also less,
which could account for the smaller range. “Very hot” was sclected only once.

One conclusion which can be drawn from these data is that pilot judgment of cockpit environmental temperature
is inconsistent and appears to be unrcliable us a means of assessing actual environment.

(Detalled pilot comments regarding clothing and survival equipment fit and problem areas were not considered
to Ix appropriate to this paper, and, therefore, are not present:d, These ccmments can be obtained upon
written request to the authors,)
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MISCELLANEQUS COMMENTS AMD DATA, ‘The following recorded data extracts and cremante
regarding the crew station envirenmant are

are oitvided for general reader interest:
1, During flight (at 800 ft. abscolute altitude), the cockpit WBGT Index frequently rose
above 90°F and occasionrally reached 95°F and 97°F. The highest recor

9 st recordsd WBGT Index was 105,1°F
[1¢, OL.WB O7*r, OT 127,5°F, D 117°F),

2. DB wrgeratures taken at the seat reference point (SRP) of the passenger compartment
seat measured 110°F-118°F when the cockpit enviromment measured 102°-103°F. Some of this heat was
belicved to be radiated heat generated from the engine and transmission.

3. Ground reflected solar radiation appeared to cause rapid increases in overall cockpit
DB temperatures when the aircraft was at or passing thvough 200 ft. absolute altjtude.

It was not
w;cwxn for the overall cockpit DB temperatures to raise from 90°F to above 110°F within 60
seconds.

4, With the aircraft sitting on the ground with a bright sun and DB of 85°-90°F, cockpit
doors and vents closed, the cockpit DB would rise to 155°F, the maximum paint on the temperature
scale.

S. The old problem of testing enough subjects to get a significant n need not be a
limitation in an aircraft, During the two month pericd of optimum weather for this study 10 to
20 subjects could have been tested, provided a modest increase in the manpower and aircraft
resources were made available.

6. If a magnetic tape recording system was substituted for the photopanel technique and
many of the manual recording tasks perfomed by the inflight observers of this study, the data

recording and analysis of the flights would have been greatly wnburdencd and the number of inflight
observers could have been reduced,

7. Air velocity measurements of the cockpit taken with a hot wire anemometer were as
follows:

Rate of air movement, Average air
Flight Vent Piobe ‘ ft/min, at level of: movement ,
Mode Settings Position Head Hip “Toe ft/min

R 30 30 35 32

B C 20 25 50 12

Slow ose L 25 2 40 30
Cruise

(80K) R R 160 300 45 168

Vents c 210 150 50 137

Open L 480 110 85 225

Probe position: R = 2" to right of

body
C = in mid-body plane, 2" in front of body or between legs
L = 2" to left of body

*The vent closed position was used during this study.

TABLE 14, Cockpit Air Movement Measures
REFERENCES
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Campbell, L. W. rogram description, istic Hesearch Laboratories Report
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DuBois, E. F. Heat loss from the human body. Harvey Lecture, Cornell
University, New York, DEcER)%r 1938.
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TECHNICAL EVALUATION

The meeting was opened by the Chairman of the Aerospace Medical Panel of AGARD,
Professor Dr. E, A, Lauschner, Brigadier General MC, GAF, who welcomed the participants and
outlined the objective of the sympousium. He pointed out that the measurement of flight deck work-
load and its relation to pilot performance was a complex problem of relevance to both the opera-
tional commander ana his aeromedical counterpart. These topics could not be covered exhaus-
tively during the course o: a short mecting, thuugh he considered that the papers to be presented
highlighted important aspects of the problem.

The Chairman' s opinion was substantially justified during the subsequent oie and a half
days, when eleven papers were presented to an audience of some ninety-six participants.

Many of the papers prescnted emphasised the integro.ive nature of the workload concept,
although three were primarily concerned with the effect of specific stresses, such as sleep loss
and thermal stress, The importauce of that phase in flight when the pilot' s tasi is the most
demanding and the consequences of failure the most disastrous, namely approach and landing, was
emphasised in at leasi four papers. 7Three papers dealt with manipulation of workload and its
effect on performance during simulated flight, while three papers described in-flight measurements
of possible physiological indicants of workload,

OBSERVATIONS AND RECOMMENDATIONS
Workload

Despite recognition of the great majority of the envitunmental and task-generated stresses
to which the aviator is exposed, the manner in which they interact, like their combined effect upon
operational efficiency, is inadequately understood. In order to overcome some of the difficulties
. :sociated with an analytic approach to the study of the effect of multiple stresses of the flight
environment, the integrative concept of workload has been introduced. It is convenient to divide
workisad in a temporal manner:

1.  Immediate workload, i.e. any workload experienced over a particular short period of
time;

2. Duly-day workload, i,r the summation of the short-term workloads experienced
during a worlking day;

3. Long-term worklead, i.e. the summation of duty-day workloads over a sequence of
working days.

Meusurement of Workload

The study of physiologizal variables, (such as heart rate or oxygen consumption) which
might serve 2s usefu! rmeasures of workload, were discussed by several authors, It would
appear ihat these physioiogical measures, whilst providing an indicant of heightened behavioral
arousal and energy expenditure in response to short-term increments in workload, their value,
per sc, in the evaluation and estimation of workload over longer time periods awaits substantiation,

The use of physiological mieasures in conjunction with subjective evaluation of the environ-
memtal and task-enducad stresses may have greater relevance in operation situations: a conclusion
supported by the i'epoit of a significant coryclation between finger tremor and the complexity of
approach and lanaing.

Despite the considerable rescarch effort which has been expended on the recording of
physiologicil variables in real and simulated flight, the interpretation of such dat in relation to
pilot workload atill awaits clarification,

THE COMPONENTS OF WORKLOAD

1. Physical Stresses

hese were not discussed comprehensively, thouglh: the importance of thermal stress and
its deleterious effect on pilot performance was underiined in two papers.  Fvidence was presented
that pilot performance during helicopter {light was deygraded and performance variability inc-cased
above a WBGT index of 857F.  There is 4 need fore agreement on a measurenient index which
would mainiain its validity in different envirenmental sitvations aad allow “"thermal stress' to be




i

operatinnally defined.

The contribution of abnormal force environments (c.g. vibration) to workload and the inter-

action of physical stresses were topics which unfortunately were not raised in formal communie
cations or discussions.

2. Sleep Loss

The results of anramnestic studies indicated that accumulated sleep luss, often arising from
the disruption of normal day-night duty cycles, was a major factor in the determination of long-
term workload. Due attention tc the organisation of duty sequences in relation to established
diurnal patterns can do much to minimise sieep loss and maintain the operational efficiency of
flying personnel. Experimental studies have shown that effective performance is more dependent
upon the total amount of sleep obtained in the previous twenty-four hours than on the type of sleep.
The use of drugs to obtain adequate sleep when working disruptive duty schedules was raised in
discussion., It was apparent that more information was requested on the advantiges and disadvan-
tages of the pharmacological regulation of the sleep of aircrew,

3. The Flying Task

The importance of the approach and landing phase of flights us 4 period of high workload
was eniphasised by the fact that at least one third of the papers presented were concerned with
saome facet of this topic.

A study of the acearacy of approach and the success of landing on aircraft carriers
analysed the factors which contribute to the degraded precision of approach and the higher accident
rate during night operations., The need for better visual landing aids was adduced.

The errors associated with landing at night on conventional airfields is being studied with
the aid of a special purpose simulator, It has been shows that pilots using visual cues alone are
generally unable to judge a sale approach altitudv when the terraun has an upwards slope: they
fly too high when only the airfield lights are visible and they tend to use the pattern of city lights
as a horizontal reference, even when this is in error. An increase in workload during a simulated
night visual landing did not of itself cause a significant decrement in performance, although it
interacted with {errain slope and nilot differences, 7The broad conclusions of this study, that
night visual appreoach accidents would probably be less if instruments and other aids were
employed during this critical phase of [light, is worthy of note.

Dr. A,J, Beirson
Chairman, Behavioral Sciznces Conimiitee
AGARD
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