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PREFACE

This report has been prepared to describe, clarify, and catalog specific
flight crewmember workload determination techniques which have been used in
the past. The information may be useful to type certification applicants in
planning and conducting evaluations during stages of aircraft development
that will lead to adequate documentation that crew workload is appropriate.

Nothing herein should be construed as establishing a rigid formula for cur-
rent or future transport aircraft cockpit certification programs. Such pro-
grams are individually developed, appropriate tests being selected for
critical or changed features of the particular aircraft, and a modified
test program designed each time. Over the past two decades, however, there
have been a number of such individually designed certification programs
from which much can be learned. These programs have been successful as
evidenced by actual line service in both domestic and world wide opera-
tions. This report reviews the laboratory, engineering, simulation, and
flight test methods that have been employed in these successful certifica-
tion programs so that this information may be used as a basis for evaluat-
ing plans and proposals for future demonstrations of design adequacy and
acceptability.

Workload evaluation techniques that have been used to assist in satisfying
the requirements of the Federal Aviation Regulations are described and cat-
alogued. Known limitations on utility or validity of data are summarized.

The authors wish to express their appreciation to the Boeing Commercial
Airplane Company, the Lockheed-California Company and the Douglas Aircraft
Company for their willing assistance, data, illustrations, helpful comments
and cooperation provided during this documentation effort.

Recognition is also given to the Aircraft Certification, Engineering Flight
Test and Flight Operations Evaluation organizations within the Western and
Northwest Regions of the Federal Aviation Administration for their assist-
ance and useful comments provided during the course of compiling and re-
viewing the material for this report.
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EXECUTIVE SUMMARY

To establish the minimum crew required for safe operations, the FAA evalu-
ates crew workload: (a) with the number of crewmembers dictated by cockpit
design; and, (b) in relation to a projected operating environment.

This report describes the techniques and procedures used to evaluate work-
load successfully in past airworthiness certification programs. It also
summarizes related workload assessments made during aircraft design. There
is no intent to establish a formula for future crew complement determina-
tions, as it is recognized that workload measurement is a developing
science. The FAA is conducting human-factors workshops and is supporting a
broad program of study which may accelerate progress in this and related
areas. Emerging workload study methods and research programs will be docu-
mented in future publications.

Past workload evaluations involved the consideration of workload implica-
tions from earlier concept studies and continued as appropriate through
various mockup, simulation, analytical, experimental, and flight test pro-
cedures. The multifunctional nature of the human operator necessitates the
use of a variety of evaluation techniques and procedures. When applied at
appropriate stages of development, these methods serve to answer crucial
questions about workload. Final evidence of design adequacy is developed
in flight test, because neither simulation nor analysis, without actual
flight operations, can provide total substantiation that workload and crew
duties are satisfactory when compared to existing operational aircraft.

The simulation methods employed to date are most useful for demonstrating
overall configurational suitability and specific stimulus-response ade-
quacy. In addition to their use for appraising procedures, task features
and resulting workload implications, mockups are used to test the visibil-
ity and conspicuity of indicators, the convenience of reach and accessibil-
ity of controls, and the conformance to layout conventions and pilot ex-
pectations. More functional simulators are used to measure the complexity
and number of required procedures by count, and by timing simulated pilot
actions. The ease of operation of controls and utility of warnings are
among the questions examined, and in some cases comparisons are made be-
tween activities using new design features versus features of an existing,
service-proven flight deck design.

Despite the great utility of simulation, not all problems can be solved
this way; particularly person-to-person interactions in simulation do not
duplicate routine flight conditions due to motivational differences--hence
many causes of errors cannot be revealed. Also, simulation is not suffi-
cient to prove the operational suitability of large changes in cockpit de-
sign, such as conversion to electronic flight instruments. Major changes in
the flight crew/systems interface may require a complete cycle of analysis,
simulation, and flight test before sufficient understanding of the inter-
face is achieved to permit application to operational transport aircraft,
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For example, the electronic flight instruments being used for the new gen-
eration of commercial aircraft were first evaluated in simulators during
the early 1960's, initially flight tested in the late 1960's and have been
flown in FAA-NASA flight tests and demonstrations since 1973 aboard the TCV
aft flight deck.

Analyses are made using computer models of internal visibility and physical
action requirements. More elaborate time and task computations are also
made using pilot response data from earlier detailed part-task recordings
and procedures-required tabulations from sample flights in high workload
regimes. Comparison data on time to complete actions in the new design 1in
contrast to an operational flight deck are presented to show the balance of
workload between crewmembers and the appropriate distribution of work re-
guiremnents over busy periods, such as approach and landing.

Flight test, including a simulation of routine airline operations, is em-
ployed to substantiate the adequacy of design and the acceptability of
emergency procedures as well as to demonstrate ordinary flight duties which
are characteristic of the new design.

There is no simple solution to all the issues raised and no single tell-all
method of testing new designs prior to availability for actual flight. How-
ever, workload evaluations can be accomplished to satisfy needs during air-
craft design and to provide needed numerical data to support test pilot
subjective ratings of acceptability. In combination, the various assess-
ment procedures have been successful. Aircraft designed to be flown by dif-
ferent crew complements have been so certificated and have been proven safe
and acceptable in actual line service. The correlation between FAA workload
determinations in certification procedures and the ultimate criterion of
airline experience has been excellent. Still, the many difficult decisions
made in designing and approving complex certification programs should be
recognized, and research efforts should be extended to develop improved
test methods as the understanding of human behavior allows.

Since a portion of all successful evaluations currently involves the atti-
tudes and perceptions of flight crewmembers, there will be a continuing
need for subjective assessment, It is essential that these assessments be
made by persons who are experienced in conducting procedures in differently
designed cockpits and who are accountable for their judgments. Otherwise,
strong individual bias may influence pilot opinion,

In summary, workload confirmation is a continuing process from the earliest
concept development through the successive design and development stages.
Ultimately, confirmation is accomplished in the prototype airplane as it
undergoes intensive test and evaluation scrutiny to confirm and demunstrate
suitability., Also, it is noted that individual production aircraft are ex-
amined to consider the workload impact of equipment or configuration varia-
tions. Finally, each airline is inspected to verify that actual flight op-
erations are satisfactory with the unique combination of pilot qualifica-
tions, special airline procedures, flight deck equipment outage allowances,
company equipment added, and challenges of the particular operating envi-
ronment.
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1.0 Introduction

1.1 Problem

Each transport aircraft must have a Type Certificate as the basis for its
production, and an airworthiness certificate issued by the Federal Avia-
tion Administration (FAA) before it can be operated in reqular airline
service., Before the award of the Type Certificate, the FAA conducts tests
and evaluates data submitted by the manufacturer, who is the applicant, to
determine compliance with design criteria and airworthiness sections of
the Federal Aviation Regulations (FAR), Part 25, Airworthiness Standards:
Transport Category Airplanes (See references 1 and 2).

Assessment of crewmember workload is an element of new aircraft certifica-
tion as provided in FAR 25.1523, title "Minimum Flight Crew," and Appendix
D. In addition to section 25.1523, other provisions of Part 25 state var-
ious flight deck design requirements, with particular sections having to
do with instruments, displays, controls, and miscellaneous equipment such
as seat restraints, electric protective devices, radios, fire extinguish-
ers, etc. In the type certification process, it is the application of the
minimum flight crew section, 25.1523, that provides the most general check
on the adequacy of human factors design in the flight deck. In turn the
workload factors enumerated in Appendix D, will be seen to constitute a
comprehensive human engineering checklist including: the accessibility,
ease and simplicity of operation of all necessary flight, power, and
equipment controls; the accessibility and concpicuity of all necessary in-
struments and failure warning devices; the number, urgency, and complexity
of operating procedures; the degree and duration of mental and physical
effort; the extent of required monitoring functions; the actions requir-
ing a crewmember to leave assigned duty station; the degree of systems
automation; the communication and navigation workload; increased workload
in emergencies and with flight crewmember incapacitation. Workload assess-
ment serves, then, as the context in which overall flight deck design is
evaluated and approved.

The immediate problem arises not from any discrepancy between past work-
load determinations and the final proof of acceptability of crew size in
actual airline operations. In fact, the crew size determinations made du-
ring original type certification proceedings have been reviewed many times
in the 1ight of later aircraft service experience, and it has never been
found necessary to change the crew size specified in an original turbojet
airworthiness certificate. A 10-year review of accident data made by the
FAA Task Force on Crew Workload resulted in the conclusion that no safety
problem exists with the current operation of 2-crew air carrier aircraft
(see reference 3). An update of the accident summary covering the years
1977, 1978, and 1979 confirmed the fact that 2-crew transport aircraft are
being operated safely. Furthermore, an appended study of rules violation
showed no higher incidence of violations has occurred with the smaller
size crew (see reference 4). Still, it appears desirable at this time +to
provide more information on the general subject of flight-deck design ap-
proval and just how the decision is made that a particular flight crew
composition is safe and appropriate for a given aircraft (see reference
5). Many of the statements made in published articles by protagonists of

1-1
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the view that all large transports should have three pilots clearly show a
lack of understanding regarding the influence of design on procedures and
tasks, and thus on workload and the kind and magnitude of testing that is
conducted prior to the award of a type certificate. This part of the prob-
lem may be corrected by providing an account of the flight deck engineer-
ing development methods employed in previous successful certification pro-
grams,

Simply stated, there is no problem with the crew complements of transport
aircraft. Throughout the modern era some aircraft have been designed for
and operated by two flight crewmembers, others with three, and both crew
sizes have been entirely adequate in safety and efficiency.

1.2 Objective

The objective of this report is to describe the crew complement determina-
tion programs that have been accomplished under the present regulations in
the more than sixteen years that those rules have been in force. This de-
scription may be most useful if it is organized in such a way that persons
with a particular interest in experimental evaluations and other workload
assessment techniques that have been employed at various stages of air-
craft programs may find those procedures described by program stage: com-
mencing with predesign trade-off studies, during design, after design, and
during flight test. Since multiple applications are made of many workload
techniques, this plan makes a degree of redundancy inevitable,

In addition to repeating similar descriptions of applications of workload
procedures at different stages of aircraft programs, a degree of complex-
ity is added to this subject due to the fact that many different kinds of
tests and evaluations are carried gut. The necessity of this stems from
the many facets of human capability and behavior which are involved in the
task of operating a transport aircraft. The final conclusive proof of
flight deck design adequacy and acceptability of workload is obtained af-
ter the fact through the experience of years of actual 1line service for
the aircraft. While flight tests conducted before certification of the
aircraft have always been successful in assessing the acceptability of the
design crew complement, as judged by this final criterion, the same does
not necessarily hold true for various individual simulation and part-task
test techniques that are frequently employed prior to the availability of
a finished test aircraft. For this reason, it is not desirable to select
Jjust the one best or the few most productive design stage test methods and
apply such a reduced inventory of workload procedures to all flight deck
adequacy guestions. Instead of this, a wide variety of test and evaluation
techniques are adapted to varied and specific questions that arise during
the design and later operational suitability test stages of an aircraft
program. Different procedures have been found to be most powerful in de-
veloping data on different questions, but all methods short of full flight
test have particular best applications and particular limitations that
need to be recognized. C(learly, the surest way to demonstrate acceptabil-
ity of workload demands is to fly the aircraft. But since this cannot be
done earlier in the aircraft program while potential customer requirements
are being converted into cockpit design specifications (from 3 to 6 years
before flight), reliance must be placed on test methods that are less con-
clusive and less exact. It is the variety and utility of these pre-flight
test procedures that becomes the primary subject of this document.

1-2




Over a period of time much has been learned. Workload evaluations methods
have evolved in parallel with the creation of successively more automated
aircraft systems and in step with the understanding of the basis for human
performance and perception. Initial confirmation that procedures and tasks
are in fact feasible is based on analytic methods, sketches and drawing
reviews, Flight deck mockups have always been used with specialist pilots
employed to evaluate physical arrangements and crew procedures., Today the
"engineering” simulator has come into use to permit more dynamic testing
and more flexible alteration of components, configurations, and flight
equations., Similarly, the conduct of mock procedures in a ground cockpit
has been a time-honored method, but recently video and computer develop-
ments have made it possible to generate more data and to include more di-
verse test conditions. One goal of this report is to show the present
state of this technology by describing tests conducted in recent certifi-
cation programs.

1.3 Critical Issues

There is, of course, an orchestrated effort by pilot associations to es-
tablish one, single, crew configuration for future turbojet transport air-
craft. The flight deck design favored by these groups requires three
crewnembers, a pilot (Captain), a co-pilot (First Officer), and a side-
facing third person variously designated a flight engineer or third pilot
(Second Officer). This configuration is similar to that of the majority of
current turbojet transports, with the B-727 the most numerous and widely
used example. However, about one-fourth of the domestic airline turbojet
fleet, accounting for about one-third of all departure cycles, use an al-
ternative cockpit designed for operation by two crewmembers.

In the development of the arguments, several distinct issues have been
raised by those defending the case for making the B-727 type crew configu-
ration an industry standard, by the airlines and aircraft manufacturers
who have in many instances opposed that plan, and by the FAA in attempting
to clarify the federal role established by law with its attendant respon-
sibility to all parties. 1In this section, five of the most significant
issues related to flight deck workload evaluation and certification will
be defined. These issues are: airworthiness criteria, standard crew size,
validity of simulation, FAA and the applicant, and certification partici-
pation.

1.3.1 Airworthiness Criteria

It is the whole aircraft that is examined and determined to be airworthy,
not component aircraft parts such as the crew compartment and its associ-
ated systems, Still, the importance of flight deck design, and the ability
of the planned crew complement to operate in that design environment, to
overall aircraft performance is so great that evaluation of a new flight
deck becomes a critical part of an overall aircraft airworthiness determ-
ination. What standards are appropriate, then, to be used as criteria of
airworthiness?

The first criterion is aircraft performance in the prospective operating
environment., It must be determined that the design and crew are capable
of safe operations in the airports, enroute environments, ATC systems, and
the ancillary operating contexts such as navigation-communication provis-
ions and maintenance systems.
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The second criterion is acceptance of the required procedures and result-
ing workload. This means that an aircraft found to be excessively diffi-
cult to operate or overly fatiguing will not be approved. An interaction
between the two criteria may be recognized in that a pilot might be ex-
pected to rate workload excessive if he were not able to perform all the
required procedures to ensure safe operation. In that sense, the two
criteria merge into one standard--the aircraft compares favorably with
other proven, inservice aircraft in operability in the anticipated en-
vironment and in demands and provocations affecting the crew.

Some have advocated a requirement for three crewmembers on all future air-
craft in the large transport category and say that the correct criterion
of airworthiness should be "optimum" design or a more than acceptable and
comparable rating (see reference 5). The question of the legal rights of
manufacturers to equitable treatment by the FAA will be discussed in a
separate issue below. At this point, it should be noted simply that it is
not required that a third engine be installed on the theory that three
give a greater margin of safety against mechanical failure than two, and,
similarly, it is not required that each passenger have a custom fitted
seat restraint system just because such devices would add to survivability
in the case of an accident.

The cornerstone concept is that current airline operations are safe. This
is proven by comparizon with either past records or competing transporta-
tion modalities. If everything else were equal, adding an extra engine or
some cumbersome “safety" device might make airline operations even safer,
but everything else is seldom equal. Money spent, airframe allocated, and
1ift devoted *o carry an unneeded propulsion unit would not be available
for other uses that may be more important. This logic is applied to all
aircraft systems, so that the rule is that a new aircraft is airworthy if
it conforms to established requirements and compares favorably with other
accepted and service-proven aircraft. A requirement that the unprovable,
or attainment of "optimum' safety or efficiency, be demonstrated is incon-
sistent with the philosophy which has regulated the air transportation in-
dustry as it developed into a safe, dependable service.

1.3.2 Standard Crew Size

Two-pilot crews have co-existed alongside three-man crews for many years,
just as two engine aircraft have operated in the same environment with
other propulsion configurations. No number of engines is standard, and no
number of flight crewmembers is standard. In addition to the variation in
number of crewmembers, there are two main layout variations in three-man
crews. In all cases, the captain, or pilot-in-command, and the co-pilot,
or first officer, are seated side-by-side, forward facing, If a third
crewmember, or second officer, is provided, there may be a system display
and control panel placed outside the forward view of the captain and first
officer., One version of this layout, called the sideward facing cockpit
configuration (SFCC) seats the third crewnember behind the co-pilot and
facing sideward toward his own panel. A swivel seat allows the second of-
ficer to turn and face forward when desired, but most of the time he is
removed from the peripheral view of the forward facing pilots. An alterna-
tive layout for three crewnembers is called the forward facing cockpit
configuration (FFCC). 1In the FFCC, the second officer sits between, and
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slightly behind, the two forward pilots. From this vantage, the third
crewnember shares the front panel, pedestal, and overhead panel presenta-
tions with the other crew members,

Before the changeover to turbine engines, pilots had several essential
flight responsibilities that have either disappeared completely or have
been reduced in prominence. An obvious example is that powerplant con-
trols have been simplified to power levels with the elimination of mix-
ture, and in turbojets, the elimination of propellers. Similarly, radios
have been simplified with digital tuning. Generally speaking, fuel trans-
fer systems have been simplified, and in some recent cases, eliminated.

Many other items could be listed, but the point is clear -- modern trans-
port aircraft are designed and built to be more reliable and make fewer
manual adjustment demands and fewer monitoring demands on the flight crew.
The earlier piston engine transport aircraft in which provision was made
for a third flight crewmember were a minority of the piston types, despite
the more complex required activities. Most early transports had only two
pilots. Any additional crewnembers were carried as navigators, radio oper-
ators, or mechanics.

When a third flight crewnember was added in what came to be known as a
side facing, flight engineer's station, the added crewmember was provided
because specific required tasks were difficult for the forward facing
pilots to accomplish. For example, some fuel systems necessitated fuel
transfer from tank to tank which was accomplished by opening and closing
valves with the general character of a plumbing system. A few aircraft had
complex engines with many separate ignition elements that were unreliable
and had to be monitored. A full panel of small but important indicators
was required to do this, and that panel could not be located conveniently
for observation by forward facing pilots. Reasons in this category under-
lay the initial requirement for a third flight crewnember in a minority of
the more complex early transports. Still, as stated above, there was not
a standard crew size established -- most piston transports carried two pi-
lots.

The first generation turbojets also showed a diversity of crew comple-
ments but coming under the then current FAA rules, size alone mandated
three crewmembers in the widely used four-engine transport aircraft, the
B-707 and DC-8. Subsequently designed turbojet transport airplanes either
used the cockpit design of prior models to save design, certification and
training costs, or, in smaller models, used cockpits designed specifically
for a two-crew operation. This has tended to imply the existence of a con-
vention that relates the smaller, two-engine airplane with a crew of two
and the larger three- or four-engine airplane with a crew of three, Oppo-
sition by pilot associations was voiced to the two pilot configuration in
smaller turbojet transports, but only in isolated instances of individual
airline labor-management agreements were the unions successful in obtain-
ing a position for a third crewnember. Hence, at the present time, about
one-fourth of the U.S. domestic airline turbojet fleet operates with two
crewmembers while the remainder operate with three.

Airline flight decks vary, then, not only in the number of required crew
members but also in the configuration in which the crewmembers are seated.
During the controversy over plans for future aircraft, proponents of
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three-man crews have criticized the FFCC as being susceptible to operation
by two, as well as by three, crewmembers. Apparently, one reason that the
SFCC is preferred is that it removes system displays and controls from the
reach of the forward crewmembers and makes normal operation with less than
three impossible. Otherwise, various opinions have been expressed as to
which crew complement and which alternate seating arrangement is most "in-
tegrated" (see references 6 & 7). The one agreed certainty is that cur-
rent production turbojet transports vary in crew provisions and do not ex-
hibit a standard crew size,

1.3.3 The Validity of Simulation

The advocates of a rule requiring future turbojet transport aircraft to
provide for three flight crewmembers have stated that the simulation state
of-the-art makes it feasible to compare alternate two- and three-man de-
signs. A1l transport pilots are familiar with modern flight simulators,
since airlines use simulators for recurrent and transition pilot training.
Most of these "training" level simulators have moving bases to provide
cues to aircraft accelerations and have high quality visual attachments to
permit practice of transition from instrument flight to visual contact and
the execution of approach and landing maneuvers. The FAA has approved the
training simulators for substitution in place of practice of most maneuv-
ers and emergency procedures in the actual aircraft, and the improved
safety records of current airlines more than support that substitution.

In the past, a number of fatal accidents resulted from inflight practice
of engine failure and other system failure procedures. Today, most author-
ities believe that simulators offer a better environment in which to ex-
perience provocations of this kind and to practice correct problem solv-
ing. Then, if the pilot ever encounters similar problems in flight, he
will be skilled and confident in his response. Hence, the validity of
training level, or full performance simulators for pilot instruction,
practice, and crew coordination training is generally accepted.

It is a considerable step to generalize from the training validity of sim-
ulators to the conclusion that a new flight deck design, for which there
is no inflight experience, can be properly assessed as to total pilot
workload from these devices. There are reasons to believe, as discussed
below, that even the comparison of two versions of a flight deck design is
a high-risk undertaking.

Simulation has been employed at various levels and at several stages of
flight deck design and assessment. Later sections of this report will
summarize simulation techniques ranging from mockup procedures studies,
to part-task activity analyses, to computer rcplicated task-time studies.
It will be seen that various forms of these simulation techniques have
been successfully employed during the flight-deck design process and also
in workload assessment procedures after the completion of that design,
Comparison between the new feature, subsystem, part configuration, or
overall integration on the one hand, and a comparable segment of the
flight deck of a comparison aircraft on the other, has also been employed
successfully in the past. Hence, it should be recognized that simulation
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is one of the valuable and valid techniques of workload evaluation. At the
same time the point is made that simulation is a valuable and even a ne-
cessary part of the overall evaluation process, it is presently believed
that simulation alone is not sufficient to determine airworthiness, as de-
fined in issue 1.3.1 above.

The flight simulators that are ultimately used for approved crew training
include systems that have been flight tested and employ display-control
f responses that have been derived from and compared to those of the actual
aircraft and found to be correct, or at least adequate for training. Thus,
the training level simulator is built in final form after flight test of
the aircraft, not before, and the flight equations as verified in actual
flight test are incorporated in the dynamic computations where necessary
to ensure transfer of training. Workload tests conducted in a full per-
formance simulator not so validated, because they were being conducted be-
fore the actual aircraft was built and flight tested, would not have the
same probative value,

A second problem found in earlier studies is that the result of a new pro-
cedure or system in a simulator may be different from the result in an air
craft., The reason that this disparity of result may occur is related to
the unknown differences between properties of the pilot stimyli in the
simulator and aircraft. For example, a more complex situation display may
be found to be acceptable and helpful in flight operations while a simplier
display lacking some elements of computed information may be preferred in
the simulator. This might occur because, in the air, the pilot has addi-
tional cues to interpretation that permit integration of more information. 4
How to compensate for such sources of error is unknown.

Finally, there is a severe methodological problem in comparing operations

of a two-person crew in a new aircraft design with operations of a three-

person crew in a parallel design. In a test conducted in a simulator, it

is expected that each crewmember will carry out the standard behaviors

that have been instilled in training. Boredom will not cause inattention

because of the added drive provided by the test situation. Irrelevant con-
| versation will not occur because of the presence of the simulator opera-
tors or test coordinators. Shortcuts, omissions, or other divergent activ-
ities will not occur for the same reasons. How, then, can generalizations
be made to the real world where it is known that adherence to required
‘ procedures and increased cockpit discipline would be important aids? Com-
b pounding the method problem is the question of what comparison should be
i made. Should it be two versus three crewmembers conducting the same pro-
cedures in the same cockpit with redundancy added by the third person; or
should it be two in a design requiring two versus three in a design with
less automation and system simplification, so that there exists a group of
genuine and essential duties exclusive to the third crewmember?

The specific recommendation recently made by pilot associations was that a
full-mission simulation program should be conducted to compare alternative
cockpit configurations of advanced transport aircraft, Taken as a research
proposal, and with the proviso that a broad range of technical develop-
ments including increased system simplification and flight deck automation
be incuded in the comparison, this appears to be a potentially fruitful
activity. It has, however, for the reasons outlined above, no relation to
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the certification of any one aircraft under FAR 25.1523. It 1is not the
case that a simulator or family of simulators can be built to fully dupli-
cate actual inflight workload, and an approximation of that fidelity is
not verifiable prior to flight test of a given new aircraft, Alternate
concepts of flight deck systems, management procedures, and display-con-
trol relationships can be studied and compared 1in simulation, and in
flight. Such projects can add to the overall store of knowledge that is
used to guide the design of future aircraft, Taken in this context, the
current proposal is not new and does not cover additional activities be-
yond those envisaged in development studies already underway at government
and industry laboratories. What was new was the proposal to substitute
the results of a simulator comparison of different versions of a new air-
craft flight deck for the usual study procedure, which is to compare one
prototype configuration for the new aircraft with a single flight deck
that has been proven acceptable in line service.

Comparing one new flight deck design with another, both unproven in serv-
ice, cannot provide the same degree of assurance that is obtained in a
program that compares a new design with a proven design. This latter pro-
cedure need not make the same assumptions about the correlation of the
total simulation test environment with the real world, because attention
may be focused on those individual flight deck features that have been
changed. If it is shown that pilots perform better and are more approving
of a new display, a control, or a pattern of elements than they are of a
standard, service-proven corresponding element, a substantial point of in-
formation has been acquired. We know that the service proven element is
acceptable, whether a full simulation including that element is truly rep-
resentative of real-world workload or not. Hence, finding that the new
element is equal to or better than the standard, again whether the entire
test situation is fully representative or not, is a highly valuable test
result,

Two other proposals made for acquisition of data related to airworthiness

certification are that the crew survey technique be used and that the FAA
obtain independent verification of manufacturers' failure rate analyses.
At this time, there is no definite plan to include these two areas in the
FAA human factors program for the following reasons.

The operational crew survey technique is not new. It has been used in the
past and found to be highly unreliable and subject to individual bias. A
given crew is usually employed in operating a particular aircraft type and
is not intimately familiar with other designs and procedures. To a great
extent, Tine crews are highly oriented in present approved practices, and
this orientation makes it hard for them to imagine the impact of changed
flight deck features and procedures. As a result, the problems they iden-
tify and the estimates they make of the impact of changing crew duties and
redistributing crew workload are influenced heavily by their current qual-
ifications and experience in older aircraft. To providé information that
can guide future design efforts, and in particular, information that iden-
tifies problems in a way that evaluates alternative solution possibili-
ties, a pilot or other evaluator needs a broad perspective. This perspec-
tive is generally developed over a long period of time through participa-
tion in the evaluation of cockpit systems, crew procedures, atmospheric
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environmental effects, flight handling qualities, etc. Credibility of the
information provided by cockpit design evaluators is also affected by the
degree or level of comment responsibility assumed by or imposed on the
evaluator. The more the evaluator becomes responsible for the evaluations
and comments offered, the greater the reliability and quality of the eval-
uations offered. The experienced test pilots empioyed by the manufactur-
ers and the government and the check pilots working for the airlines have
developed many of these characteristics out of necessity. If not develop-
ed, either through training or experience they do not remain in this work
very long. In contrast, 1ine crews uninitiated into this philosophy and
discipline may be 1imited in their ability to provide suitable insight in-
to the future application of new systems and newly applied technology.

The failure rate analysis question should be seen in full perspective. It
is not the case that an avionics supplier, for example, markets his device
and receives uncritical acceptance of reliability data. The Airlines Elec-
tronic Engineering Committee establishes standards for system elements and
criteria for reliability testing. The airframe manufacturer conducts tests
on components and systems before selecting suppliers for new flight deck
elements, and the customer airlines evaluate the resulting data on a com-
mittee basis. There are, then, several stages of system reliability evalu-
ation before type certification proceedings, and the type certification
board is empowered by law to make any additional tests deemed to be need-
ed. Furthermore, no data are in hand showing that current failure evalua-
tions are not satisfactory.

If there is substantial reason to believe that critical aircraft systems
are exhibiting reliability not congruent with published analyses, the ac-
tual record should be studied. Present and feasible future airborne re-
corders can identify failures and resulting effects on aircraft perform-
ance and crew activities. Rather than examining such data through a crew
recall filter of possible extreme subjectivity, it seems clear that actual
performance data should be utilized.

One proposal that may avoid, at least in part, the limitations of simula-
tion is to follow a single crew in the simulator for a series of "flights"
duplicating a crew schedule of at least a month. If this were done, it is
possible that the pilots would adapt to the test situation and begin to
act "naturally." No data confirming such adaptation is presently avail-
able, and it may be noted that taking a group of crews through a month of
repeat simulator sessions would be both costly and productive of a large
mass of possibly ambiguous data.

1.3.4 FAA and the Applicant

Before the 1980 decision to establish a single "lead region," (i.e., the
Northwest Regional Office located in Seattle, as the single FAA regional
office conducting transport category certifications) certification testing
was accomplished under the supervision of tk~» regional office in whose
area the manufacturer was located.

Much of the routine work of engineering inspection and documentation has
been delegated to Designated Engineering Representatives (DER's) who are
in the employment of the certification applicant. The FAA, having direct
access to the DER's without the applicant's review or approval, uses them
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to review and evaluate a limited range of structures or systems. The pur-
pase of the DER system is, of course, to stretch the capability of the
relatively small FAA engineering and manufacturing staff so tnat all im-
portant operations may be monitored. These two facts, the close, long term
proximity of FAA regional office to manufacturer, and the delegation of
limited approval authority to DER's, have been cited by critics of the FAA
as indicating a lessening of the desired degree of independent government
review and quality control. It is the case, however, that, in the type
certification procedures, FAA regional offices have never designated a DER
for a transport aircraft flight deck, as they have for passenger compart-
ments, for example. The institution of the lead region includes provision
for a cadre of FAA certification specialists who will be assigned to that
region for ihe critical period of a type certification proceeding. Hence,
experts in matters such as crew workload will be brought into the North-
west team specially for the upcoming programs, and in general, these temp-
orary additions to the regional staff will not have experienced the day-
to-day contact with the applicant during previous design and test phases
of the new aircraft program. This tends to ensure that an independent
review of workload data will be made without possible carryover effects
from previous close contact with the evolution of unique design features.

In the final analysis, no practical way is known to 1isolate, completely,
FAA certification authorities from knowledge of previous tests conducted
by the manufacturer and previous decisions as to flight deck systems by
prospective customers, nor would such complete isolation necessarily be
desirable. The persons reviewing certification data are going to know
that prior to certification, many and varied tests have been conducted
successfully and that flight operations specialists from customers have
reviewed, approved, and probably paricipated in the new flight deck de-
sign. An assertion has been made that FAA is too closely associated with
the manufacturer and that this reduces the validity of the certification
process. Alternatively, that same close familiarity with program evolu-
tion and prior testing can be viewed as a strength, when it is recognized
that, to a substantial degree, both the applicant and the FAA have the
same goal: an aircraft that compares favorably with previous and alterna-
tive aircraft. If, as has been implied by some critics, the manufacturer
sought to improve marketability by reducing safety margins in flight-deck
design or other aircraft feature, and succeeded in obtaining FAA approval
of the substandard aircraft, that would constitute a highly counter-prc-
ductive course of action. To make an aircraft program economically suc-
cessful, usually additional aircraft must be sold for more than ten years
after the initial deliveries. A substandard aircraft would be unmasked be-
fore that time had elapsed, guaranteeing a losing program for the appli-
cant,

It may be fair to say that in the conduct of 1life-and-death requlatory
matters, such as airworthiness certification, some reasonable degree of
moral rectitude should be assumed of government functionaries. The FAA is
a continuing organization in which people are accountable for their act-
ions. In the absence of a historical incident of improper influence by a
certification applicant, and on the record of world leadership 1in trans-
portation safety progress, it is unreasonable to advance vague charges
that tend to impugn the independence of those responsible for certifica-
tion.
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A final aspect of the relation between the FAA and the applicant is the
matter of the rights of the applicant. A manufacturer is free to expend
his private resources in the design and development of a planned product.
The law establishing the FAA assigns to the FAA the authority to certify a
new aircraft or to withhold certification, in which case the aircraft
could not be sold and the manufacturer would lose the investment in design
and development.

The due process clause in the Constitution, the Administrative. Procedure
Act, associated legislation, and precedent make it clear that the FAA may
not refuse certification except on good and sufficient grounds. If a new
aircraft is equivalent, or better than, competing products, and there is
adequate evidence that it can be operated in the national airspace system
with safety and no undue interference with that system, such as violation
of noise limits, the FAA has no authority to withhold certification, nor
would anything be gained by such action.

Much of the criticism advanced on workload evaluation includes the demand
that proof be given that the applicant has optimized the crew facilities
and procedures. Leaving aside the question of what constitutes an optimum
pilot workload, although recognizing this to be a complicated subject 1in
itself, there is no basis in law for the FAA to require such optimiza-
tion. To do so would be to deprive an applicant of his right to equitable
treatment vis-a-vis other manufacturers,

The actual language of the act creating the FAA, Public Law 85-726, should
be noted. "“General Safety Powers and Duties" are enumerated in Title VI.
Under the subheading "Minimum Standards; Rules and Regulations," the Ad-
ministrator is empowered" ...to promote safety of flight ...by prescribing

..{1). Such minimum standards governing the design, materials, workman-
ship, construction, and performance of aircraft, aircraft engines, and
propellers as may be required in the interest of safety..." Under the sub-
heading "Aircraft Certificates," the act continues to state that: "The Ad-
ministrator shall make, or require the applicant to make, such tests dur-
ing manufacture and upon completion as the Administrator deems reasonably
necessary in the interest of safety..." Further, the act states; "If the
Administrator finds that such aircraft, aircraft engine, propeller, or ap-
pliance is of proper design, material, specification, construction, and
performance for safe operation, and meets the minimum standards, rules,
and requlations prescribed by the Administrator, he shall issue a type
certificate therefor " (see reference 1).

1.3.5 Certification Participation

It has been asserted that pilot associations should be parties to the air-
worthiness certification process, should be allowed to examine test data
prior to certification, and should have a right to present other facts and
opinions to be considered by the FAA before certification. Under the law,
only FAA and the applicant are parties, and the FAA is required to protect
the proprietary information that is provided by the applicant in support
of the request for certification. Hence, requests for a direct role in
the certification process made by others have been rejected, although all
interested persons have been encouraged to offer any information, sugges-
tions, or other comments to the FAA with the assurance that all inputs are
considered.
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In this era of spirited "public interest" groups, one can easily imagine
that there are other people who would 1ike to be accorded the opportunity
to examine and refute the data collected by the FAA and supplied by the
manufacturer. Added to these would be, no doubt, competing manufacturers,
including foreign corporations, and overseas aviation regulatory authorit-
ies, who, of course, are often closely affiliated with national manufact-
urers competing with U.S, aerospace corpanies. The protection of the pri-
vate property rights of the manufacturer must be considered. This makes
the opening of the certification files an extremely sensitive issue.

The airlines who procure the new transport aircraft normally have con-
tracts with flight crewmember associations that have been formulated on
the basis of labor-management negotiations. The pay, working conditions,
crew scheduling procedures, and the like applying to pilots and flight en-
gineers are specified in such contracts. Through negotiations, different
airlines have reached different agreements on all of these provisions with
their separate crewmember associations. In at least two cases, such re-
sulting contracts have required the employment of a third flight crewnenm-
ber in an aircraft certificated for a crew of two and flown by many other
airlines with that crew. Traditionally, the accepted view has been that
staffing is a management responsibility subject to agreement with labor.
The government does not set requirements for the number of persons who
must be employed to perform jobs except in the case of safety regulation,
such as the determination of the minimum flight crew for transport air-
craft. Operators are normally free to exceed such minimum staff require-
ments as determined in agreements with labor.

There is a problem with optional aircraft crew-size determination by 1la-
bor-management agreement that has only recently come to be recognized.
This is that the data examined during certification to ensure that the
aircraft is safe and can be operated appropriately in the national system
are all collected with the design crew size, and additional information on
the performance of alternate crew sizes is not analyzed. Also, the typical
seat placement preferred by the additional crewmember and the assigned du-
ties of that crewmember may conflict with other requirements, such as the
provision of an operations inspector's position. When an FAA inspector or
a company check pilot is performing his functions, the additional crewmem-
ber must be removed to a rear seat usually out of reach of essential in-
formation and controls. This alternate seating breaks down the standard
crew duties and standard procedures that are believed to be important to
safety and generally tends toward variability of performance. From these
considerations, it can be deduced that the addition of crewmembers, the
reassignment of essential flight duties, and the deviation from the crew
performance standards that were enforced during certification testing
greatly reduces the assurance that the airworthiness process is intended
to provide.

The individual airline is inspected by FAA district office personnel, and
its special operating procedures are reviewed and approved for safety.
While this individual airline inspection and regulation procedure has
functioned satisfactorily in the past, there is concern that increases in
automation and the rapidly evolving digital instrumentation and flight
management systems may dictate change in future requirements, It 1is the
Tessened tolerance of integrated, sophisticated systems to individual be-
havioral variations that calls into question the validity of allowing wide
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deviations in crew provisions. If the aircraft control systems were de-
monstrated, tested, and approved for one standard crew size, minimum
equipment list (MEL), and specific crew performance objectives (CPQ), does
it follow that line check inspections can be expected to provide adequate
data on which to base approval of airline operations that deviate from the
conditions of original testing and certification approval? This question
assumes a new urgency in the case of the forthcoming Boeing aircraft de-
signated the B-757 and B-767. It is understood that both aircraft will in-
corporate major automation and digital system advances and that there may
be alternate versions of the basic flight deck design (see reference 8).
If one aircraft has a cockpit configured for three pilots, is tested, and
certificated for operation by three, it will not be legal to fly that air-
craft with less than three crewmembers. Similarly, 1if another aircraft
version is configured for a flight crew of two and is tested and certifi-
cated under those conditions, should the option be left open to revise
crew procedures and operate with three? It appears to some authorities
that the workload evaluation techniques found to be appropriate in any
given program can only yield results applicable to the conditions of the
tests. Adding to crew size, revising standard equipment performances, or
deviating from CP0O's may invalidate the process.

These considerations make it necessary to re-examine the issue of the lat-
itude allowable for labor-management negotiation. It seems possible that
a full examination of this issue and its ramifications for safety will
lead to the conclusion that the crew size established in certification
must be adopted as the operating crew size for that aircraft industry-
wide.

1.4 Approach

1.4.1 Body of this Report

The remainder of this report consists of a chapter addressed to fundament-
als, three chapters that detail workload evaluation techniques employed in
past programs at different chronological stages of aircraft development,
and a chapter on documentation and reports. Under the heading of funda-
mentals, the requlatory history of crew complement determination is re-
viewed, and procedures appropriate to workload assessments during aircraft
design and after aircraft design are introduced. The following three chap-
ters take up these procedures in more detatl, with illustrations drawn
from particular past certification programs. Discussion of workload evalu-
ation techniques that are now being proposed for use in future programs
will be treated in a future report. The present report is historical in
nature.

1.4.2 Type Certification vs Aircraft Certification

The focus of this report is on aircraft type certification, It is recog-
nized that, in fact, there is an airworthiness certificate issued for each
individual aircraft manufactured in accordance with the type certificate
itself. Different airline customers may, and typically do, order varia-
tions in new aircraft cockpit equipment. When such an airline request re-
lates to flight deck features, the manufacturer examines the workload im-
pact of the difference and discusses any identified impact with the FAA,
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when the specification becomes firm, a "Letter of Definition" is prepared
outlining the major systems and characteristics of the ordered aircraft,
with significant variations described. Typically, the changes will not be
considered crucial, and the manufacturer will recommend that the individu-
al aircraft be approved by a Designated Engineering Representative (DER)
at the company. Sometimes, it will be requested that the FAA determine the
eligibility for certification of the individual aircraft. Also, it hap-
pens on occasions that the FAA does not agree with the proposal to have
approval decided by the DER. In these cases, FAA flight test personnel
examine the aircraft directly. An example of corrcspondence relating to
this process is shown in Appendix A to this report.

The full regulatory context, then, consists of four essential stages.
First, a specific requirement to obtain a type certificate is that the
crew complement must be determined. Second, the manufacturer must obtain
or have a production certificate which assures that the manufacturing and
quality control procedures provide conformity of the airplane with the ap-
proved design. Third, individual aircraft are approved and issued air-
worthiness certificates after consideration of any changes made since the
type certificate proceedings. Fourth, the operating airline is inspected;
its training, MEL, required procedures, maintenance practices, etc., are
reviewed and subjected to continuing scrutiny by inspectors Tlocated at
nearby district offices.

Under the present system, as outlined above, there is a continuing learn-
ing process. While the basic characteristics and minimum operating 1imits
of the aircraft are defined during aircraft development and type certifi-
cation, changes are incorporated in standard equipment during the produc-
tion life of the aircraft type, and individual customer variations are in-
troduced. Continuing monitoring by the inspectors assigned to each airline
contributes to the growth of information related to each aircraft type.
Thus, when the B-737 was certificated for operation by a flight crew of
two, there was no operating experience other than that gained with initial
production aircraft during type certification. More than a decade later,
there is available a wealth of information covering many versions of the
basic aircraft equipment 1ist, many airline operating procedure varia-
tions, and safety statistics covering widely varying flight environments.

Accrual of information over years of airline operations enhances the con-
fidence with which decisions concerning the best operating procedures can
be made. Regulatory authorities, 1ike manufacturers and operators, bene-
fit from an experience learning curve effect. One aspect of this learn-
ing curve is applicable to crew complement determination in type certifi-
cation, That is that world-wide airline experience with such two crewnem-
ber turbojet transports as the BAC 1-11, the DC-9, and the 5-737 has been
successful (see reference 9). This success adds assurance that the work-
load evaluation procedures and techniques employed in past programs have
themselves been successful in predicting the final, real-world results,
This past success makes it all the more worthwhile to record those pro-

cedures and techniques so that all interested persons may become familiar
with the present available pool of techniques.




¢.0 Fundamentals

2.1 Certification Reguirements tor Minimum t1lght Crew

Certitfication of transport category airplanes s dune by snuwing compli-
ance with the applicable airworthiness standards. This v doune for the de-
sign of power plants, equipment, structure, and flight pertormance, as
well as for the minimum crew requirements.

Federal requlations adopted in 1948 required that a'r carrier aircraft
with a takeoff gross weight in exces, of 80,000 pounus wust utilize a
third flight crewmember. The 80,000 pound tiqure was etab’ 'wned at  that
time to exclude the DC-4 from the third crewnember reguirenent  while in-
cluding the DC-6 and subsequently certificated hedvy «ircr v, As a result
of this regulatory requirement, the over-100,000 pound yrccay weight Cara-
velle was required to have three flight crewmembers while the BAC-1-11,
being slightly under the 80,000 pound criterion, wa- ot ificated with

only two crewmembers,

In June, 1960, an FAA conference was held to determine f the 0,000 pound

rule should be replaced with more realistic ¢riteria. #~*t.r considerable
research and evaluation, in January, 1964, the 80,000 cound rale was re-
voked by the FAA, with notice of revocat on issued Apriyv o/, 1965, retro-

active to January 1, 1964,

In November, 1964, the FAA recodified the new a‘rworthine.-s standard for
transport category airplanes with an ottective date of February 1, 1965.
The new standard, Federal Aviation kegulation (FAR) Part ¢5, replaced the
Civil Aeronautics Regulation (CAR) 4b.

The revision of the old CAR 4b rule after the deletion of tne 80,000 pound
rule states:

“Minimum Flight Crew - The minimum flight crew shall be estab-
lished by the Administrator as that number of persons which he
finds necessary for safety in the operations authorized under
Section 4b.721. This finding shall be based upon the workload
imposed upon individual crew members with due consideration
given to the accessibility and the ease of operation of all
necessary controls by the appropriate crew members."

The revision to the new FAR part 25 states:

"The minimum flight crew must be established so that 1t 15 suf-
ficient for safe operation, considering --

(a) The workload on individual crewmembers;

(b) The accessibility and ease of operation of necessary con-
trols by appropriate crewmember; and,

(c) The kind of operation authorized under 25.1525.
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The criteria used in making the determinations required by
this section are set forth in Appendix D."

Therefore, due to the timing of the deletion of the 80,000 pound rule
and the adoption of a new FAR Part 25 airworthiness standard, the BAC-1-11
was certificated under CAR 4b under the 80,000 pound criterion, the DC-9
was certificated under CAR 4b but after the 80,000 pound rule was rescind-
ed, whereas the B-737 was certificated under the more stringent Part 25
requirements,

The criteria used as snown in FAR Part 25, Appendix D (See below) list six
functions and ten factors to be considered in determining the minimum
flight crew.
PART 2?5 Airworthiness Standards: Transport Category Airplanes
APPENDIX D
Criteria for determining minimum flight crew. The following

are considered by the Agency 1in determining the minimum
flight crew under 25.1523:

a. Basic workload functions. The following basic workload
~functions are considered:

(1) Flight path control.

(2) Collision avoidance.

(3) Navigation.

(4) Communications.

(5) Operation and monitoring of aircraft engines and systems.
(6) Command decisions.

b. Workload factors. The following workload factors are con-
sidered significant when analyzing and demonstrating work-
load for minimum flight crew determination:

(1) The accessibility, ease, and simplicity of operation of
all necessary flight, power, and equipment controls, includ-
ing emergency fuel shutoff valves, electrical controls, elec-
tronic controls, pressurization system controls and engine
controls,

(2) The accessibility and conspicuity of all necessary instru-
ments and failure warning devices such as fire warning, elec-
trical system malfunction, and other failure or caution indi-
cators. The extent to which such instruments or devices direct
the proper corrective action is also considered.

(3) The number, urgency, and complexity of operating proced-
ures with particular consideration given to the specific fuel
management schedule imposed by center of gravity, structural
or other considerations of an airworthiness nature, and to the
ability of each engine to cperate at all times from a single
tank or source which is automatically replenished if fuel is
also stored in other tanks.
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(4) The degree and duration of concentrated mental and physic-
al effort involved in normal operation and in diagnosing and
coping with malfunctions and emergencies.

(5) The extent of required monitoring of fuel, hydraulic
pressurization, electrical, electronic, deicing, and other
systems while enroute.

(6) The actions requiring a crewmember to be unavailable at
his assigned duty station, including: observation of systems,
emergency operation of any control, and emergencies in any
compartment.

(7) The degree of automation provided in the aircraft systems
to afford (after failures or malfunctions) automatic crossover
or isolation of difficulties to minimize the need for flight
crew to guard against loss of hydraulic or electric power to
flight controls or to other essential systems,

(8) The communications and navigation workload.

(9) The possibility of increased workload associated with any
emergency that may lead to other emergencies.

(10) Incapacitation of a flight crewmember whenever the ap-
plicable operating rule requires a minimum flight crew of at
least two pilots

{c) Kind of operation authorized. The determination of the
kind of operation authorized requires consideration of the op-
erating rules under which the airplane will be operated. Un-
less the applicant desires approval for a more limited kind of
operation, it is assumed that each airplane certificated under
this Part will operate under IFR conditions {see reference 2).

2.2 Documentation Plans (Measures and Criteria)

The total task that a flight crewnember must perform while flying an air-
plane is termed "workload." No single standard means of measuring workload
by the aircraft industry exists today, and it has only been since the
early 1960's that detailed workload studies were even attempted for new
aircraft designs. The lack of a single standard procedure for workload
demonstration is not necessarily disadvantageous, and it is certainly not
the same as there being no useful methods. As a result of analysis by the
applicant for certification and the FAA, a standard method is developed
for workload evaluation of any given airplane. Of necessity, this agreed
method of assessment is keyed to the unique features of the cockpit in
question -- those aspects that have been changed from configuration in
baseline aircraft must be most exhaustively studied. Therefore, it was
necessary in the case of the B-737, later models of the DC-9, and the sub-
sequently developed wide-body aircraft (B-747, DC-10, and L-1011) to de-
velop methods of measuring crew workload and also to determine what the
acceptable limits for the pilot's workload might be. The methods specified
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for the B-737 were selected as appropriate to the particular changes in-
corporated in that two-person flight deck design. Subsequently, those
methods were refined, changed, and grouped in a different overall proced-
ure for the B-747, a very different type of aircraft with a far more com-
plex cockpit design and a crew of three, and which could benefit from
B-737 experience, military programs experience and workload research pro-
grams.

While the 1965 recodification of FAR 25.1523 emphasized that workload was
the standard to measure size of flight crew, aircraft manufacturers and
the military services had studied means of controlling workload for many
years, For example, Harvard University's Professor Ross McFarland, a world
leader in human factors research, was engaged by Boeing to fly in Pan Am-
erican Airways flying boats before World War II to study pilot workload
(see reference 10). McFarland's investigations had nothing to do with air-
worthiness certification, but were aimed at safety and operability quest-
ions raised by the manufacturer and operator. Continuing on down from the
flying boat days to the period of rapid post World War Il airline develop-
ment, further studies were made of cockpit equipment simplifications and
improved instruments for low visibility operations. The addition of Ap-
pendix D did not materially change the requirement for determination of
workload acceptability. It did, however, elaborate the types of things
considered when determining complaince with minimum crew requirements.

A pilot flying an aircraft becomes a part of a man-machine system, Cer-
tain specific functions that are to be performed in a man-machine system
are most appropriately done by man (manual system), others require both
man and machine interfaces (semi-automatic systems), and still others are
most appropriately handled by the machine (automatic system). There is a
need to make a decision on the type of system to be used early in aircraft
design since the resulting design effort will depend on the decisions.

It is impossible for a pilot to describe accurately the workload required
to fly an airplane, just as it would be for an average person to describe
the workload associated with driving a car. This is because there are many
and varied conditions and factors that prevent the necessary functions
from being accomplished in the same order or exactly the same way on every
occasion. In addition, there are several variables such as mental work-
load, crew attitude, personalities, environmental conditions, familiarity,
fatigue, etc., which make an absolute and complete prediction of workload
under all conditions impractical if not impossible, The scope of such
variables is sufficient to make it difficult to identify and resolve key
problem areas when pilots rate workloads as high, or to clearly identify
the cause when workload becomes "acceptable",

However, certain properties that are known to be characteristic of work-
load can be measured. Head movements, eye movements, task-time, and time
motion are examples of these. By the use of these properties in compari-
son type study between two airplanes, system designs, or arrangements, a
series of quantitative measurements of aspects of workload can be ob-
tained.

The first step in design of a new flight deck and preparation for crew
workload evaluation is the formation of a design team. Initial design ob-
jectives will cover planned crew size and incorporation of features that
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have been found in earlier designed aircraft to provide comfort and con-
venience to enable efficient crew functioning for the designated number of
crewmembers., In many cases, the initial plan will also call for increased
automation in avionics, flight control systems, and overal) flight manage-
ment systems to take advantage of the increased capability of computerized
devices,

It is the responsibility of the design team to develop a plan for flight
deck design and workload documentation. Since the overall decision veri-
fying the acceptability of flight crew workload must apply to the whole
range of anticipated flight operations and both normal and contingency
conditions, it is axiomatic that no one individual test method, prior to
flight test, can define workload absolutely. But in combination and ap-
plied at appropriate stages of cockpit development, the various part-task
and simulation methods can serve to answer key questions adequately to
avoid later retrofit or change in crew complement particularly as to the
workload impact of identified changes from baseline designs.

The planned crew size will obviously affect the degree of detail and type
of workload testing to be accomplished. Should the new aircraft develop-
ment constitute a derivative of an existing one, or one with no change in
basic crew functions from earlier, in-service aircraft, the workload pro-
gram may be relatively less detailed. If, in contrast, a reduction in crew
size from that employed in all the applicant's previously certificated
aircraft 1s proposed for a new design, the workload evaluation plan will
have to be sufficient to prove that the new aircraft is safe,

As a general principle, it is recognized that an aircraft is determined to
be safe or not safe, There is not a continuous scale of safety paralleled
by degrees of workload. Hence, the workload documentation ptar must be ad-
equate to provide for those data which are necessary to show that no unac-
ceptable peaks in either pilot or nther crewnember workload will occur. In
any case, the applicant is responsible for producing a workload documenta-
tion plan and obtaining FAA approval of the plan regarding its complete-
ness and objectivity.

2.3 Crew Workload Studies Made During Aircraft Design

Aircraft design is, of course, a continuous process. Under inhouse sup-
port, manufacturers' design teams are continually examining potential var-
iations on existing aircraft types, applications of new technology that
may make development of a new aircraft feasible, and customers' evolving
aircraft requircments., Furthermore, present production aircraft are evolv-
ing with improvements and occasional changes of cockpit equipment, In ox-
ceptional cases, an opportunity exists to develop and flight test a radic-
al departure from prevailing cockpit patterns. An example is the National
Aeronautics and Space Administrtion (NASA) Terminal Configured Vehicle
(TCV) program, under which Boeing modified a B-737 to provide a second
cockpit with electronic flight instruments and other novel systems (see
references 11, 12 and 13). Other examples have been noted in military de-
velopments and experimental flight programs conducted by transport air-
craft manufacturers. The result of all of the design work summarized above
is the accumulation of a growing body of actual flight test information
available to the initial design team starting work on a new transport

2-5




T

p————————

Y

cuckpit, The starting place, then, for crew workload inquiry in the case
ot a new aircraft design is a body of data from preceding research includ-
ing results of the most credible type, such as results of actual flight
(Figure 1).

The special workload studies usually made during the design phase of a new
aircratt progran are generally of four types: operating scenario and pro-
cedure comparison, task/timeline analysis, task/motion computer studies,
and functional mockups. Each of these types is normaily based on a com-
parison between an initial concept for the new flight deck and the exist-
ing design of a proven in-service aircraft flight deck.

Operating scenarios and procedures from the pre-flight through the flight
phase profiles and into the post-flight operation are assembled for the
new and comparison airplanes. [t is then possible to analyze the complex-
ity and number of procedures for each phase of each airplane operation,

Meaningful task/timeline analysis becomes practical as the preliminary de-
siygn is coupled with the operating scenario and procedures. Task listings,
then timelines are developed to follow the scenario, based on the design
concept. Timing, complexity and compatibility of tasks are appraised by
the analyst, and, as required, the design concept is refined to avert con-
flicting demands for crew performance. Both manual and computer methods
are used to compare required task performance time versus time available
for performance. When the comparison indicates that required performance
is only marginally adequate, further refinements are accomplished in those
desiygn details which dictate task demands until results 1indicate reason-
able workload levels have been achieved.

Task/motion computer studies are sometimes found to be valuable at the be-
ginning of a program since they can be easily adapted to a computer which
then allows many variations to be evaluated in a minimum of time. Before
doing task/motion computer simulations, it is obvious that the cockpit or
the options for cockpit features, including display and control details,
must be well enough defined so that they may be programmed adequately.
Hence, if the new design program is not starting with a well defined pro-
totype, such as might have been evolved in previous flight tests, these
computer studies will require layout sketches or drawings at a minimum.
Inlike the preceding procedures study, the computer study is based on sum-
ming actual movements. [n capsule, the method may call for the selection
of representative flight segments involving high workload. Analysts or
trained observers then define and analyze the profile that includes all
the actions required by each crewmember over the flight segment. Since
early in the design cycle, actual measurements of time required to accom-
plish the tabulated operations may not be available, reliance is wusually
placed on measurements from previous reports or a company data base devel-
oped from earlier tests, (see reference 14)., For confirmation, detailed
recordings such as time and motion photographs or video records may be
made of actual pilots operating in the selected high workload environments
in the comparison aircraft.

With the profile and the required crew tasks established, it is possible
by means of a computer program to calculate the amount of head/eye motion
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in terms of degrees of movement and the amount of hand motion in terms of
inches of travel to perform every required operation for each crewmember,
Normally, these calculations would not be made for every subsystem but
would be concentrated on new features or critical relocations. Using this
technique, detailed studies are made to determine the optimum location of
some of the critical controls such as fire switches, the autopilot panel,
the flight director mode selector, and system panels. Comparison studies
are then made for various proven, in-service aircraft under the assumption
that the crew workload in those aircraft is reasonable and appropriate.
(In the opinions of many avthorities, this provides the best of the avail-
able controls). To the extent that the comparison aircraft includes fea-
tures that can be juxtaposed to those of the new aircraft, comparison on
the same set of flight scenarios may be used. Unfortunately, when there is
a radical departure from earlier technology, such as tests of new systems
that far exceed the capabilities of earlier systems, such a head-to-head
comparison cannot be made this way.

Mockup studies are the fourth type of design phase investigation of crew
workload, While this is not usually done for a three crewmember cockpit
derived immediately from a similar design, in the case of a widely changed
flight deck concept, an animated or partially operable control cabin mock-
up may be constructed and furnished with actual equipment and controls
where possible. The instruments are lighted; many are made operable
through simulation computers, and many system controls are made functional
with switch and 1ight logic duplicating expected system performance. Such
a mockup may also be equipped with operable interphones.

To make the mockup an effective development tool, it is evolved into some-
thing approaching a procedures simulator or part task simulator by being
equipped with an extensive system for duplicating faults in the various
systems. The pilot's main attitude indicator can be varied at random from
a control console outside., The pilot then provides control wheel movement
to correct back to the desired flight attitude. While the pilot is thus
occupied with a recurring requirement for control wheel inputs, the opera-
tor at the console outside the mockup simulates faults with appropriate
indicator lights and aural warnings. This provides an accurate reproduc-
tion of single and multiple malfunction conditions that might actually be
encountered in the aircraft. The subject pilots in the mockup then take
the appropriate action, the evidence of which is monitored from the ex-
ternal console. By using this partial cockpit simulator, it is possible to
evaluate certain types of equipment during systems malfunction, singular-
ly, in combination, or during periods when other flight activities are un-
derway.

For a two-crewmember design, typically at this stage, progressions from
the simple to the animated cockpit may be used to demonstrate to the FAA a
complete flight, including communication and navigation functions. The
mockup is also used in presentations to customer pilots and pilot groups.
Many valuable comments and suggestions are made by the pilots who evaluate
the animated control cabin, and a large number of these suggestions may be
incorporated into the basic design.

If the new aircraft cockpit design is conventional, it is known what prop-
erties are required to make it acceptable to the crew. In that case, it is
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not necessary to get new data. Such last fragments of required changes or
adjustments that may be identified as necessary can be made during the
flight test phase.

2.4 Crew Workload Studies Made After Aircraft Design

In addition to possible continuation of the three types of studies devel-
oped in the design stage, additional studies are added between design and
the first flight test. Usually, the functional mockup is updated to re-
flect the latest design, and preliminary procedure and checklists are fi-
nalized.

Each system is evaluated as to failure modes, indication of failure, rec-
ommended response to failure indication, and consequence of failure to re-
spond to a warning. This is to assure that the crew need never provide
constant attention to a system and that system controls and indicators are
given a priority of location consistent with the importance of the partic-
ular system operation under normal and abnormal condition.

Multiple malfunctions that could compound abnormal and emergency func-
tions, such as the loss of a single engine and the opposite engine genera-
tor on a single flight, are evaluated. For example, one Boeing program
evaluated the effect on crew workload of all dual malfunctions with a
probable occurrence equal to or greater than one over the estimated fleet
l1ife of the aircraft.

Using the advanced mockup and standard procedures, the accessibility and
conspicuity of all necessary instruments and controls are evaluated. Pi-
lots ranging in height sufficiently to represent the prospective pilot
population are used in the study. Evaluations are made under bright sun-
light (simulated with high intensity lamps), norma) lighting, and medium
to full darkness. Studies that are usually conducted include peripheral
vision of instruments, visibility and readability of instruments, and cap-
ability of each pilot to see and reach required controls.

As a result of these studies, additional refinements may again be made to
the design. Addition of anti-reflective coating on the glass and improve-
ments to visibility and readability of many instruments might be made.
Dimming of all indicator lights in the pilots forward and normal peripher-
al field might prove desirable, and features of the master caution and
warning system might need revising.

Two techniques, task/time simulations or probabiility distributions, can
now be further developed.

For many years it has been customary to attempt to express workload numer-
ically in terms of a time line to show the value or extent of the workload
(expressed as a percentage) at any instant in a given mission. It should
be kept in mind, however, that as skill increases in working in a complex
situation, the operator or pilot does not devote all of his attention to
any one action, The pilot can, in fact, look outside and receive informa-
tion at the same time that he is making control movements or receiving
aural information.




The output of the computer replication of normal and contingency condi-
tions over a large sample of flights is usually compared to a similar com-
puter summary for a proven, in-service aircraft. The degree of success in
attaining the workload design objectives may be evaluated by examining
these two computed task/time probability distributions to demonstrate, for
example, that the likelihood of both pilots being fully occupied at the
same time is minimal.

The purpose of either of these two techniques is to demonstrate:

1. At no time does the workload on an individual crewmember
exceed the maximum of what he is known to be capable of hand-
1ing in the comparison aircraft,

2. The captain's workload only exceeds an accepted percent
(e.g. 50%) for brief periods such as during the takeoff roll
when full concentration is required of all aircraft.

3. The nonflying pilot has workload exceeding 50% for only
brief periods of time.

4. Workloads are comparable to those 1in comparison aircraft
and show no great peaks that are avoided in alternate design.

The early development of a flight simulator representing the cockpit/sys-
tems of new aircraft developments also helps in workload evaluations,
Here, as in the mockup study, malfunctions can be introduced by an in-
structor's control panel. The flight simulator referred to here is an en-
gineering simulator that is not exactly representative of a final design,
usually is built to permit easy modification, and is not usually equipped
with either a motion-base or an cutside visual attachment. The ultimate,
"training level" simulator obviously cannot be built until the aircraft is
fully developed, and at that point, the test emphasis shifts to actual
flight test. (See section 3.4 for a more complete discussion of the engin-
eering simulator.)

External vision studies are made to determine the amount of outside visual
field available for the pilots compared to proven, in-service aircraft.
Also, if it is related to a critical design change, the potential contri-
bution of an observer or third crewmember may be assessed. The relation-
ship between available external vision and collision avoidance can then be
computed for different speeds and for the separate crewmembers, again, if
crew size and collision prevention by visual detection 1is considered an
important issue. The available visibility that a crew member has 1is a
function of the shape and size of the window and the eye distance to the
window. In engineering terms this is measured in steradians or the solid
angle subtended. From the external vision measurements, charts can be de-
veloped to document that the new flight deck design meets reasonable cri-
teria of external visibility,

Manufacturers of FAR Part 25 approved aircraft have developed, and used
successfully, various additional computer modeling studies. Geometric
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data are used to evaluate the visibility and accessibility of items in the
cockpit prior to final construction of the aircraft. Angular movements and
changes in linear distances for the eyes and hands as they move to perform
aircraft procedural tasks during flight are calculated. Combining these
data with programs covering task sequences allows determination of angles
from the eye to points of interest and fields of view during crewmember
procedural activity. Changes in angles and linear distance can be summar-
ized for mission segments, showing how much eye fixation must be shifted
to operate the aircraft. Eye/hand coordinated motions and procedure exe-
cution times are included in various programs of this sort so that overall
eye movement workload results from arrangement and procedures changes may
be evaluated quantitatively. Accessibility-reachability is also tested in
the three-dimensional mockup. Available analytic tools such as computer
modeling methods are also now available,

In summary, the final culmination of the various workload studies made af-
ter the basic aircraft and flight deck designs have been fixed is a com-
parison of crewmember workload with that of reference aircraft. While
authorities agree that total workload cannot be measured in such a way
that a numerical safety factor can be derived, the various workload meas-
ures obtained in simulation, computer, and analytic studies can be compar-
ed between a new flight deck design and proven, in-service designs. No
single comparison, as a simulator study alone or a task/time probability
distribution alone, is considered to provide an adequate comparative eval-
uation. Taken together, however, the results of the several types of
studies have proven to be predictive of the real-world workload effects.

Ultimately, knowledge of the range for optimum level of workload may be-
come desirable. This optimum would be the kind and amount of workload that
keeps the pilot in touch with all critical aspects of the ongoing activity
and keeps him ready and able to take over and fly manually., There can be
too little as well as too much workload. The goal of cockpit improvement
then, is not simply workload reduction. When a pilot flies manually, he
must fly accurately and efficiently and safely. A person cannot instantly
go from a very low workload to fully integrated complex performance unless
the situation has kept him in the loop, at least mentally. It is a reason-
able goal to seek to reduce subsystem workload, but that does not mean
that the goal should be to further reduce cognitive workload to a similar
low Tevel,
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3.0 Procedures - During Aircraft Design

3.1 Flight Crew Task Analysis |

Since the flight decks of today have evolved as a result of experience §
gained over decades, there is a great deal of continuity in basic design
and required flight procedures. Some minor portion of this reqgularity of
configuration and operating principle is actually required by the FAR's, ;
but much more of the detailed similarity results from the universal desire i
in the aircraft industry to preserve, as far as possible, conventions and
practices which have been long established. While available technology
might permit nearly total change, and such revoluticnary designs are some-
times encountered in special-purpose military aircraft, it is agreed, in
the airline context, that change should be made only for good cause. There
should be a planned positive advantage in making changes, and the degree
of actual attainment of the planned gains should be openly assessed during
‘ aircraft design stages, in contrast with, for example, losses in training
transfer,

P A S M g T A aa ) Xt

! The case for change is usually clearly stated in the initial aircraft pro-

gram plan. While keeping the evolutionary character of useful changes in
‘ the forefront, the company design team will seek to advance the state-of-
the-art in flight deck design to attain, for example, more balanced crew
workload, improved flight safety through improved visibility, simplifica-
tion and increased flexibility, and greater reliability of equipment com-

ponents and systems. Pressure for change comes from recognition of the po- i
tential gains in areas such as these and also from the 1increasing diffi- ]
culty of accommodating the instruments and controls necessary for opera- :
tion in a future environment. New navigational facilities, such as 4-di- 1
mensional area navigation, new flight management systems benefiting fuel- !

efficient flight planning, and new safety systems such as ground proximity :
i warning or added collision avoidance devices, must be fitted into the ’
overall design. As an example, there was no good place for the large area ]
navigation map display when initial system implementation began. The re- ;

. sult in most airline cockpits was placement to the left side of, or be-
: hind, the captain making ready reference awkward. In a new design, new i
) display space must be located in the convenient, forward area. :

Congruent with the discussion in previous sections 2.2 and 2.3, it is im-
. portant to recognize that the aircraft design process may go on for a con-
siderable period of time and result in the accumulation of substantial
data and the making of important cockpit configuration decisions before
the formal announcement of a particular aircraft program or even the en-
gineering "Authorization to Proceed" (ATP). ATP is a milestone established
by some transport manufacturers to mark the point at which the company has
completed sufficient trade studies to define a significant potential mar-
ket and has a concept for the new vehicle that justifies the large expend-
itures necessary for final and detailed engineering design.

Both Boeing and Douglas assert that advanced engireering studies of pro-
pulsion systems, aerodynamic developments, structures, subsystem advance-
ments and the like constitute a never-ending process bridging one aircraft

3! 3-1




‘,
|

program and its successors. During this phase, issues are defined in dis-
cussions with potential customers (trade studies) and various concepts for
new aircraft are discussed and estimated as to costs, weight, and prospec-
tive performance. There is, of course, a crossfeed of information from
military and civil aircraft design teams. Many such preliminary military
and NASA design efforts do not result in production programs, but continu-
ing advanced engineering efforts in the cockpit design areas have led to
early workload concepts and to many currently used techniques, and contin-
ue to provide refinements in workload assessment procedures.

Workload evaluations conducted during these advanced development stages
are not necessarily part of the workload documentation plan prepared to
show compliance with FAR 25.1523. As illustrated in the sample cockpit
development plan shown in Figure 2, extensive analytic efforts (including
preliminary workload analysis) as well as laboratory tests, mockup evalua-
tions, part-task simulations, and even full-mission simulations will be
conducted prior to completion of the plan for a cockpit production config-
duration, As shown in the sample plan, even aircraft ground tests and air-
craft flight test are included in aircraft design configuration,

A substantial body of flight test data may precede aircraft design, Early
flight tests must be conducted in modified existing aircraft, since the
new aircraft has not been designed, much less manufactured. In an aircraft
design following this paradigm, a wide range of workload evaluation proce-
dures will have been employed before any attempt is made to establish a
FAR 25.1523 compliance plan or to negotiate acceptance by the FAA of that
plan. It is clear, then, that there may be two stages of workload study:
evaluations conducted during aircraft design and tests performed on the
one selected production configuration to show that the concept is safe
when operated by the specified crew complement,

Size of flight crew will be one of the subjects covered in trade studies
and will be stated as one of the starting assumptions in the initial de-
sign plan, Typically, the years elapsing since the manufacturer's Jlast
new aircraft design will have been used to develop additional design ob-
jectives in considerable detail and to build up a data base on crew duties
in existing, potential comparison aircraft. In the case of the DC-9-10,
the DC-8 nose shell provided a starting point for the design of the cock-
pit as both aircraft share a common cockpit enclosure,

The development of the DC-9 cockpit reflected the improvements derived
from Douglas development programs, from inputs provided by airline flight
and engineering personnel, and from inputs of an Air Line Pilots' Associ-
ation (ALPA) committee. The main Douglas effort was directed by a cockpit
committee composed of pilots and design engineers, with pilot responsibil-
ity at the project level. This approach ensured that crew reguirements
were constantly considered as a part of the basic design requirement.

Specifically, crew checklist procedures were written prior to system de-
sign so that the system design conformed to the crew procedures rather
than the procedures being written around an already designed system. This
process also considered emergency procedures, and the systems were de-
signed to accommodate those emergency procedures.
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This design effort was supported by system research tests on display sys-
tems, time and motion studies of DC-9 procedures, and an analysis of the
crew tasks anticipated in DC-9 operatinns. The system research tests were
mainly applied to developing the centralized master caution and warning
system, A DC-9 functional mockup was developed into a procedural trainer
for use as a working tool to simulate actual conditions. This mockup made
it possible to test and research procedures relative to the aircraft sys-
tems design., To analyze those procedures relative to crew function, two
measurement techniques were used to obtain data. The first was the chrono-
cyclographic technique, a time exposed still photograph of subjects per-
torming a task with small flashing light bulbs attached to their index
tincers. The second was a micromotion technique, an accurately timed mo-
tion picture.

A full and complete profile of the tasks and task sequences required to
voperate the aircraft in high workload flight segments, such as takeoff and
approach, is developed from the manufacturer's previous detailed pilot
task analyses, supplemented by the information reflecting changes in
planned design. This profile provides a "job description” with detailed
itemization of each required step in the new aircraft's standard operating
procedures (SOP's). Everything that must be done, by whom, when, how of-
ten, and in sequence and combination with every other necessary action 1is
enunerated.

The second part of the data base that is necessary at this stage of design
is the event time for each identified action in the flight scenario action
profile. Dating back to a 1962 study by the American Institute for Re-
search and other classic experimental analyses of the required task times
for operation of specialized equipment, manufacturers have developed sub-
stantial data bases of this kind as well (see reference 14).

The result of this initial setting of flight deck program objectives, in-
itial design planning, checklist and procedures development, and updating
of the task time data base is the accomplishment of a flight deck system
description with accompanying flight crew task analysis. Since the system
design interacts with procedures changes, these activities are conducted
in parallel and with iterations. For example, the introducticen in recent
aircratt of advanced flight control and management computers, trending
toward the so-called "push-button" airplane, means that system design and
procedures analysis will track together, rather than in sequence. With
this phase of the design cycle completed, actual comparison of crewmember
workload with that in a reference flight deck, and measurement of workload
in one design version versus another, can proceed. In this connection, it
should be noted that in some programs there have been multiple cockpit
mockups, and in the case of the DC-10, there were two simulators in use at
the same time, one cockpit tied to the "iron bird" and another employed in
tests of flight management system elements. A revised method of handling
altitude selection, area navigation procedures, the revised caution and
warning system, and similar subjects were decided based on the simulation
tests of alternative proposals. Whether or not several simulators or mock-
ups are used, it should be kept in mind that the goal is to establish a
single cockpit design prototype and not to create alternate designs for




final run-off comparison tests. After attaining the most suitable single
prototype design, the comparisons are made against a cockpit that has been
previously proven in actual line service. As stated above in Section 2.3,
there is a significant limitation in this comparison in that radical de-
partures and improvements in automation in the new design may not be para-
1leled by features in the baseline design, thereby making direct compari-
son unfeasible,

3.2 Qperating Procedure Comparison

To set the stage for an initial full-task comparison with a reference
flight deck or alternate design concept, the operating procedures from
preflight, flight phases, and post-flight operation are assembled for the
new, and for the reference design, and all checklists and individual sys-
tem procedures are paralleled so far as equivalence of features allows
this to be done. It is then possible to analyze the complexity and number
of procedures for each phase of each airplane's operation.

Many valuable inputs regarding operating procedures were made by pilots
employed by the manufacturer, pilots of customer airlines, FAA pilots, and
by pilot association evaluation committees to the design of various new
cockpits such as that of the DC-9. In addition, proposals were made by
consultant pilots to state requirements that would aid in reducing crew
workload going beyond the control of the manufacturer, Some examples of
these requirements have been that there should be absolutely no required
inflight paper work in the cockpit; another was that there were to be no
company radio contacts except in an emergency or at the pilots' discre-
tion. It may be noted that this issue continues to be a problem area into
the 1980 decade.

A principal design objective for the B-737 was to eliminate inflight crew
actions necessary for the main systems (fuel, air conditioning and pres-
surization, electrical, and hydraulics) since the monitoring and opera-
tions of these systems is the primary job of a third crewman in a certifi-
cated 3-crewman aircraft. It will be recalled that the major goal in im-
proved designs for workload control, as summarized in Section 2.4, 1is to
reduce subsystem procedures and required activities. While no one knows
exactly what is the optimum total workload, there 1is general agreement
that keeping the flight crew actively engaged in flying the aircraft s
greatly preferable to permitting systems such as those monitored and ad-
justed by a flight engineer to command major attention. The result of
this simplification development is shown in Figure 3 for the fuel system
as a representative example:

The 737 fuel system is a simple two-tank (shown) or three-tank system
which requires no inflight fuel management and no fuel dump system since
the airplane structural provisions provide for landing at a near takeoff
weight and accommodate 1500 pounds inflight fuel imbalance.

The normal 737 fuel procedure is to turn all fuel pumps on prior to taxi
and turn them off after landing. If the 737 is provided with a center
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tank, a master caution indication for fuel will show when the tank is emp-
ty. The two switches for the center tank fuel pumps may then be shut off.
When fuel heat is required during flight, the filter icing/master caution
light indicates to the crew to turn on the fuel heaters which are then
automatically timed and shut off.

The 727 system management requires tank to engine operation during engine
start, takeoff, and landing. After takeoff, all engines are operated from
number two tank until all tanks are equal, and then they are returned to
tank-to-engine configuration, The quantity of fuel in Tank Number 2 must
not be less than the quantity in Tanks Number 1 and 3. Quantity indicators
must be monitored to prevent landing with overlimit imbalance or over-
weight conditions., The three crossfeed valves and eight boost pump
switches are used in normal inflight fuel management, and the fuel dump
system is used to prevent an overweight landing. The fuel heat systems are
operated one minute every 30 minutes when the icing light indicates a re-
guirement. There is no master caution system, so the 26 lights and 5 fuel
gauges have to be monitored periodically during flight by the flight en-
gineer,

Early in the design stage, it is characteristic to draw up a table of
crewmember duty allocations for the new, and for the comparison flight
deck and to estimate the impacts on crew workload and operating safety of
each difference, often using the computerized methods. This process makes
explicit the expected results of each change in equipment, location, or
operating principle and thereby guides the selection of experimental com-
parisons needed to verify the attainment of design goals.

3.3 Task/Motion Computer Studies

As a characteristic example of task/motion computer study methodology, the
Douglas Aircraft Company developed a computer study method for the DC-10
that provides the capability to measure flight crew workload as it is af-
fected by alternative crew station layouts, controls, and displays (see
reference 15). This method is very much the same as the one developed
earlier by Boeing for the B-747 (and which has since progressed through
several refinements; see references 23, 24, and 25). As stated in Section
3.1, whether dealing with the initial or baseline cockpit design or an ev-
olution toward the prototype configuration, these studies are made on a
single design, not on all possible variations. Within the areas of uncer-
tainty of that single design, perhaps arising from pilot observations in
mockup study of visual interference between the control yoke and displays
or relating to cross-cockpit visibility questions, several possible relo-
cations, size changes, or geometric adjustments may be considered as can-
didate variations on the single design.

The computerized technique concentrates on design factors under the con-
trol of crew station designers and provides for quick and low cost itera-
tion of alternatives. The program computes workload as related to specific
equipments and systems, permitting special attention to be given to high
workload items during the early development of concepts and hardware be-
fore simulation is available. The technique and program are also applic-
able to integrated displays including those where programming to meet in-
formation requirements is an element. Since it actually takes from two and
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one-half to three years to detail a new flight deck design, specifying
what is there, how big, and all the other details necessary before possi-
ble construction of a prototype modei, there is no attempt to design two
or more major variants. A single improved, potentially acceptable design
is the goal.

The analysis is based on a typical flight mission scenario constructed to
explore the expected operational envelope and to exercise the aircraft
displays, controls, and systems in a sequence and time frame typical of
the more demanding operations planned. The primary measure is the ratio of
the required performance time to the time available within the time con-
straints derived from a specific flight scenario, supplemented by hand
movement action and distance data. The operating procedures are detailed
for computer handling in a way that relates a single workload element to a
single piece of equipment with the equipment coded by its location. The
times for completing specific acts in the cockpit are developed by detail-
ed analysis of each task and its associated equipment using standard ac-
tion and reading times. The hand movement and distance data may be evalu-
ated using a full-size design aid.

The basic definition of workload employed in this concept is as follows:

Flight crew workload is defined as the ratio of the time re-

quired for crew-equipment performance to the time available

within the constraints regulated by a given flight or mission.

For comparison purposes, workload is expressed as an index

having a numerical scale of 0 to 100. The value of "100" rep-

resents the circumstance of the crewmember utilizing the total

time available to execute the tasks required for safe aircraft

gperation over a given route. Conversely, the value of "0" in-
dicates that there are no crew actions required.

This definition can be expressed as follows:

TR
FCWI = —TK x 100

where
FCWI = Flight Crew Workload Index
TR = Time Required
Ta = Time Available

Thus, time is used as the basis for the evaluation of flight crew workload
in a manner that is consistent with time and motion study concepts employ-
ed in traditional industrial engineering practice. Each task input to the
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model describes the interactions between the flight crew and operation of
various controls and displays that must be actuated or observed for safe
control of the aircraft during the flight scenario.

To cover abnormal conditions and system malfunctions, which often are the
peak workload causal factors, the flight scenarios are rewritten to in-
clude realistic events. In this way iterations of the computer calcula-
tions provide information on the relative workload impacts of various
possible eventualities.

Computer assisted processing is employed to categorize and analyze data.
Several types of analyses are then performed to summarize design compari-
sons for various individual and combined aspects of crew workload, includ-
ing an external vision availability analysis, an equipment interface work-
load analysis, and an overall comparison with the reference aircraft.

Analysis of time available for scanning the outside environment is import-
ant and is determined by the time required for internal cockpit tasks such
as viewing displays and controls during the course of the flight. It s
not possible, of course, to separate command decision time, which is vari-
able and unobservable, from external viewing time. And, as noted 1in Sec-
tion 2.4, the skilled pilot looks and thinks at the same time. Hence, the
perspective of a comparison from one design to a baseline cockpit must be
maintained and no undue credence placed in the computer generated times as
absolute or "true" real-world representations. The computer program exam-
ines data in the task file, sorts the data, and prints out the external
vision time available for both crew members as a function of milestone
start times and duration. In addition, for the Douglas approach, a routine
is provided for combining the Captain's and First Officer's external view-
ing time in a graphical format so that total external vision available to
both crewnen may be ascertained throughout the flight.

Body channel workload represents quantification of the overt physical act-
ions taken by the flight crew to operate the aircraft. Each crew member is
linked with his work environment primarily through physical, visual, voc-
al, and aural channels with respect to sensory/motor input and action. In-
volvement in work tasks may, therefore, be measured in terms of the level
of induced activity of these channels.

These programs thus determine the detailed work allocation on a task-time
basis for each crew member considered as a five-channel input/output sub-
system. It reflects a composite of the physical actions, reactions, and
perceptions necessary to fly an aircraft along a prescribed flight path.
The flight crew workload analysis thus produces results in tabular and
graphic format reflecting the combined duty cycle of total visual, aural,
vocal, and body extremity operational activity.

The overall cockpit activities necessary to achieve flight path milestones
are then summarized by individual body channel as a function of the per-
cent of time required to time available, and a plot is made of peak values
which might be indicative of potential overload.

3-8




The concept of the crew workload in interfacing with equipment represents
the total percentage of available time that is utilized by the flight crew
to control the aircraft during flight. The computer program sums each of
the individual crew task times and relates this to the time available
within each of the events associated with a particular flight. Since the
program treats all body actions as occurring serially and does not reflect
human capability for simultaneous use of two or more body channels, the
workload values computed for an individual aircraft can, therefore, be
considered conservative. In addition, these measures of workload are com-
bined on a time-weighted basis to provide for an assessment of workload
for each flight segment as well as an overall average for the entire
flight, i.e.:

(WL ) (Txp)+(WLyg) (Tyg )+~ (WLyy) (Tyy)

Txa* Txg * " Txn

Segment Time Weighted Workload =

Event XA Workload (Tp/Tp)
Time Available for Even

WL A
TxA

n W

A weighted formula is used to combine the several different measures ‘into
a single number. Such a single number has only an arithmetic basis, Since
there is no good rationale for the combining process assuming, as it does,
the single channel hypothesis of pilot activity. An overall _1time-weighted
workload for the full flight segment is computed in a similar manner.

In the case of a typical application of these design stage task/motion
computer studies, the major purpose is .o provide an objective basis for
choice among design alternatives within the single overall configuration,
and to verify that preliminary design plans do appear to accomplish their
stated objectives. As a result of such studies, a larger number of altern-
ative layouts and equipment choices would be expected to be narrowed down
to a selected few that could then be tested in flight deck mockups n a
further iteration of the process described above as originally developing
some design choices from pilot analysis of an initial mockup.

3.4 Functional Mockups/Simulators

The accessibility, ease, simplicity, and conspicuity of controls and mal-
function indications and the extent that such devices direct the proper
corrective action are considered major workload factors and, as such, are
listed in appendix D of FAR 25 "Criteria for Determining Minimum Flight
Crew." (See reference 2). One of the basic design criteria of a new and
improved flight deck may be, for example, to group system controls togeth-
er so that corrective action required during a malfunction, perhaps a
switch or knob actuation, occurs in a logical place adjacent to the indi-
cator light calling out the malfunction or, otherwise, in a position con-
venient to view any necessary gauge or other indicator of restored status.




Comparisons between alternative locations, and groupings of such system
controls, can be made by examination of diagrams, but for final design
choices, it is considered best to make such tests in a functional mockup,
a lighting mockup, or a configuration control cab.

[t is ordinarily the case that the initial design concepts will have been
elaborated in detail and examined analytically by pilots and reviewed in
overall flight deck layout plans. At this stage, most design features will
ndave hecome well fixed by consensus agreement among the outcomes of these
procedures, but there will probably remain some areas of uncertainty, par-
ticularly when space is at a premium and there are competing <claims for
the "goldplated" locations directly in front of pilots and at the pane!
eyebrow. Furthermore, the overall configuration and relationships among
overhead, pedestal, and front panel locations can best be visualized and
tested in a three-dimensional environment,

In many new aircraft design programs, the initial mockup is a simplified
version with paste-on pictures of most displays and many operating compon-
ents substituted from an earlier design. As more and more design decisions
are made, the realism and detail of the mockup is upgraded so that final
design reviews are made in a pilot's environment that looks, sounds, and
feels very much like an actual aircraft, although the flight equations are
not yet installed in a simulation computer to permit practice of actual
flight maneuvers.

One set of questions best studied in a mockup was noted in Section 3.3,
that having to do with visual yoke-interference, cross-cockpit visibility,
etc,, but there is another topic that must be treated in physical tests.
This is anthropometry, including factors of pilot size, strength, control
reach, and adjustment range. Since the present trend is toward more di-
verse sources for pilot populations, particularly including females who
are, on an average, smaller and less strong in arm and hand power than
men, it is particularly important to test the suitability of dimensions
and required forces.

Manufacturers frequently use "soft" mockups quite early for engineering
trade-offs in a comparative evaluation of two or more alternative crew
station designs in side-by-side mockups. Given a significantly important
guestion to answer, this might continue to the later phases of design de-
velopment in dynamic cockpit simulators. Mockup comparisons of this kind
have used pilot questionnaires, and with the dynamic flight deck cabs,
primary and secondary task scores have been employed.

During development of the early turbojet aircraft, such as the B-707 and
the DC-8, and even the B-727, the primary methods of workload evaluation
in design were relatively simple. Mockup reviews by experienced pilot
groups and pilot-engineers were used extensively. This certainly does not
mean that these programs were not done well. It is a fact that, despite
the development of computer programs for detailed computation of compara-
tive workloads and other observational techniques such as video recording
or time and motion photography, primary reliance is still placed on review
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by experimental test pilot groups. The validity of Tlaboratory and syn-
thetic methods utilizing computers and standard data bases is considered
to be greatest for specific head-to-head comparison of a design feature to
a standard or baseline design. For an indication of actual acceptability
to operational pilots, pilot opinion based on systematic examination of a
mockup and detailed knowledge of actual airline operations in existing
aircraft is generally thought to be more indicative of what will subse-
quently be experienced in actual line service. One major difference be-
tween earlier programs and the more recent ones, particularly in workload
evaluation for a two-crew design, has been the level of documentation re-
quired. Following completion of the design, with most design choices made
on the basis of cockpit mockup evaluation, the acceptability and suitabil-
ity of workload was confirmed by inspection and evaluation during initial
certification testing and the functional and reliability (F&R) phases of
flight test.

During design of the B-737, a more thorough and documented examination was
concluded very early to be necessary because of the need to substantiate
safety of operation with the reduction in pilot crew from the previous
Boeing turbojet crew-complement. Accordingly, a very extensive program was
undertaken to evaluate and design the layout arrangement and configura-
tions of the various cockpit controls and displays and of automated fea-
tures used to reduce workload demands.

Before the B-737, there had been, of course, many transport aircraft with
a two-man crew, including most of the common piston engine aircraft other
than the larger four-engine types. But, since the B-737 was the first new
turbojet transport to apply for certification with a crew of two under the
relatively new Part 25 of the FAR's, the required documentation of work-
load acceptability was more extensive. Now that domestic and worldwide
airline experience over the years has validated the conclusion that a crew
of two is appropriate for that aircraft, it has been suggested that a fu-
ture design might properly be evaluated by simply comparing it to the
B-737, rather than by conducting a full proving process and comparison to
an earlier three-crew design. Despite the logical appeal of that proposal,
it may be that the practical reality of acceptance by non-specialists, in
the face of criticism that might come from pilot unions, will require fu-
ture repetition of extensive documentation that two pilots are the correct
crew of any new aircraft designed for that crew.

For the B-737 program, new computer modeling techniques were developed to
evaluate geometry, arrangement, and task sequencing in terms of travel by
the eye and hands; modeling was also applied to appraise functional organ-
ization or "efficiency" of the various panels to be operated during normal
and off-normal flight operations. A computer model was developed for these
studies of normal and contingency procedures using various flight scenari-
os, associated cockpit procedures, the geometric arrangement of control
devices and/or displays, and the associated sequence of task operations to
produce summary data on the amount of activity (eyes, hands, etc.) involv-
ed in satisfying demands.

In this manner, each procedure was examined and directly compared with
similar procedural demands in earlier, existing, and acceptable aircraft,
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and improvements in arrangement or in automation were incorporated as de-
termined to be desirable. Likewise, in this time period, the extent of
vision requiremnents became a major consideration in terms of workload de-
mand. A computer program subroutine used the same dimensions, points, and
procedures in order to examine visual tasks, the extent of the visual
tasks, the visual field, and the amount of eye travel inside the cockpit.
It should be noted that each such test and correlated evaluation in the
mockup was pointed at a single item of interest and the s’'mulation was
simple in nature.

To further reduce the risk associated with certifying the B-737 for a two-
man crew, a part-task simulator activity was established almost from pro-
gram go-ahead. This simulator was used to perform evaluation of crew
operational procedures and workload related to the aircraft systems.
Throughout the evolution of the final design configuration, evaluations
were accomplished for airline and FAA representatives.

Initial construction of the flight deck mockup was based on the initial
design with minimum changes from the antecedent aircraft as required to
accommodate the smaller, two-man crew. As data were generated by the sev-
eral computer programs, changes and rearrangements were deemed desirable,
and these were incorporated in the mockup which, itself, was becoming more
of a dynamic simulator as operating functions were fixed and added.
Hence, the mockup/dynamic simulation phase of flight deck design should be
viewed as a process interacting with concurrent design processes based on
computer models and engineering studies. Thus, a mockup is one of the de-
sign starting points, and its evolutionary descendant, a nearly full cap-
ability dynamic simulator is one of the last test environments.

At this point, several citations of functional and nonfunctional mockups,
part-task simulator:, and full-mission simulations have been made. For
purposes of clarity, several definitions of how these test environments
differ should be stated.

“ive stages of evolution from a first paste-up likeness of a cockpit to a
"training level" simulator may be distinguished. The basic mockup (stage
a) has an approximate dimensional similarity to the proposed flight deck
but has essentially none of the new or functioning components. It may be
furnished with seats, pedestal, and basic panel configurations from pre-
ceding aircraft with changes in paste-on instrument and system indicator
faces as appropriate to the new aircraft design concept. This minimum,
stage a, mockup is used as a starting place with realistic components add-
ed in the case of items that have been identified as critical when they
become available as a result of detail design decisions and supplier ac-
tions. Pilots may examine procedural sequences and simulate various flight
regimens, but neither control feel nor instrument fidelity is provided.
Normally, there is no motion system and no outside visual scene.

Engineering design aids or "soft" mockups are constructed in the early de-
sign stages to assess crew station geometry/architecture, reach and access
to controls, and preliminary display/control arrangement. These mockups
are of inexpensive "foam-core" material and are easily altered to reflect
changes in design concepts. Control/display consoles are represented by
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‘ reproductions of control panel drawings attached to appropriate surfaces.
f Figures 4, 5, and 6 illustrate the type of construction of these consoles,
‘ and show, in addition, two other uses for this class of mockup: (1) To as-
sess the grouping of airborne crew stations (usually military) with a com-
mon viewing task (the large dispiay screen); (2) To provide a preliminary
assessment of primary display/control entities (the viewing screens of
each console are backed up by random access 35 mm slide projectors for
simulating various display formats and symbologies in static fashion).
Soft mockups are frequently constructed as knock-down displays to be taken
to potential customers or users for comment and for use as a sales tool.

Y

When crew station architecture is better defined, plywood mockups of the

type shown in Figures 7, 8, and 9 are constructed, since overall panel :
shapes and architecture are unlikely to change, These mockups may have {
painted ferrous metal panel surfaces to which display and control items,
represented as two-dimensional facades with magnetic materials embedded in
the back sides, may be attached, evaluated, and rearranged until an opti-
mum configuration is achieved.

The final evolutionary development of static mockups is to prepare a com-
plete wood construction crew compartment with all external feutures of
panels, displays, and controls represented as accurately as possible.
These mockups may incorporate integral instrument and flood 1lighting ir
order to assess and optimize the lighting environment. Figure 10 shows the
flight engineer's station lighting mockup for a modern wide-bodied trans-
port aircraft,

The second stage is the development of the functional mockup, stage b,
which has prototype equipment installed, is lighted, and permits manipula-
tion of certain indicators, cautions and warnings, etc., from an exterior
control console.

The next evolution from the functional mockup is the stage c, or engineer-
ing simulator. As with the initial development of stage a, the exterior
dimensions may not exactly duplicate those of the future aircraft, but
here the seats will be arranged so that the distances to the controls and
to the indicator panels are realistic., Major systems and instruments are
dynamic, essentially as they are in a full performance simulator, but the
dimensional relationships are not meant to be exactly representative of
the future aircraft and, of course, not all the equations of motion are
initially available. One version of the engineering simulator is some-
times called a "developmental" cab to differentiate it from a specific
prototype design and to emphasize the experimental potential provided by
flexible alteration provisions. Often the engineering simulators are not
dedicated to a single aircraft program but rather are shared. The mockups,
in contrast, are employed in both development work and trade studies, and
are specific to the particular program.

The stage c, or engineering simulator, may be austere in three basic ways:
it may have no motion system to provide the pilot kinesthetic feedback; it
may have no visual attachment to permit interleaving of in-cockpit and ex-
ternal visual duties; and, it may not include all subsystems., The partic-
ular features that set the engineering simulator apart are the ability to
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represent various aircraft types and the capability for inhouse change,
reconfiguration, and software changes. Figure 14 illustrates one engineer-
ing development simulator.

Specialized development and testing of systems often employ the use of
part-task/development simulators. A representative of this type of simu-
lation, as used on the DC-9-80 development, is integrated into the Digital
Equipment and Technology Analysis Center (DETAC) in the Douglas Avionics
Engineering Department., Figure 11 is an overall view of this laboratory.
This mockup accommodates the installation of various controls and displays
which interact with, and are driven by, the DETAC Varian minicomputer sys-
tem and peripheral equipment. DETAC may be programmed to simulate various
control laws (aircraft responsiveness), conditions of flight (e.g., turbu-
lence), and flight phases (e.g., takeoff, cruise, landing), and drive the
displays accordingly. Primary flight controls (yoke and column or stick,
rudder pedals, and throttles are provided so that pilot subjects may "fly"
the aircraft using the displays for guidance, and measures of performance
(e.g., RMS tracking error) are recorded for use in evaluating the display
concepts. Figure 12 shows the cockpit mockup with representative CRT-type
displays incorporated. Figure 13 illustrates the cockpit view of the
screen for the video projector system which provides a rudimentary out-the
-window computer-generated forward view, The DETAC cockpit simulation was
employed extensively in developing and evaluating symbology for the DC-9-
80 head-up display (HUD), and was also employed under contract to NASA to
evaluate the space shuttle HUD symbology.

Boeing uses a similar "D" cab philosophy, which has supported company pro-
grams from the SST proposal period. The most well known result from re-
search in this cab is the advanced display/control system now flying in
the NASA TCV, at Langley Research center,

The fourth stage, moving from the basic, paste-on and functional mockup to
the full-performance simulator, is a prototype cockpit, or stage d simula-
tor. The prototype represents only one aircraft type, that currently under
final design and, hence, bears an exact dimensional simularity to the fin-
al design. In addition, a large degree of realism and representation of
the single design will be present including: window size, shape, and loca-
tion; panel dimensions and distances; pedestal design; control handles
with selected shape and color coding; input keyboards and all special
features of the new aircraft design such as flight management computers,
advanced navigation systems, and integrated caution and warning systems,

Subsystems and disptay features that are unchanged, or revised only in
ways pre-proven in other aircraft, may not be fully represented or may be
nonfunctional. Not all procedures can be performed dynamically, and as
previously indicated, control-motion equations are not fully elaborated
since the actual aircraft has not been tested and all the necessary in-
flight measurements and calculations are not completed.

Since, more and more, the current and expected changes in transport air-
craft cockpits involve computer controlled systems and pilot information
transmitted in digital form to multipurpose display surfaces, the proto-
type, stage d, simulator will include the software systems and proposed
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; advanced displays to the maximum extent that these developments are avail-

l able. When actual components that conform to the published Technical
Standard Order (TSO's) or specifications of the relevant industry stand-
ardization groups (particularly those of the Airlines Electronic Engineer-
ing Committee [AEEC] which 1is supported by Aeronautical Radio, Inc.
LARINC], and the airline industry) are not available, computers external
to the stage d cockpit will be employed to simulate the relevant func-
tions,

The final step in simulator evolution is, of course, the training level
tlight simulator. Since the intent in using this system is to substitute
ground training for actual inflight experience, a maximum effort is ex-
pended to produce a duplication of actual flight deck capabilities and pi-
lot stimuli, There are limits to the fidelity of motion and visual attach-
ments, as there are to other environmental aspects; normally, an instruct-
or position and a simulator operator position are provided, and the mere
presence of these "others," as well as the records of performance being
{ made, have the potential to affect attitudes and pilot behavior., Still,
: the experience of manufacturer and airline training departments provides
j conclusive evidence that a properly operated stage e, or training level
' simulator, provides an environment in which pilot behavior is highly pre-
dictive of actual flight experience. Crews that operate satisfactorily in
i the full performance simulator also pass flight checks, and special pro-
cedures that cause delays and difficulties in problem solution in the sim-
utator are found to be similar to hard-to-correct problems in flight. The
highest fidelity of simulation is required for training crewmembers for
type ratings in a particular transport aircraft. These simulators provide
exact replicas of flight crew stations, with operational equipment ade-
quate to substitute for the actual aircraft in all significant aspects of
flight operations and procedures. Two levels of simulation are typically
used for training. The cockpit procedures trainer {CPT) shown in Figure 15
is a static device with operational discrete controls and displays having
the capacity to simulate various normal, abnormal, and emergency condi-
tions. Its purpose is to provide hands-on practice of procedures and task
sequences and to iliustrate what the results of correct and incorrect re-
sponses have on the aircraft displays. The motion base training simulator
(Figure 16) is used to familiarize crews with the dynamic characteristics
of the aircraft under normal flight conditions (including weather/turbu-
lence variations) and, especially during emergencies that may be difficult
or unsafe to simulate in the actual aircraft. The simulator is a six-de- 5
gree-of-freedom device with a fully functioning replica of all crew sta- ‘
tions in the cab, driven by a dedicated computer system capable of simula-
ting the required flight conditions and aircraft characteristics. The vis-
ual system can be programmed to represent various airport/surrounding area
configurations, under either night or daytime conditions and with varying
visibility and ceilings. The training motion base simulator is used both
for initial type rating training and for recurrency training per FAR's.

A stage e, training level simulator cannot be designed until the particu-
lar aircraft has been designed, ang tinal completion of a "true" simulator
requires data that are not developed until the reference aircraft has been
built and flight tested; however, as inservice experience is accumulated,
additional improvements in fidelity are made. Hence, a full performance ;
simulator with these properties is never capable of utilization during the
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flight deck design cycle. In actual fact, a prototype configuration simu-
lator, representing stage d of simulator evolution, 1is never completed,
with virtually all important systems, until the completion of flight deck
design. Thus, the ground simulation activities accomplished during air-
craft design are normally described as mockup studies (stage a), function-
al mockup tests (stage b), and limited examination of revised facilities
in an engineering simulator (stage c).

3.5 Design Stage Flight Test and Simulation

As discussed in Section 2.3, flight tests and inflight simulations are
conducted on a more or less continuing basis before and during the design
cycle of any given new transport aircraft. A major new development such as
an advanced navigation system, a change in cockpit flight displays from
conventional electromechanical instruments to digitally controlled cathode
ray tube (CRT) displays, or a computer added for flight management and
fuel conservation functions, would never be injected directly into a new
aircraft design without previous flight test and experimentation., Small
changes in arrangement, simplifications in subsystems or improvements in
flight deck procedures might be selected and examined de novo in connec-
tion with a particular design program, but the major or radical changes as
illustrated, above, are too high-risk to be decided wupon without closer
replication of actual airline service experience than can be obtained in
the laboratory, a mockup, or a part-task simulation.

Three examples of early design cycle flight test programs covering major
flight deck changes may be cited. First, several developments 1in long-
range navigation systems were pioneered by the military services and by
international aviation organizations. Transport aircraft manufacturers
were provided the results of several such test programs thereby making it
feasible for them to install prototype advanced navigation systems in
their own test aircraft. In some cases, NASA or FAA contracted with an
airline or airlines to conduct flight tests of new over-ocean positioning
systems, and again, the resulting data flowed to the manufacturers of
transport aircraft.

As a second example of early flight test data utilization, digital-CRT
flight instruments have been in flight test programs and have been in-
stalled in various military and civil test aircraft for five years or
more, This flight test experience led to a decision by the domestic air-
line industry to support the choice of these systems for primary flight
displays in new aircraft (see references 11, 12, and 13).

A third example of early design cycle use of flight test information is
found in the case of flight management systems. Devices of this kind re-
quire no radical changes in the basic aircraft design, but rather tie to-
gether various already present flight data parameters with new computer
processing for input to the autopilot and to primary flight displays.

Thus, it was feasible for both the avionics manufacturers and the airframe
manufacturers to equip test aircraft with the new devices for extensive
flight test programs. ODue to competitive pressures, most such experiment-
al work was conducted on a proprietary basis with the results leading to
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design choices by the particular company involved. Published references
to the design cycle test work were less often available than in the case
of the earlier examples of early design phase flight tests conducted with
broad industry or government participation.

Tests referred to in this section resulted in determining the acceptabil-
ity of new concepts with particular concern for reliability, accuracy of
presented information, adequacy of pilot performance employing the new
system, and impact on normal and contingency flight desk procedures.
Pilot workload, per se, and attempts to measure workload impact of the
changes were generally of lesser initial interest so long as pilots re-
ported no special problems.

Flight test of major new concepts for cockpit systems and procedures can
add important information to the design decision process. It cannot, how-
ever, substitute for the workload documentation program required under FAR
25.1523. One clear reason for this is that a number of individual changes
and presumed improvements might be tested individually with each found to
fulfill its promise, but this would not indicate the acceptability of the
combined use. An example is the current proliferation of pilot input key-
boards for navigation, communication, flight control, and flight manage-
ment systems, There is no standard format, at present, and an increase in
the number and diversity of keyboards may induce pilot errors or action
delays,

One of the most extensive programs of test flight using electronic flight
instruments was the NASA-Boeing TCV program, previously cited. Alternate
formats for displays were examined, reliability data were collected, and
actual pilot performances in simulated landing were measured in a special-
ly designed second cockpit of the TCV. This program provided the longterm,
broad sample experience that is required to justify a major thrust toward
revision of the conventional and service-proven prior flight deck arrange-
ments.

No transport manufacturer simply adopted one or another of the configura-
tions tested by NASA, or by the military in the Wright-Patterson Air Force
Base digital avionics program, or by other agencies such as British Aero-
space (who have conducted ground simulations with digital flight instru-
ments) (see references 16, 17, 18 and 19). Rather than adopting some one
earlier design, each manufacturer has proceeded to select concepts for
change that appeared to be compatible with an overall flight deck configu-
ration and interface them with related equipment such as a HUD or symbol-
ogy and procedures made familiar by long use in selected flight director
instruments. Hence, it is evident that pre-design flight tests are of
great importance in proving the desirability of adopting some proposal for
major change, but these flight tests do not substitute for, or replace,
the detailed design process and workload test program.
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Figure 7 Static Mockup of Pilot & Copilot Panels
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4.0 Procedures After Aircraft Design

4.1 Update of Mockups, Advanced Studies

In one sense the aircraft design process never stops,and changes and im-
provements in flight deck facilities and procedures are made at various
points extending throughout the actual production run of a model. General-
ly speaking, each aircraft order placed with a manufacturer is unique in
some way or other going beyond the trim on minor appointments to the cab-
in., Recognizing this factor, the FAA requires the certification applicant
to introduce a program for the individual certification of each individual
aircraft, as made necessary by particular changes or special features. In
Appendix A to this document, a sample manufacturer's application for
single aircraft certification is illustrated, with differences described,
flight deck panel changes portrayed, and a sample FAA "Aircraft Certifica-
tion Eligibility" form appended. Still, it is convenient for the present
purpose to note a milestone that represents the point at which design
studies phase over to workload documentation studies with the beginning of
planning for, and accumulation of, data intended to be submitted to the
Type Certification Board to be considered in making the determination that
the overall flight deck design and planned crew are "sufficient for safe
operation.,"

At this program stage, the flight deck mockup will have been developed far
beyond the initial pasting up of pictures and installation of controls
from earlier models. The simulator increasingly will be furnished with
actual equipment and controls conforming as closely as possible to those
intended to be included in the production aircraft. Instruments will be
lighted, many will be operable, and all system controls will be function-
al, As various avionics items become available from their manufacturers
and suppliers, these and other flight deck components will be installed,
so that the cab continues to progress toward the status of a true simula-
tion of the final design.

It should be particularly noted that the initial design of a flight deck
modification is based on previous work, normally with only a small number
of planned innovations other than simplifications and other improvements
that have been worked into previous production aircraft and shown to be
entirely acceptable., For those systems that are being changed, design
freezes are staggered by subsystems, often based on specifications provid-
ed to contract suppliers. When entering into contracts with suppliers of
instruments, control devices, avionics and the like, an aircraft specifi-
cation is issued as a part of each supply contract. After that formal ac-
tion, the design of that portion of the flight deck is essentially frozen,
A subsequent milestone occurs at the initial customer review when particu-
lar changes introducing differences in the overall configuration may be
required., Obviously, the overall cockpit concept cannot be changed at
customer option, except in the case of a major production order, but minor
preferences or optimal improvements characteristically are selected. Be-
cause of the sequential nature of this process, it is not possible to com-
pare all the new systems variations in a full-task simulation. The more
usual procedure is to compare each new system or subsystem with a paraliel
system that is known to be acceptable on a prior aircraft.
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Advanced studies will be conducted in the updated mockup as required to
verify data flowing from computer model studies of task/motion and task/
time lines. Availability of such an updated mockup makes it feasible to
check, in a three-dimensional setting, any unusual or changed computations
or predictions as to accessibility, visibility, and proper human engineer-
ing design.

In all aircraft programs there is a lighted mockup for use in checking on
reflections, other visibility problems, general accommodations, seating,
accessibility, etc, For use in this mockup, subsystem suppliers are re-
quired to provide a lighted, painted, dummy instrument early in the supply
contract, It is not always the case, however, that this "stage a" simula-
tion is developed through installation of functional systems and equip-
ment. In aircraft programs with no major changes in configuration, there
has been no requirement for advanced simulator experimentation.

4.2 Systems Analysis

Two of the preliminary methods of comparing crew workloads of different
aircraft are by comparing check lists and procedures for those aircraft.
Check lists are required for commercial aircraft by FAR Section 121,315
and must include "each item necessary for flight crew members to check for
safety in engine and system emergencies." Check 1ists are just what they
indicate, basic checks for safety items that are made for each mode of
flight. Procedures, expanded procedures, or expanded check lists, as they
are sometimes called, are more detailed explanations of crew requirements
needed for operation of the aircraft.

Both check lists and procedures for normal operations, abnormal condi-
tions, and emergencies can usually be found in the operations manual for
each aircraft, An example of a check list and procedure item for gear
retraction is:

Check List
Gear Handle - Up-latch check
Procedure

Raise gear, check/red/green lights, make up-latch check prior to
300 knots.

In the B-737 certification program, all check lists and procedures for the
new aircraft were constructed and compared to three existing inservice
aircraft, the other two-crew airline aircraft, the DC-9 and BAC 1-11, and
the B-727. Except for the new aircraft, the procedures are taken from the
manufacturer's operation manuals to ensure completeness. All of this ma-
terial was organized under four headings: Normal check list (taxi check,
before takeoff, after takeoff, descent and approach and landing); Proced-
ures - system operation normal (fuel, miscellaneous, flight controls, pow-
er plant, hydraulics, electrical, APU, heat/anti-ice, etc.); Abnormal pro-
cedures (hydraulic pressure low, loss of system A, loss of system B, 1loss
of both systems, pump overheat, etc); Emergency check lists (engine fire,
engine overheat, tail compartment high temperature, etc.).
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A count was then made to verify that the number of items was much Jless
than that of the three-crew B-727 and comparable to the 1loading on the
Captain and First Officer of each aircraft already in service. A count of
this kind is not considered to be particularly useful since the extent and
quality of workload varies too much from item to item. Only in-so-far as
the items are highly comparable would a raw count represent a workload
difference.

A major lTimitation of checklist comparisons is that these lists are focus-
ed on subsystem operation, the things that are done rarely, so they may be
forgotten, unless a mechanized procedure of challenge and response is fol-
Towed. Checklists do not cover the major pilot activities of flying the
aircraft, dealing with air traffic control, and updating avionics for nav-
igation. Much of pilot workioad is omitted. The major attraction of
checklist study is that it often is just in subsystem operation that work-
load reduction is sought (see Sections 2.4 and 3.2). Checklists are pro-
vided for important contingency conditions as well as for such normal op-
erations at initiation of each phase of flight. To the extent that work-
Toad peaks are associated with emergencies, such as engine failure, evi-
dence of reduction in the number and complexity of required checklist
steps might be important.

Crew Procedures Objectives (CPQ) represent expansion on the concept of
checklists and are a later development from the Specific Behavioral O0b-
jectives (SBO) that were previously developed for use on training programs
for the B-747 and which have been emphasized in recent years. CPQ's are
developed through a cooperative effort of the wmanufacturer and customer
airlines. The principal purposes are to guide the training of pilots and
to produce standardization that ensures that any qualified pilot on the
company roster can function cooperatively and knowledgeably with any other
company pilot as a disciplined team member. Thus, CPO's are not part of
certification; the airline operating the particular aircraft can change
them as appropriate. The activities related to development of an initial,
industry-standard set of CPO's for a new aircraft are such, however, that
a clearer understanding of task demands results. If there should be fea-
tures in the new flight deck configuration that cause special workload
problems, these features would be highlighted 1in the (PO documentation
process and would be expected to come into general knowledge,

A minimum equipment 1ist (MEL) comparison will usually be made as well.
FAR 121.627(c) permits the publication of a MEL designed to provide oper-
ators with the authority to operate an airplane with certain items or com-
ponents inoperative, provided an acceptable level of safety is maintained
(see reference 20). The list does not include obvious required items such
as wings, flaps, engines, etc., and it also may not include items unrelat-
ed to the airworthiness of the aircraft such as galley equipment and pass-
enger convenience items. The list does include items related to airworthi-
ness which may be inoperative for continued airplane operation, and the
limitations and use of other operating components required when dispatch-
ing with inoperative equipment.

The MEL's for the new aircraft and for inservice aircraft may be divided
into 1ists of items that cause different increments of inflight workload.
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Major malfunctions are those requiring one or more of the following in-
flight actions: (a) frequent monitoring, (b) different procedures during
critical portions of flight, and (c) pilot having to leave his station 1in
flight. Minor malfunctions are those requiring movement of switches or
levers with subsequent occasional monitoring required. Insignificant mal-
functions are those requiring movement of, at most, a few switches or
levers with no subsequent monitoring.

A comparison of this kind was made when the B-737 was heing developed. A
count was made of the MEL items that might cause major, minor, insignifi-
cant, or no increases in workload for the new aircraft, with its several
simplifications, and for a comparison aircraft, the B-727. The obtained
information was discussed with particular consideration devoted to the
questions: What role would a third crewmember have in dealing with inoper-
ative equipment problems; What duties could he perform; and, What could he
reach and see? In a somewhat similar discussion, for the initial model of
the DC-9, an analysis was presented that enumerated the attained reduc-
tions in required procedures, estimated the workload impact of each ad-
vance in automation/simplification, and illustrated the limitations in ex-
ternal visibility from an added rear seat.

Historically, MEL has not been a required subject in crew complement cer-
tification. FAR 25.1523 and Appendix D do require examination of abnormal
procedures and emergencies, but make no mention of MEL. As aircraft are
designed to rely more and more on computer and digital systems, particu-
larly in the case of relaxation of natural aerodynamic stability intended
to reduce fuel consumption, it may be that the importance and criticality
of MEL determinations is increased. The potential deperdence of crew work-
load on the status of optional automation systems suggests that in the fu-
ture it may be necessary to determine crew complement and the minimum
equipment list in certification, ard to do this with at least a "target"
set of CP0's, showing the division of responsibilities and required ac-
tions among the individual crew members.

4.3, Task/Time Distribution

At this stage of the workload documentation program, there may be an up-
dated developmental cab which is a realistic model of the planned final
flight deck design, and there will be, in hand, final check 1lists and pro-
cedures for all major flight operations and contingency conditions. The
next step is to utilize these products of the final design stages to gen-
erate actual data that predicts what the workload will be in the produc-
tion aircraft, and more important still, how workload in the new aircraft
will compare with that in a reference, line-proven aircraft. Normally,
the goal of this test effort will be to show that workload is acceptable,
a broad term that may cover several differences: a better balance of work-
load hetween crewmembers, reduction in peak workloads encountered in the
reference aircraft, or a general reduction 1in subsystem wmonitoring and
adjustment requirements, while actual flight control activities remain
essentially standard. Since the general consensus among workload special-
ists holds that basic flight workload in current transport aircraft is ac-
ceptable, special simulation and task/time study activities performed
after aircraft design may, alternatively, have as one of the objectives,
the demonstration to the FAA Type Certification Board (TCB) that workload
demands on the crew, and individual pilot workloads, are equivalent to, or
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no more overall than, those in reference aircraft that have been proven
acceptable in actual airline service. Comparable studies performed by the
manufacturer prior to the essential completion of flight deck design were,
of necessity, limited to part-task simulations. At this stage, however,
there exists a complete enough description of the future flight deck to
allow the manufacturer to initiate studies that approach the level of
full-mission simulation. The data that are needed for such a demonstration
of overall acceptability of the new design must be specific with respect
to the crew seat, the type of flight operation, and perhaps most import-
ant, the comparison or reference aircraft. As discussed in Sections 2.4
and 3.3, the assumptions employed in arithmetic combinations of time dura-
tions for required actions for one analytical approach or time probabili-
ties for another may be artificial depending upon the data base wused by
the particular manufacturer. Task time data from mockup studies, simula-
tion and flight test may be used as well as data derived from time-motion
techniques. Hence, the absolute numbers obtained do not predict real
flight workloads; generally, they overestimate. For this reason, the ob-
tained workload levels are useful primarily for comparison with similarly
obtained numbers on a reference aircraft. Past experience shows that prop-
erly conducted synthetic studies can predict equivalence or the direction
of a difference, more, or less, despite the Vimited applicability of the
absolute numbers themselves,

Whether reported as a straight workload index reflecting percentage of
available time occupied with crew-equipment tasks (see section 3.3) or in
the alternative task/time probability distribution format (see section
2.4) the most important question is how should the results be interpreted.
[f the calculations result in peak workloads higher than those in critical
flight scenarios in reference aircraft, it might be thought that the ans-
wer is simple-~the design will not be acceptable. Several caveats must be
stated on this point, however, since not all peaks are so high as to rep-
resent genuine problems, and there may be a compensatory gain. For ex-
ample, in one DC-9-80 study, it was found that the first officer's work-
load increased in one phase of flight compared to the baseline aircraft
(see reference 21). This peak increase was judged to be acceptable, since
a better balance between captain's and first officer's workload was
achieved, and in this particular instance, it was that balance, with re-
duced demand on the captain, that was most significant. There is, further-
more, some reason to emphasize average workloads, over reasonably brief
periods, as having more meaning than essentially momentary peaks. The
reasoning here is that despite CPQ's and standard training, no two crew-
members will order required tasks in exactly the same sequence or with the
same response latencies. Pilots recognize busy periods and adjust priori-
ties and adopt task interleaving techniques to manage high momentary de-
mands. Because of this built-in human capacity for flexible response, the
data base task duration times, while appropriate for average situations of
normal demand, overestimate the required task time under higher demand
pressure,

Aside from a possible finding of peak workload in excess of that in the
comparison aircraft under circumstances such as those just covered, the
more usual finding has been that the resulting calculations for the new
aircraft will show some workload reductions for particular segments and
rough equivalence to reference aircraft in others. How, then, should this
outcome be interpreted?
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There is no general agreement that the best workload for aircraft crew
members is 20 percent, 30 percent, or any other absolute figure. However,
it has been observed that pilots start to drop less important tasks when
80% of their time has been occupied. The nature of the activities requir-
ing allocation of a given percentage of available time, the difficulty of
required mental efforts, and other considerations such as emotional
stress, physical discomfort, professional pride and social satisfactions
in a team-job well done, versus feelings of competition or hostility, will
make a difference in any person's perception of how much work is enough
and how much is too much. Hence, it is extremely difficult to decide what
weight to place on obtained differences in a simple workload index.

In the face of these difficulties of interpretation, the nearly universal-
ly adopted solution is to compare measured or calculated workload during
what are deemed to be the most critical minutes of a total cycle, wusually
the phase of final approach and landing. This is not to imply that work-
Joads are not calculated for all phases of flight or that attention is not
given to vaxi, takeoff, climb, enroute, and descent phases. Rather, the
point is that the most critical demonstration of workload suitability may
be made for final approach and landing. The reasonable assumption is made
that the individual crew members in proven inservice aircraft are capable
of performing these critical operations -- as documented by the safe land-
ing records of the comparison aircraft. Therefore, the task demands in
those aircraft must not be too high, and any observer would probably veri-
fy that during approach and landing, they are not too low to sustain per-
formance. If the measurements and calculations in the new design show that
the individual crew members have equivalent or lower workload results dur-
ing similar scenarios, it is generally concluded that the tests have shown
workload to be acceptable. Equivalence is the key. Workload must compare
favorably with another "good" airplane. Hence, there is no penalty, pre-
venting the giving of credibility to the data, for lack of an absolute
scale for optimum and obtained workloads. Comparison provides something
more substantial than would such an arbitrary, and arguable scale. What
this comparison standard is, really, is a summary fact based on many
thousands of previous flights, accomplished by a wide diversity of pilots,
under highly varied conditions of route, weather, traffic, and ATC. No
known synthetic or laboratory procedure could possibly produce pilot per-
formance data of this generality.

The outcome of such a comparison might be that approach and landing work-
load was slightly reduced, and this result would tend to verify the ade-
quacy of the new design., But it could be the case that there were particu-
lar undesirable features to task demands that would show only in less busy
flight regimes or in other unmeasured dimensions of workload. ODue to the
laboriousness of analytic procedures required to update the data base for
task/time calculations, not all flight phases are covered intensively in
all workload documentation programs. For example, the B-737 program looked
at all flight phases but did not include a full analysis of enroute ur
"cruise" flight which made up about 60 percent of a typical scenario. In-
stead, equal segments were analyzed from takeoff, climb, cruise, descent,
and approach segments. Furthermore, the nature of the measurements, time
required or probability of being occupied, leaves out much that is import-
ant in flight deck evaluation., For example, an easy-to-perform, virtually
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error-proof action may use equal time when compared to a more stressful
action. "Quality" of work is only reflected in time required in an indi-
rect sense, while "quantity" of work is specified. For these reasons, this
forin of measurement can fault a design, if it fails to show equivalence or
improvement for the new aircraft, but it requires more development before
it can be said to prove conclusively that the design is entirely adequate
with respect to task demands.

The Douglas procedure developed for the DC-10 and used in measuring flight
crew workload in the DC-9-80, is highlighted in Figures 17 through 21 (see
reference 15). It is very much the same as the Boeing procedure. Both
start with a typical flight plan developed to exercise all equipment of
interest for this particular aralysis. Using calculated or actual aircraft
performance data and the hypothesized environmental factors, a mission
scenario is developed along with an event timeline. The time available
segments are then created by the time difference between events or mile-
stones.

The operating procedures are established by coordinating inputs from ex-
perienced pilots using the published or proposed aircraft operating pro-
cedures for the proposed flight crew station configuration and the equip-
ment operating procedures proposed for the planned configuration, These
procedures are refined and detail times developed by using a full size de-
sign aid and published task time data to provide detailed task element
time data. This establishes the time required for performing the various
activities required for the flight,

The detailed flight sequences, time available data, and time required data
are coded for acceptance by the computer program and entered into the com-
puter for processing and analysis. The output from the computer consists
of average and summary tabulations. These tabulations can be of total
workload or the workload associated with various equipment and certain
kinds of activities.

In a typical application of this task/time method, the procedures used re-
flect the operating techniques of one or two expert pilots who are experi-
enced on similar aircraft. Other pilots might operate the aircraft slight-
ly differently, but in a comparative analysis, since operating procedures
are changed only when required by equipment changes, such differences are
not important to the measuring system. The times calculated from the pub-
lished data stores have been standardized by testing a large number of
subjects.

This provides a solid base for use in identifying the changes in use times
associated with change in the crew station configuration. It is this abil-
ity to identify change in use time as it affects overall workload that is
most useful to comparison of one design with a reference design such as
that employed in an in-service aircraft,

In the Douglas procedure, a separate routine referred to as the Select Op-
tion allows retrieval of task elements in accordance with specific ends
associated with equipment, body actions, reach distances, responsible en-
gineering groups, etc. Workloads are then computed for these groupings.
By proper selection, it is then possible to determine which factors are
significant in relation to overt workload or where the configuration could

4-7




Ll 2y

Bl ae | o

e adfintie AARRGMARIMME.C oo iL AAT ol

P-mmr

be improved more effectively to reduce workload peaks. This technique en-
ables comparisons to be made on a numerical basis independent of personal
opinion,

Developing the Time Required starts with the use of flight crew station
drawings, proposed operating procedures for the aircraft, and operating
procedures for the specific equipments proposed in the configuration under
consideration. In close coordination with pilots experienced in similar
aircraft, a very detailed description of the procedures required for flying
each mission segment is developed. Figure 18 gives a graphic portrayal of
the last 15 minutes to touchdown, and Figure 19 is an example of the work-
sheet used in developing the procedures, time required, designating the
crew member, and indicating the control or display involved. The time re-
quired for each action is calculated by using a standard data store that
provides the times for actuating various types of controls and reading var-
ious types of instruments (see reference 14).

Douglas data are organized in terms of missions, functions, tasks, and ele-
ments. Symbols and a brief description for each of these are used to facil-
itate both the computer processing of the data and the reading of computer
printouts. Figure 20 simulates a computer printout for some of the elements
in the landing phase. Some of the items are as follows.

The computer program provides the capability to summarize and average the
workload between designated milestones as related to all task elements or
those selected on the basis of equipment or specialized task requirements.
It shows the flight crew workload summary for all task elements in a por-
tion of the flight. The computer prints out the function symbol, task sym-
bol, task description, and the percent workload for the Captain and the
First Officer. The minus sign in front of the workload numbers is due to
the technique of counting time back from the touchdown point.

Figure 21 shows a typical workload breakdown by equipment groupings and
activities. It shows, for example, the high proportion of workload associ-
ated with the communications task in a high density area such as New York.
The low value of workload required for outside scanning corresponds to the
IFR conditions chosen to give high workload in other areas. The total level
of workload, however, would allow outside scanning to be increased consid-
erably if needed. OQOutside scanning is also possible simultaneously with
some of the other task elements listed. Figure 22 shows the detailed analy-
sis that is possible when the workload elements are displayed for each
task. This shows the major elements of the workload structure and how they
change from task to task. Most of this 5 minute segment is with the air-
craft on autopilot, and the Captain takes over manually for the 1last 200
feet,

Though the Boeing method is similar to the Douglas wmethod, Boeing's data
summaries are organized differently. Timelines and workload profiles for
the various channels are developed for workload overviews and for more de-
tailed analysis as presented in Figures 23 through 37. The resulting work-
load profiles give the workload for each channel of concern, with percent
workload on the ordinate versus lapsed time on the abscissa. The time his-
tory presentation method permits a quick scan to determine if any undesir-
able work loading conditions exist. If the workload time history profile is
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within pre-established bounds, results demonstrate an acceptable workload
level. If not, the peaks can be examined more closely compared to time-
line and subsystem activity data, to determine which tasks and which sub-
systems contribute to the high levels, Multiple user options exist to fa-
cilitate this process. From such reviews, the analyst can then reappraise
the procedure, task and subsystem design to decide what type of design
change would most satisfactorily alleviate the high load condition.

As stated previously, these workload evaluation methods parallel design
for trade-off purposes and permit comparative evaluation of alternative
crew station configurations, the new aircraft flight deck and that of com-
parison in-service aircraft,

4.4, Simulator Studies

There is an iterative process in the overall development of the data base
used to generate computer calculated workloads for new and reference air-
craft, Task sequences originally generated by pilots, see Sections 3.1
and 4.2, are reviewed by pilots and updated accordingly. Then, flight crew
task sequences are conducted in the mockup or developmental cab. These
simulated flight segments may be video taped for subsequent review to val-
idate the tabulations. In this way, qualified pilots are employed to
check and verify the subtask definitions. Further, times associated with
any new features and procedures in the new flight deck are defined and en-
tered into the data base. Changes may be made in the sequencing of tasks
and many revisions made to obtain as representative a set of SOP's and as-
sociated task times as possible. This includes updating of sequences to
reflect optimum crew techniques for utilization of new equipment and sys-
tem capabilities in the new design. Typically, there may be as many as
eight iterations of the flight scenarios and over eight hundred tasks
identified separately for each crew member. The flight deck mockup serves
for verification data collection in each iterative cycle. In this way,
maximum assurance is developed that the task data base is complete and ac-
curate for comparing crew workloads in the new and reference aircraft.

4.5 Visibility and Collision Avoidance Studies

In the early stages of a new aircraft program, long before an actual work-
load documentation effort is initiated, it is usual to use a special com-
puter program to estimate the effectiveness of flight deck window design.
Typically, a subprogram will calculate window size in steradian measures
for each observer's field of vision and intersecting fields of vision,
With these results it is convenient to generate a plot of control cabin
windows in which the boundary of windows is shown from each crew member's
design eye position. One of the most useful forms of such a plot has been
produced in color so that the fields of view from each eye position and
areas of overlap are chromatically portrayed.

For the workload documentation program, the results of these early design
stage efforts may be appended in the form of a comparison between the
amount of outside visual field available for the crew members of the new
aircraft versus the reference aircraft. If there is a difference in crew
size, the contribution of an observer will be evaluated.
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The relationship between available external vision and collision avoidance
may be computed for different speeds and crew members. The size of the
visual field is the primary factor in collision avoidance but not neces-
sarily in traffic detection. This is because of the differences in de-
tection of traffic on a collision course and traffic not on a collision
course, Traffic that is on a collision course: (1) will almost always re-
main at the same relative angle or appear to remain stationary in the win-
dow, and (2) will appear progressively larger. Whereas an aircraft not on
a collision course may normally appear to move (have relative motion), and
its image may become larger, smaller, or remain the same.

The human eye has only a very small field of high acuity. This property is
a function of the distribution of the rods and cones of the retina and
gives the eye its directional sensing ability.

For example, a 12 foot diameter sphere at a distance of 55,000 feet will
subtend an angle of 3/4 of a minute of arc at the eye. For the eye to de-
tect the sphere at this distance, it must be aligned so that the field of
acuity for 3/4 of a minute of arc includes the sphere. For a pilot to scan
his total visual field of 2.99 steradians for an object of this apparent
minuteness at that distance would require 20 million different eye fixa-
tions.

MISSION EVENT TIME LINES MISSION TASK TIME LINES
¢ SCENARIO o CREW CONFIGURATION

e AIRCRAFT PERFORMANCE o OPERATING PROCEDURES
o ENVIRONMENT o TASK TIME DATA

TIME AVAILABLE j? TIME REQUIRED

COMPUTER ASSISTED
ANALYSES

{

WORKLOAD ON EACH
CREWMAN BY MISSION
SEGMENT

Figure 17 Workload Analysis Methodology




- |
h DESCENT 0401 APPROACH oaoa 16::‘0
‘ : i
S FLIGHT 00 () i
3 PHASE X0 xx X xs ;
! -
1
s 2 :
= HEADING 180 "
3 90
P —
P 250
P .
] seep. 200
3 KNOTS
150
i . \
t_ 4000 \
| ALTITUDE
. 0 I 1 1 T VI 1 ] | 1
- 14 13 12 1 100 8 8 7 6 & 4 3 2 ) s e are
{ TIME TO TOUCHDOWN TOUCHDOWN
Figure 18 Flight Profile Segment
: cnanGe noTATION 00 PAGE INDEX ADOLTION #0.
; FLIGHT PuaSE TOENTIFIER_0403  vivie_APPROACH
TAsk 10EnTIFIER BL Titie_ SEYT FLAPS TO 56-[5-5.6;‘-555 -------------------
X U earemaion A ) S
nomeAC [ CoFIGuRATION 5 CRITICALITY
DIL . ' EQUIPMENT THTERFACE :l DEFERABILITY
NISSION TIM o ; { o ELAPSED TiNe : : TOTAL TASK TIME REQUINED
a ELEMENT DESCRIPTION ix ¢ [ ro a0 REMARKS
REFERENCE
o1 | _CAPTAIN CALL OUT. FLAPS 50 DEGREES 10 x| x o7
oz | GRASP FLAP/SLAT HANDLE AND DEPRESS AND HOLD. | ;, x | crrL
UNLOCK LEVER )
o3 |._PULL FLAP CONTROL HANDLE 10 50 DEGREE DLTENT .
POSITION 19 X | R
04 _RELEASE UNLGCK LEVER .. 06 X CP-FL
05 | MONITOR FLAP POSITION INDICATOR UNTIL IT READS y
SO DEGREE§ ettt 80 X | Pess
o6 | FIRST OFFICER CALL QUT: FLAPS 50 DEGREES w0 | x 1 x
L
‘ L SN
: —rTTT

4
'1 Figure 19 Typical Flightcrew Workload Measurement Worksheet




WORKLOADS ARE FOR ALL TASK ELEMENTS

TME DURTN PERCENT WORKLOAD

FUNC TASK TITLE HMS
0401 XA COMMENCE DESCENT TO 10,000 FT;
REDUCE SPEED 00:20:18
0401 XB END DESCENT AT 1500 FPM; 00:18:18
0401 XC END DESCENT TO 4000 FT 00:15:18
0401 XD COURSE CHANGE TO HDG 044 00:14:30
0401 XE START SPEED CHG 250 - 200 KIAS 00:12:54
0401 XF END SPEED CHANGE 00:12:24
0402 XA THIS PHASE NOT USED 00:10:06

Figure 20 Flightcrew Workload Summary (Simulated Computer Printout)
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AUTOFLIGHT 14 0.2
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NORMAL OUT SCAN 49 49

(IFR APPROACH)

TOTAL 67.7 65.7
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Figure 21 Examples of Crew Workload by Equipment or Activity
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The time required to cover the full visual field is a factor in traffic
detection. If an aircraft not on a collision course enters the visual
field of the crew, it will remain only momentarily in the visual field and
then be gone. If the total search field can be reduced for each crew mem-
ber, as would occur with an ATC advisory, then the smaller area (for ex-
ampie, 11:00 to 1:00 o'clock) to be scanned means that the target will
probably remain lonrg enough for the crew members nearest the forward win-
dows to have sufficient time to scan that portion of the Jlarger visual
field with intensity. In this case, the probability of a contribution to
detection by an observer with a more distant eye position is likely to be
small, according to a study conducted in connection with workload evalua-
tion on the B-737.

It shouid be kept in mind that the amount of time available for the pilot
to look outside, particularly when there has not been an ATC traffic ad-
visory, is not the same as the actual time spent looking. It is generally
thought to be the case that people are not able to sustain longterm moni-
toring activities at an efficient level, using disciplined scanning pat-
terns, for example, in the absence of reinforcing events. Aircraft detec-
tions at altitude tend to be made only when the stimulus 1is far above
threshold, shows a long condensation trail, or when a special incentive to
active search is present in the form of intercepted ATC communication or
an advisory. Hence, unexpected detecticons may be rare events, and external
search performance may often be perfunctory in nature. Such effects can
hardly be determined by calculation or synthetic methods.

4.6 Other Computer Modeling Studies

In addition to the more general task-time analysis programs, which can
provide summary workload histograms for flight scenarios (with percent
workload plotted against a time coordinate), average times for each activ-
ity category, and other summary presentations, individual manufacturers
have developed specialized computer programs for various aspects of crew
workload evaluation. A wide inventory of programs have been reported in
the literature, and aircraft manufacturers have exercized several of them
to the point that they have knowledge of various uses. Examples include
programs used to calculate geometric data used to evaluate workload due to
eye angles and linear distances, and programs used with eye/hand motion
and procedure execution times to provide quick-look workload estimates. As
indicated in Sections 2.3 and 3.4, these tools are appropriate at various
early stages of flight deck design. A possible contribution to workload
documentation after compietion of design may be demonstrated in the fu-
ture.

4.7 Summary Comparison with Reference Aircraft

The final determination that the design flight crew can operate the air-
craft safely has been a critical issue only in the case of aircraft de-
signed for fewer than three crew members. An active debate on crew compo-
sition has continued in one form or another since World War II, and over
that time period flight crews of large aircraft traveling long distances
have been reduced in stages. First, the specialized radio operator was
eliminated when communications facilities improved. The navigator was
found to be unnecessary when better ground aids and cockpit equipment made
it possible to follow a planned course with precision without periodic
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celestial updating. Finally, the reliability of modern jet engines and
related systems called into question the justification for including a
flight engineer or nonflying pilot. With older piston aircraft and complex
fuel transfer systems, the flight engineer had important duties. In the
newer turbojet aircraft with increased automation, there is less for a
third crewnember to do.

Under today's regulations, to approve a minimum crew size of two, the
question that must be settled is the suitability/acceptability of the
workloads on the Captain and Co-pilot and the demonstrated ability for one
crewnember to fly the airplane suitably in a high denisty, high workload
environment. If workload demands on either of chem are excessive, or if
it appears that a third crew member can assume some of the tasks that are
causing specific problems, then three crew members may be required. If,
in contrast, it is shown that all necessary operations can be conducted in
a safe manner by the first two crewmembers, that crew size will be deemed
adequate. Hence, the critical facts that must be submitted to the TCB are
those establishing the ability of the design crew to conduct all antici-
pated flight scenarios with acceptable workload and attainment of safety.

The important role of comparisons of individual crew members workload and
total required procedures between the new and reference aircraft is to
show that the new design does not have increased task demands in a quanti-
tative sense. The overall adequacy of flight deck accommodations, comfort,
and reasonableness of task demands in a qualitative sense, are also as-
sessed separately from any task/motion or other computer model type calcu-
lation. No method is known to make such overall qualitative assessments
other than objective, unbiased pilot judgment.

These qualitative assessments by company test pilots have been proven to
have considerable value since accountability for the individual pilot
judgments has a significant influence on the reliability of the assess-
ments offered. Also, as indicated several times, there is a strong tend-
ency to be conservative in the number and extent of changes in the cockpit
of a new aircraft design; therefore, the probability for error in the
qualitative assessment is held to a low level,.

For significant departures from the time/operationally proven systems of
earlier aircraft types, more extensive qualitative evaluation of the task
demands is required. Where these departures from the use of proven sys-
tems are contemplated -- such as the applicaticn of new technology -- and
no suitable evaluation in simulation and flight of related military appli-
cations has been accomplished, a dedicated technology application develop-
ment program is conducted by the manufacturer(s) -- sometimes with NASA or
FAA sponsorship. The resulting programs usually involve development and
evaluation programs spanning several years and include evaluations con-
ducted in both simulation and flight. The evaluators associated with these
test programs, include experienced test pilots employed by the manufac-
turer, customer airline pilots and, depending on the sponsorship of the
program, may also include government test/evaluation pilots (i.e., NASA,
DOD and FAA pilots). The development of the advanced electronic display
system for the SST was an example of the latter type program.
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5.0 Procedures - Flight Test

5.1 Functional and Reliability Test Flights

The final crew workload studies made for certification are normally part
of the functional and reliability testing (F&R) of the airplane, although
in some recent cases of 2-crew airplanes, there have been additional simu-
lated airline tests appended following completion of F&R testing., These
tests are made with direct FAA participation.

The manufacturer prepares a plan to provide realistic in-service condi-
tions so that actual workload can be observed, recorded, and reported for
both normal and abnormal (contingency) conditions. Critical elements of
that plan, which must be approved by the FAA, include: the selection of
test pilots, the number of test crews, the selection and preparation of
flight crew observers, the data recording methods to be wused in-flight,
the data analysis procedures to be applied during and after flight, the
particular contingency conditions and combinations of conditions to be
covered in the flight tests, the number of replications of tests, the
route structure, length of duty cycles and stresses to be controlled in
the flight environment (include weather and ATC problems), and the cri-
teria of success. In addition to the initiative required of the type cer-
tification applicant to prepare the test plan and the FAA participation
that is aimed at ensuring that the plan is adequate in all respects, it
may be the case that outside parties will make proposals for additional or
special test conditions. A1l such proposals will be considered jointly by
the manufacturer and the FAA, but such outside contributions of ideas and
information create no obligation on the part of the FAA to discuss the
overall plan or its details with such informants. The sole responsibility
for creating and approving the plan rests with the manufacturer and the
FAA.

As discussed in Sections 2.3, 3.1, and 3.5, flight test 1is a continuing
process, not a phase initiated and completed as part of aircraft certifi-
cation, The F&R program is such a phase of airworthiness proving, but rep-
resents the culmination of a larger testing activity, not the whole sub-
stance of that activity. Ordinarily, new developments -- particularly new
system concepts -- are flight tested for as many as five years or more be-
fore going into a new aircraft program. Not only are the potential safety
issues identified and resolved during this extensive lead time, but the
economic viability -- cost, reliability and customer acceptance -- must be
established before aircraft manufacturers will risk investment for new
technology applications in critical aircraft systems for a production air-
craft. Examples of these long-term development programs include: the over-
ten year old FAA/Boeing advanced digital instrumentation and control sys-
tem currently flying in the NASA-Langley TCV airplane; numerous flight
test programs on advnced cockpit displays, flight management systems and
avionics developments conducted by the major avionics manufacturers; gov-
ernment (DOD, FAA and NASA) flight tests of various new developments in
navigation, landing, and control systems; and numerous in-house develop-
ments conducted by the airframe manufacturers. This substantial flight
development and proving often leads to the development of industry-wide
standards, in many cases with promulgation by AEEC, SAE, and similar
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broad-based committees of published “Specifications and Characteristics,"”
issued by ARINC, "Aeronautical Recommended Practices," by SAE, "Technical
Standard Orders, " (T7SO's) by federal agencies, and the like. These inde-
pendent technical organizations have committees involved in the develop-
ment of standardization criteria for virtually every aspect of transport
category airplane system and cockpit feature (i.e., aircraft handling
qualities, display considerations, visibility requirements, 1lighting,
alert and warning systems, instrumentation grouping, environmental, opera-
tional terminology and system reliability). The membership is composed of
a broad spectrum of the aviation community -- air carrier, airframe manu-
facturer, avionics manufacturer, pilot unions, government, etc. -- and in-
cludes international participation., Thus, before a new development is in-
jected into an aircraft program, where there would be a risk to the certi-
fication applicant if the system proved unsatisfactory 1in actual flight
operations, both extensive flight test and approval of design, manufactur-
ing, and interface and standardization criteria normally have been achiev-
ed.

In view of the above, certification flight tests do not constitute the ex-
perimental, comparative, and procedures evolution phases of new flight
deck system development. Rather, certification represents a brief but sys-
tematic examination and confirmation of the configuration and particulars
of integrated function. The component equipment either has been proven in
previous aircraft or, if new, has been proven in Jlong-term flight test
programs, Certification testing proves that the cockpit systems integra-
tion has been done right so that the crew and all systems can work to-
gether,

5.2 Schedules for High Workload Flight

In recent certification programs for two-pilot crew aircraft, eastern
routes including Washington, New York, and Boston have been used with
duty-day length and number of operating cycles patterned on the longest
and busiest found in any airline schedule. To further increase the poten-
tial for fatigue, individual crews have been scheduled to fly the test
aircraft on as many as three consecutive days. Concentrated programs of
flight test in high density environments have been used to simulate severe
airline operating conditions.

In the B-737 certification program, the heavy traffic, noise abatement
procedures, the sawtooth altitude approaches to clear Kennedy traffic, the
holding patterns, and short cruise times made these routes ideal for the
test. Conducting the test over a full week during the Thanksgiving holiday
period with flights scheduled over a twelve-hour period was selected to
assure peak traffic for at least part of the test period. The weather pro-
vided both dry, clear days, and cloudy, foggy and wet days for the
flights. Furthermore, crew duty times were increased beyond normal to pro-
vide opportunity for replication of the most unfavorable pilot schedule
conditions.

Fifteen flights of the test were conducted with simulated inoperative
equipment covering almost all malfunctions that could significantly con-
tribute to high workload, such as autopilot failure, cabin pressurization
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failures from auto and standby modes, generator failures, and hydraulic
failures. Single pilot flights were conducted from each pilot's seat. The
combination of the holiday period, weather, day and night, flying eastern
routes, simulated malfunctions, single pilot operation, and a pilot crew
with almost no previous experience on the routes provided a thorough,
comprehensive and extraordinarily stringent test for two-man crew evalua-
tion.

In the case of the stretched DC-9, model 50, five days of daytime flights
and one day of night flights were conducted in the Yuma and Los Angeles
areas, with IFR and VFR conditions, different types of landing approach
(coupled, manual, and circling) and selected contingency conditions (pi-
lot incapacitation, MEL items such as generator out, and emergencies such
as engine failure on approach, pressurization failure, and unruly passen-
ger). Three crews flew the 8-hour day schedules, representing the manu-
facturer and the FAA. With the later DC 9-80, an eastern route segment
was selected between Atlanta and Boston.

Contrasting with the airline type scheduling for high workload flight
testing, various recent three-crew aircraft have used schedules that were
less structured but none-the-less stringent. The B-747 was taken on a
world tour, for example, to examine crew performance under highly varied
workload conditions produced by a range of ATC, airport aids, and traffic
environment factors. While the B-747 tour preceded certification, the
B-727 was taken on a world tour after certification. At the time the
B-727 was put through F&R testing, its three-crew flight deck raised few
critical workload issues, so the F&R flight test program was pointed to
provide a sufficient service experience to establish the reliability of
operations with a particular layout of aircraft systems, each of which
had been extensively tested in other operations.

5.3 Selection of Test Crew Members

The selection of experimental test pilots has been one of the most con-
troversial aspects of the workload flight plan, To date, all experimental
test crews have been made up of FAA pilots and manufacturing company pi-
lots. Typically, these crewnen are highly experienced experimental
training pilots as well as qualified engineering pilots, so they are well
aware of the factors likely to affect the 1least proficient 1line crew.
However, it is recognized that such pilots differ from typical line
crews, to whom it is intended that the workload findings should apply, in
at least three possible ways: they are less familiar with routes, indi-
vidual airports, and conventional procedures in the test area than would
be line crews, but counterbalancing that unfamiliarity disadvantage,
these test pilots may be more disciplined and orderly in planning and
execution of flight duties; finally, the company and FAA pilots may be
motivated differently than some line crews. Hence they may be 1less or
more affected by the special stress of test conditions with continuous
recording and special observers. Many times the question of including
typical line crews in workload flight tests has been raised, but to date
no alternative solution has been found to the problem of how to ensure
objectivity and representativeness. Although not stated in FAR 25.1523,
it seems obvious that workload test results are intended to cover the
situation of the least proficient, most fatigued, and Tleast coordinated
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line crew. But no idca has been developed as to how to select such a
worst-case, non-hazard-involving sample, or if selected, how to ensure
realistic performance. F&R flight tests are expensive in a cost-benefit
sense, and, when injected into a busy traffic environment, add a burden
to the overall system. Hence, it has been unfeasible to select crews at
random in hopes that a large sample would include all possible variations
in skill, crew interactions, and unique reactions. However, experience so
far has been good; an adequate solution appears to have been demonstrated
in recent models.

By a cost-benefit sense, what is implied is that workload tests in F&R
flying have not produced new information of great value. Starting with
flight number one by the first production aircraft, participating pilots
provide comments on workload and on other aspects of the flight opera-
tion. These observations build up prior to the formal test period in F&R,
when there occurs a condensation of a mass of workload observations for
the record. The sample of pilots, overall, flying the aircraft and hav-
ing opportunity to comment is large, and in this sense, workload evalua-
tion is a part of all flight tests. It would be remarkable, indeed, if a
flight deck configuration was accepted by this larger sample, under wide-
ly different test conditions, and then attained an alternate rating of
approval in a special F&R test unit.

Rather than use a broad sample, or a pinpoint selected smaller sample,
the solution to the problem of deciding who should fly the new aircraft
in workload tests has been found in conducting the F&R flights with
major participation by pilots who are experienced in workload testing and
are knowledgeable about high workload situations in other well-proven
aircraft types. Regional flight test people have had continuity from one
certification program to another and qualify as "trained observers" for
purposes of determining that the new aircraft is easier/harder/equally
hard to fly, conduct required procedures in, and solve problems in,

An occasional recent practice has been to employ outside consultants to
confirm workload results. Such consultants would normally be selected by
the FAA from special pilot populations, such as those with exceptional
breadth of flight experience or special engineering/technical background.
These consultants normally would have extremely limited time in the type
aircraft under test.

It is important that all test crews have adequate ground school and simu-
lator training in the features, check lists, and flight manual of the
test type prior to conduct of data flights. Normally, several of the pi-
lots used in F&R workload tests will have additional experience with the
new design gained during the aircraft design process and eariier, non-
data test flights. Those pilots may also be familiar with the outcome of
simulator and computer evaluations of workload using the new flight deck
design and procedures. This prior familiarity gives those pilots an ad-
vantage in making the inflight evaluations since they know what especial-
1y to look for, what are the pro forma advantages of the new design, and
which procedures have been changed due to new equipment, simplifications,
or added automation.
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In the case of the two-crew aircraft, the usual number of test crews is
not less than three teams, each consisting of company and FAA pilots.
Each crew is expected to operate the aircraft for a period of time suffi-
cient to reproduce line-service fatigue conditions and also to serve as
observers and evaluators of other crews flying on subsequent days. Hence,
the "duty" periods of the test crews consist not only of the days that
they operate the test aircraft, but added days riding jump seat or ob-
serving flight deck activities on video monitors from the cabin.

5.4 Objective Data Recording Inflight

If it were possible to do so, pilot workload would be measured objective-
ly, i.e., by collecting and analyzing data representing actual measurable
events, pilot actions, and flight outcomes. Such objective measurement
would avoid the pitfalls of introspective reporting, which may include
individual bias, incomplete self-knowledge of physical events, and errors
of recall.

Many of the test procedures described in previous sections of this report
do produce objective data through direct measurement of the frequency and
duration of observable actions and the adequacy of flight control per-
formances. But none of these objective or semi-objective methods produces
an overall estimate of total workload comparable to the subjective as-
sessment that can be provided by either the pilot flying the aircraft or
a qualified observer. Instead, it is part tasks and external action as-
pects of total workload that are measured objectively, while the cogni-
tive workload of planning, thinking, and problem solving is only partly
covered. It may be at some future date that measurements can be taken
that indicate what is happening in the mind of the pilot, but proven pro-
cedures for doing this in a total workload sense are not presently avail-
able,

At the present stage of evolution of proven methods of evaluating crew
workload, procedures that have some "objective" and some "subjective" as-
pects are still necessary. While we know that it is unsatisfactory to
rely entirely on the pilot's rating of his own performance, we also know
that a highly trained pilot observer whc knows the pitfalls of self-rat-
ing can note much that is normally missed by the self-rater. Also, fill-
ing a function like the umpire in a sport, the trained observer can fault
a performance even though the actual crew would give it a success rating.
This is the role provided by training pilots. The priority, then, must be
put on the assessments made by "senior" observers playing the part of a
referee., To support their analysis of the flight events, video playback
of flight deck signals and pilot actions has proved of great value. An
overall "good" rating covering an 8-hour flight with various departure
cycles would be expected to be less valuable than a phase-by-phase or
contingency-by-contingency evaluation made after observing the entire
flight and then replaying the records of various high workload phases.
Discussions among several such trained observers while replaying the pic-
tures and questioning each other as to the reasons that the crew acted as
they did can be valuable in adding insight into the ratings.
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In the B-737 workload program, video was used primarily to present a pic-
ture of flight deck events to observers situated in the rear cabin making
real-time evaluations. In the later DC-9 programs, recordings were made
with the principal intent being later review and analysis. When there is
a particular cockpit feature that is changed or a new system that is add-
ed, video tape may be employed specifically to record the use and per-
formance of that feature, Somewhat related procedures were used in the
B-747 program. Tests pilots asked for review of specific flight deck pro-
cedures after seeing a film that was made in a mockup of all usual proce-
dures. Using the mockup, these pilots then reviewed the questioned proce-
dures and repeated the necessary actions in live action to recheck acces-
sibility, visibility, and related concerns. Also on the B-747, what was
called a "Substantiation of Analysis by Live Demonstration" was conducted
by putting the pilot through a structured simulator flight with tape pac-
ing of events. This constituted one form of a "live" time-line.

Objective data to be recorded during test flights normally includes air-
craft performance parameters such as altitude, speed, bank angles, and
the like, the ATC record of clearance changes and other communications,
and the actually attained schedule of planned contingency events plus
such unplanned outages and problems as may have occurred. Using the meth-
od of Douglas Aircraft Company, analysis of tapes made during flight
takes 1-1/2 hours coding time for each minute of actual flight. The re-
sult of that labor-intensive study of small segments of crew activity is
a detailed record of every observable crew member action arrayed in a
chronological sequence showing when the event began, how long it Tlasted,
and how often each action was repeated. An objective record of this kind,
representing, for example, a segment of 10 minutes of an arrival in a
high density environment, is used in two ways. First, it gives the train-
ed observer a solid basis to reconstruct the pilot reactions and altered
procedures that were forced by the contingency conditions employed. This
tends to ensure that the observer's rating are as "objective" as poss-
ible. Second, the record based on events during actual flight can be com-
pared to the similar workload estimates generated in simulation. This
comparison may permit an estimate of the validity of the measures that
were based on computer models or part-task simulations.

Two sample detailed records of objective data recorded inflight during
flight testing of the DC-9-50 are illustrated in Figures 37 and 38. The
first shows altitude, air speed, and heading relationships during the 15
minutes prior to landing. The second shows a time record of several ac-
tivities of the Captain and First Officer, including communications, vis-
ual activities, and hand actions.

Other techniques do support such analyses and are being developed. For
example, in recent years, development of improved oculometers and pupil-
lometers has made it possible to begin to record pilot eye fixations. Be-
cause of the wide range of eye and head movements, it is estimated that
eight oculometers would be needed to fully instrument a cockpit. Obvious-
ly, this cannot be done in a flyable aircraft. With one recording device,
a particular area of the panel such as the flight instrument basic T can
be handled, and some data of this kind is becoming available from ground
simulator tests. From the NASA-Piedmont Airline study, some question has
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been posed about the scanning patterns employed with the T arrangement,
and this raises an interesting question., From experience it is known that
aircraft having flight instruments arranged in the T have good records.
If simulator data should suggest a change in that instrument arrangement,
without support from pilot assessments made in actual flight, what would
be the appropriate action?

5.5 Evaluation By Pilots and QObservers

From time to time, criticism has been voiced about substitution of the
one readily available method of assessing total pilot workload and com-
paring it to that of another aircraft, pilot "subjective" evaluation, for
the more quantitative and methodologically desirable "objective" measure-
ments. Workload authorities make two points related to this criticism.
First, the history of past workload determinations by pilot assessment
shows that the correlation between the informed judgments of highly qual-
ified and trained experimental pilots, on the one hand, and the proof ob-
tained in extended periods of diversified line experience, on the other,
is essentially perfect. Second, there is no other comparable human team
performance that can be rated in toto by so-called “objective" methods.
It is a fact of life that there are strict limits to what we can measure
by directly instrumented procedures, and these limits never include all
important cognitive activities and emotional experiences, such as creat-
ive problem solutions, subjectively experienced stress, and both reactive
and "free-floating" anxiety. Hence, it may be foolish to overstress the
need for objective measures per se. Rather, the goal that is more appro-
priate may be to "objectify" pilot assessments by providing appropriate
structuring to both the experience and recall aspects. By structure, it
is implied that systematic exposure will be given to the relevant condi-
tions, so that the pilot-rater has immediate experience with the work
situations that are to be assessed. Also, the recall situation can be
structured by use of standard inquiry procedures and aids to recall such
as playback of recordings and provision of the part-task objective rec-
ords.

In the B-737 flight tests a combination of 14 FAA observers from both
Washington, D.C., and the Western Region, air carrier, air traffic con-
trol, and engineering, as well as observers from the Boeing Company, en-
gineers from the 737 Control Cabin Equipment Group, and 737 Flight Test
Pilots, made up the evaluating technical team. Television and audio of
all cockpit activities were provided in the passenger cabin area to pro-
vide all the obse 'vers with full information of cockpit action. The
video, audio, and basic flight parameters were all recorded to provide
means for full playback as well as on-the-spot evaluation,

Every means had been taken to provide realistic in-service conditions so
that actual workload could be observed for both normal and abnormal con-
ditions, In addition, the video and audio portions of the flight were
brought back and analyzed. As each flight was viewed, a team of people
recorded with stop watches the number of minutes the crew could be ob-
served or heard to be taking action in each of 6 categories:
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Consulting maps and charts and setting RMI, course,
flight director, and autopilot.

Communication

Sending or receiving communications

Radio Tuning

Tuning radios for either navigation or communication
purposes.

Controls
Actuation of flaps, gear throttles, etc.
Systems

Operation of fuel, hydraulic, electrical pressuriza-
tion, anti-ice, etc. during flight.

Miscellaneous

Includes all other observed cockpit actions needed
in flying an aircraft such as check list reading,
writing down clearances, etc.

The resulting figures showed the time spent in climb, cruise, descent,
and approach that the crew members used for each of the above categories.

The remaining time was available for outside visibility and handling mal-
functions. A word of caution on these test results; all tests have their
limitations and this is no exception. Two of the major things that were
not shown in this crew action study results are: (1)} control movements
that were so small as not to be detectable, e.g., small corrections in
control wheel steering on the B-737; and (2) the multiple tasks such as
communicating while still maintaining outside observations. Of course,
the previous disclaimer covering covert activities also applies; think-
ing, problem solving, planning, and feeling could not be assessed from
the records.

At the end of a day of F&R flight that includes workload evaluation, it
is usual to ask each crewmember and designated observer to complete a
standard form covering special features of the day's flight, such as
weather and turbulence encountered on each leg of the trip and the type
of approach conducted at each terminal., In addition, there is wusually a
more detailed record form that tallies specific problems such as com-
pleteness and correctness of all check 1ists, notation of necessary check
1ist interruptions, determination of the acceptability of crew workload
upon special events such as a last minute change 1in runway assignment,
special air traffic routing, specific equipment outages, crewnember
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incapacitation, and the like. These record forms are intended to assist
the raters in covering all critical aspects of the flight and, thereby,
avoid any "halo" effect as might occur when an overall successful opera-
tion causes one to forget some detailed aspect of the flight that was not
satisfactory,

When these tabulations are completed on the day of flight, an analysis of
the objective data will not yet be available. Prior to final acceptance
by the TCB of the summed evaluations by pilots and observers, at Tleast
some sampling of the key objective records will have been made to ensure
that tabulations made from event records provide supporting evidence for
the pilot and observer evaluations.

Each participating pilot and observer is asked also to state his rating
of overall flight workload due to air traffic control procedures, commu-
nications, navigation, and collision avoidance and to rate the workload
level for all procedures combined. Very recently a three-attribute rating
of pilot mental workload has been developed to assist the assessor to ex-
plain observed workload in terms of the fraction of time busy, the inten-
sity of required mental effort, and the intensity of emotional stress
(see reference 22). This procedure uses a descriptive system patterned on
the Cooper-Harper aircraft handling quality scale, with three choices
under an overall rating of satisfactory, three more under an overall rat-
ing of acceptable, three more under an overall rating of unacceptable,
and one for impossible. This new three-attribute scale has not been used
in certification programs to date, and is reported here only as an exten-
sion of previously employed rating techniques. For past successful air-
craft certification programs, there has not been a single, standard meth-
od of collecting overall pilot and observer workload evaluations, In
every case, however, the participants have given both overall and specif-
ic ratings of the acceptability of workload encountered during the actual
test flights. The key guideline here is that all the data necessary to
substantiate the design must be collected. If the panel of expert pilots
concurs that the flight deck design is acceptable and compares favorably
with that of proven inservice aircraft, this substantiation has been ob-
tained,

One perspective on the flight test demonstration of workload acceptabil-
ity includes the idea that from the start, the FAA is looking at progress
with certain milestones. At the point of conduct of F&R testing, or simi-
lar inflight replication of major features of ordinary airline service,
the question is asked: Is this airplane tested and described well enough
so that it is re=sonable to write flight scenarios that are adapted to
its special features and that will give the opportunity for any novel
properties to be assessed? At completion of the review of all certifica-
tion data and the decision point as to actual award of the airworthiness
certificate, the question has evolved to: Is this aircraft ready to be
put in service with regular line crews?

Before actual revenue flying is initiated, the line crews are trained and

route checked. This process is closely monitored because several import-
ant steps besides crew qualification are taking place. First, the airline

5-9




ll'!:ﬂﬂIllIlIIllIll!IIq--E!-!!EE!lIIIIlH!l!!II!l!.FIIHIISSUII-F"‘~—'

T -

is writing its own procedures for standard crew functions in the new air-
craft. Secondly, the airline is installing items of its own equipment.
Finally, an MEL is approved for the particular operation. Any of these
may impact the overall configurational suitability of the flight deck de-
sign; hence, final determination on this point, and control of the final
line-service use of the aircraft is vested in the FAA regional office
having regulatory authority on that particular airline's operations.

This means that, for all practical purposes, the FAA chief inspector for
each airline putting the new aircraft in service has an additional re-
view of the operational acceptability of the new flight deck, and he
makes this review with specific knowledge of the procedures, equipment,
and operating limitations that may be applicable, individually. Since
this is a review by highly experienced operations inspection personnel,
pilots familiar with the airline's pilot training and qualification pro-
grams and any operating problems that may have been revealed in earlier
line service over the same routes, an important degree of assurance is
obtained.
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APPENDIX £

This appendix contains examples of letters and correspondence between an
applicant for certification of a single aircraft and the FAA.
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AUG 2 2 1990
B-7673-EA-14900

Department of Transportation

Federal Aviation Administration

FAA Building, King County Int'l Airport
Seattle, Washington 98108

Attention: Mr. Charles C. Schroeder, Chief - ANW-210
Engineering and Manufacturing Branch

; ( Subject: Letter of Program Definition for
o Qantas (QAN) 747-238B, RD533,
l Follow-on Combi

Reference: §a; Project T2245NW-D
b) Boeing letter B-7673-EA-13056
dated May 3, 1979

i
!

- Gentlemen:
This letter introduces a program for the certification of a
follow-on Qantas 747-238B Combi ajrplane.

General Information

The airplane is scheduled for delivery in October, 1980 and is
jdentified as follows:

Model S/N Line No. Block No. Registration
Combi 22615 483 RD533 VH-ECC

The airplane will be powered by RB211-524B2 engines and certificated
at the following gross weights:

Maximum Taxi 823,000 1bs.
Maximum Brake Release 820,000 1bs.
Landing 630,000 1bs.

The airplane is identical to RD532 certificated under the reference
project in November, 1979 except for minor production improvement
changes which do not affect the performance, handling, or operational
characteristics and the following differences.

PRECEDING. PAGE BLANK-NOT 1L
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B-7673-EA-14900
Page Two

Structures

The RD533 airplane will be a twelve-pallet combi while RD532 was
a six-pallet combi. There are, therefore, some minor Structural
= differences in the provisions for 833,000 1b. maximun brake

f? release gross weight.

Noise Certification

- Noise data substantiation will be the same as that provided for
= Qantas RD518, Project T2567NW-D.

‘i Automatic Flight Controls
‘ i These will be the same as on Qantas RD518.
Supplemental Air Circulation Fans

= Three additional recirculation fans will be installed in the lower
lobe to provide ventilation when operating the air conditioning
packs in a "fuel saving" mode. This mode is provided by pack flow
control valves which have a "half-flow" setting. Filters are
installed upstream of the three recirculation fans. An electrical
inter-tie will automatically shut down the fans when the cargo
fire extinguishing system is armed. The galley/lav vent system
will be modified so its air is exhausted through the outflow
valves in flight.

The controls are on M170 on the flight engineer's panel and are
depicted on the enclosure to this letter.

The reference (b) letter transmitted D6-13333, Appendix M,
Description and Failure Analysis for Economy Mode Air Conditioning
with recommended approval by A. B. Hartley.
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It is proposed that this installation be evaluated by DER during
production flight testing.

Interior Arrangement

In Zone B of the main deck, the business class seating pitch will
be increased. A minor interior inspection will be required.

Airplane Flight Manual

An Airplane Flight Manual revision will be submitted for approval.
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B-7673-EA-14900
Page Three

Significant Differences Drawing List (SDL)

Systems and Structures SDLs are enclosed.

Testing

A flight test specification for DER evaluation of the supplemental
air circulation fan installation will be submitted.

FAA Approval

Approval by DER according to Boeing/FAA Memorandum of Agreement
dated October 23, 1978 is recommended.

A draft NW Form 8110-)1 is enclosed.

Very truly yours,

| THE BOEING COMPANY
IRRINGL TNy gy

C. D. Engebretson
for Reginald Utting
Manager, Airworthiness
3 747 Division
Boeing Commercial Afrplane Company

Enclosures

cc: L/D Distribution
P. J. Conlon

JRT:gp
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Enclosure to
B-7673-EA-14900 .

DEPARTMENT OF TRANSPORTATION
Federal Aviation Administration
Northwest Region

ATRCRAFT CERTIFICATION ELIGIBILITY

All findings of conpln}xc {31. the Federal Aviation Regulations
applicable to the 47-238 have been completed and
potification is hereby given of related actions by this office:

1. A:I.rphne Flight Mamual ' applicable to
this Model has been approved.
2. Type Certificate )lo. is being revised effective
this date to include the Model _ . ;

3. Effective this date, production of the Model
will be suthorized under the terms of Production

Certificate No. .

L. Type Certificate Data Sheet No.__ A2OWF » Revisien
Ro. is being revised to include the following:
( ) The Model ‘under Section .
( ) Anew Section for the Model .
(x ) Serial Nos. eligible: 22615

( ) 4applicability of the following exemptionss

( ) The following limitations specifically applicable to the

Model ‘ . 2
Dates Uhlef, Englneering and Marnufacturing Branch
: : FAA Northwest Region
cc: ANS-100, MW-EMDO-41, Applicant: ’
ACDO Involved: ,

Orfainal to ANN-2100

WV Porm B110-1 (19/79) Supersedes previous edition
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Enclosure to
B-7673-EA-14900

SIGNIFICANT SYSTEMS DIFFERENCES LIST
(QF Model 238B, RD 533)

g
&
;
4
vy

' Drawing No. Title Used On
ﬁé 69846137-18 M/A Galley/Lav Fan ** 65B46006-5022
1

(Module Assy)

- 65B46118-174 WA Air Cond ** 65B46006-5022
_ $ (Module Assy)
60B00026-81 Flow Control Valve-**  65B40004-1
. Dual Schedule = 65840004 -2
65B40012-1
60840148-4 Particulate Filter ** 65848250-1
65B48250-2
65B48250-3
65B48250-4 Fan Assy ** 65848250-1
65B48250-2
65848250-3

** Ref. PRR 79162-1




& Enclosure to
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g SIGNIFICANT STRUCTURES DIFFERENCES LIST
?3 (QF Model 23€8, RD 533)
Li Drawing No. Title Used On !
E 65B15802-5 Stiffener * 65815087-201 .
& 65B15802-6 OPP 65B15802-5 * 65815087-202 |
] 65815880-1 Frame Instl * 65815087-201 ;
a 65815880-2 OPP 65B15880-1 * 65B15087-202 3
?5 69818885-1 Stiffener * 65815087-201 §;
f{ 69B18885-2 OPP 69B18885-1 * 65B15087-202 g
;‘  65815092-24 Tie-Shear * 65815092-1 f
5 65815092-2
H 65B15092-117 Web-Mid, Upper * 65815092-1
] 65815092-118 0PP-117 * 65815092-2
' 65B15092-119 Tie-Shear * 65815092-1

‘ 65B15092-120 OPP-119 * 65815092-2

65B15092-121 Tie-Shear * 65815092-1

65B15092-2
65B15092-122 Tie-Shear * 65815092-1
65815092-2

65B15092-123 Chord-Outbd * 65B15092-1

65B15092- 124 0PP-123 * 65B15092-2

65B15092-125 Stiffener * 65815092-1

65B15092-126 O0PP-125 * 65815092-2

65B15092-127 Stiffener 65815092-1

65815092-128 OPP-127 * 65815092-2

65815092-129 Tie-Shear * 65815092-1




Drawing No.

65B815092-130
65B08315-49
65808315-50
69818892-1

698188922

69818892-3

69818892-4

65808241-13
65B08241-14
65801893-235
65801893-236

65B01893-237
65B01893-238

65B01893-239
65801893-240

65810364-15
65810364-16

Title

0PP-129 *
Tie-Shear *
OPP-49 *

Shear Tie *

Shear Tie *

Shear Tie *

Shear Tie *

Strap (Bear) *
OPP 65B08241-13 *
Web *

OPP-235 *
(Except As Noted)

Doubler *

Doubler *

Doubler *
Doubler *

Chord *
OPP 65B10364-15 *

A-10
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SIGNIFICANT STRUCTURES DIFFERENCES LIST (Cont.)
(QF Model 2388, RD 533)

Used On

65815092-2
65B15092-1
65815092-2
65B15088-161
65815088-162
65B15089-1
65815089-2
65815090-1
65815090-2
65815091 -1
65B15091-2
65815090-1 "
658B15090-2
65B15091-1
65815091-2
65815090-1
65B15090-2
65815C91-1
658150¢1-2
65B15087-201
65815087 -202
65B01893-147
65B01893-148
65B01893-147
65801893-148

65B801893-147
65801893-148

65B01893-148

65B01893-147
65B01893-148

65801893147
65B01893-148
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SIGNIFICANT STRUCTURES DIFFERENCES LIST (Cont.) L

Enclosure to
E B-7673-EA-14900
4 (QF Model 2388, RD 533)

:;? . Drawing No. Title Used On :
E 65810097-31 Chord, Outbd * 65815096-1 j
N 6581009732 OPP 65B10097-31 * 65815096-2 “
E : 65815410-19 Skin-Machined * 65815087-201 j
g 65815410-20 OPP 65B15410-19 * 65815082-202
g 65815410-21 Skin-Machined * 65815087-201 ;
3 65B15410-22 OPP 65B15410-21 * 65B15087-202 4
g 65815410-23 Skin-Machined * 65815087-201 !
¥ 65815410-26 OPP 65B15410-23 * 65815087-202 §
E 65815410-25 Skin-Machined * §5815087-201 |
P ' 65815410-26 OPP 65B15410-25 * 65815087-202 |
?
;
¥ |
. i
5
3

* Ref PRR 79272-4
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