.

NASA-TM-77359 19840008738

NASA TECHNICAL MEMORANDUM NASA TM-77359

T
DEVELOPMENT OF A SYSTEMS THEORETICAL PROCEDURE FOR THE -
EVALUATION OF THE WORK ORGANIZATION OF THE COCKPIT CREW
OF A CIVIL TRANSPORT AIRPLANE

M. Fricke and C. Vees

Translation of: "Entwicklung einer systemtheoretischen Vorgehens-
weise zur Beurteilung der Arbeitsorganisation der Cockpit-Besatzung

‘von zivilen Transportflugzeugen” Technische Universitaet, Berlin,

Institut fuer Luft- und Raumfahrt, Berlin (W. Germany), Final Report,
May 1983, pp. 1-145.

MGy 9 1403

LANGLEY RESZARSH CaNTE
A PR SNl s
LIgRary, riaga ;

HA.".TPTON, VIRZINIA

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
WASHINGTON, D.C. 20546 SEPTEMBER 1983

.

LT

—_—



D

Ay

M STANDARD TITLE PAGE

1. Ruport No. 2. Covernxant Accossion No. 2 Reclplent’s Catalog No,
NASA TM-77359 -
4. Title ond Subiitle - . ) . 5. Ropo;l Date

DEVELOPMENT OF A SYSTEMS THEORETICAL September” 1983
PROCEDURE FOR EVALUATION OF WORK ORGAN. . .| 8 Pefoming Orgenisctien Code

[

-

7. Authsi{a) . . 8. .Poﬂcm!ng O:rgonizction Report No.

M. FTiCke. and C. Vees . 10. Yerk Unlt No.

9. Performing Crgenizotion Neme and Addiess ) ’ 11, Centroct or Grent No,

{ Leo RKanner Assoc., Redwood City, CA94063 NASw=3541

13. Type of Report ond Puriod Covared

-

Translation
12. §9°\"=°“n“ Agency Nemse ond Address’ .
National Aeronautics & Space Admin. T2 Sromsorina Aamey Code
Washington, D.C. 20546
15, Sezslementory Notes Translation of: "Entwicklung einer system-

g der Arbeits-—
len Transport-
Institut fuer

t, May 1983,

theoretischen. Vorgehensweise zur Beurteilun
organisation der Cockpit-Besatzung von zivi
flugzeugen" Technische Universitaet, Berlin,
Luft- und Raumfahrt, Berlin (W. Gefmany),Flmﬂ.qun

pp. 1-145.

16, Atsuger . | L. >
For an optimum design of the man-machine interface

with-aircraft, a description of the interaction and, work
organization of the cockpit crew is needed.’

The goal of the progect is to develop a system-theoretica
procedure to permit ah ewaluation of the work organization of
pilots while structuring the work process.

Té-simulate sequences of pilot dctions on ther:computer,
statistical data is needed which can be obtained from tests
on the .flight simulator. - Investigations of computer simulation
and a discussion of their applicability for evaluating crew
concepts is also provided. . :

17. Key Words (Seiected by Author(s)) 18. Distrlbution Stotement

L . . Unclassified-Unlimited

Z -
19. Security Cloxsil, (of this report) 20, Security Closslf, {of this pege) 21 Mo, of Pcges 22,

‘ Unclassified ° Unclassified

iminance

Jad

T T W




Summar

For an optimum design of the man-machine interface with
aircraft, a description of the interaction and work organization
of the COCkplt crew is needed in addition to an analytical descrip-
tion of the operatlons of the pilots.

The work organization for pilots in civil transport aircraft
is specified in crew-concepts which are generally developed
empirically and checked.

The goal of the project is to develop a system-theoretical
procedure to permit an evaluation of the work organization of
pilots while structuring the work process.

The requirements of work organization are worked out which
result from the influences on the cooperation of small work groups.
The fundamental structures of present crew concepts are then com-
pared to these requirements.

Besides the preparation of basic procedures to develop a
method of evaluation, existing descriptive forms for illustrating
action sequences and decision-making processes are checked for
their applicability to the evaluation process. From this, a rule
is developed for describing the work sequence in the cockpit.

To simulate sequences of pilot actions on the computer,
statistical data is needed which carn be obtained from tests on
the flight simulator. Investigations of computer simulation and
a discussion of their appllcablllty for evaluating crew concepts
is also provided..
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DEVELOPMENT OF A SYSTEMS THEORETICAL PROCEDURE FOR THE EVAL-
UATION OF THE WORK ORGANIZATION OF THE COCKPIT CREW OF A CIVIL
TRANSPORT AIRPLANE '

M. Fricke and C. Vees

Prof. M. Fricke, Ph.D. and C. Vees, Institut fuer Luft- und Raum-
fahrt, Technische Universitaet Berlin. May 1983

1. Introduction

In addition to the work division between man and machine, the
workspace and work process structure are important considerations
in the design of a man-machine system. If several operators are
included in the work process, then organizational guidelines are
usually specified to support a smooth, safe and effective flow of
work. For instance, in the area of civil aviation, the tasks of
a cockpit crew are specified by so-called crew concepts. They
contain the allocations of tasks and responsibilities and guide-
lines for communication within the crew and specifications for
individual action-sequences (procedures).

With the design: of new aircraft cockpits and the incorpora-
tion of new cockpit systems, the work division between pilot and
aircraft is generally changed, so that a change in the woxk pro-
cesses and thus in the crew concepts become :necessary.

The coming aircraft generation will be distinguished by
far-reaching changes and expansions of cockpit systems /13, 37, 48/.
The increasing requirements of economy, flight-control accuracy
and aircraft safety will be met in the cockpit area through digital-
_ization of systems, increased use of on-board computers and a

reduction in the cockpit crew /2, 4, 5, 12, 28, 43, 49/. 1In this
case, new technologies will come into use, especially in the area
of display-control elements /37, 39, 48/. The technical and
operational changes will affect and activity or task-range of
the pilots.

Besides their new role as system manager, the pilots will
be assigned additional tasks if the crew size is reduced.

Thus the division of tasks and responsibilities within the
crew will have to be re-designed.

Thus, a method of evaluation is needed which will permit a
check during the aircraft development stage, of the proposed cock-
pit design and of desired procedures to determine the capabilities
and safety of the selected work organization.

*Numbers in the margin refer to pagination in the foreign text.



The work organization of the cockpit crew of civil transport /2
aircraft has been developed empirically. Checking of the capabil-
ities and safety of the concepts was performed under the assump-
tion of normative pilot behavior. Investigations of aircraft
accidents have shown however, the concepts defined in this manner
can still lead to strings of incorrect actions and to an overload
of the pllOt /25, 26, 47/.

The method of evaluation under development should check the
work organization of cockpit crews of civil transport aircraft
with regard to their capabilities and safety. In particular,
time task-pileup and conflict situations should be recognized
and the work load of the individual crew members should be deter-
mined. Furthermore, the safety limits of the crew concepts
. should be determined for non-normative pilot behavior.

The procedure for developing an evaluation method is presented
in fig. 1. The method will first be evolved for a representative
example and finally it will be applied in a larger framework for
its applicability to existing crew concepts and validated. Selec-
tion of a crew concept and of a flight task for the example,
is followed by a task analysis of the pilot actions to be performed
in the example.

Development of the evaluation method is organized into two
phases. First, the selection and testing of decision-making forms
in order to present crew actions on the computer for the selected
example. After its completion, the descriptive forms shall be
used as a working means for the evaluation process in order allow
a check of the action-sequences and events in the cockpit based
on a Monte-Carlo simulation.

The descriptive forms shall be used to simulate action sequences
and decision-making processes. Reference will be made to existing
theorems for illustration of such activities, from which the
theorems used for the evaluation method will be selected or worked
out.

In order to check the capability and reliability of the /3
selected theorems, a simulation of crew activities is performed
on the computer. Statistical data on the reaction and manipula-
tions times for the individual pilot tasks will be needed for
this. This statistical data can be obtained from measurements
on a flight simulator.

The tests on the flight simulator pertain to the flight task
and crew concept selected for the example. They also serve for
determination of the statistical data for a determination of the
work seguences in the cockpit, which are to be compared with the
computer simulated work seguence.

Results are expected from this comparison which will lead
to a modification and improvement of the selected descriptive forms.




In the second phase of the proposal, an evaluation method
will be developed from the existing, descriptive theorem. This
includes first the development of evaluation criteria, the poten-
tial conflict situations, overloads on individual crew members
and recognition of danger situations. The descriptive forms
to simulate the action sequences are predicated upon guantitative
specification of evaluation criteria.

The computer simulation prepared in the first phase of the
outline initially provides only for a description of activities
inside the cockpit. But to view the entire process, the mutual
interactions of crew members and of the flight control process
must be taken into account. In order to be able in principle to
account for all possible events during the flight for an evaluation
of the work organization, a corresponding, extensive test program
" muct be provided for the computer simulation.

Information is expected on the applicability of the method as
an aid in the design of crew concepts and in the evaluation of
the effects of non-normative pilot behavior on the work process.

2. 'Specification of Cooperation of Cockpit Crews Through Crew
Concepts )

An efficient and reliable execution of flight tasks is predi-
cated on aneffective work performance of the cockpit crew. The
cooperation and capability of the crew is determined by the systems
available in the cockpit, the level of automation, legal and opera-
tional specifications. In addition, the individual capability
of pilots and the work organization in the cockpit will affect the
work performance of the entire flight team (see fig. 2.1) /25, 38/.

By changing these parameters, an increase in the work per-
formance and an increase in the safety of the entire system can
be achieved.

Therefore an attempt was made to draw conclusions from
accident investigations which would lead to actions for improv-
ing the capability and reliability of the crew. Furthermore,
the potentials to improve cooperation with pilots were discussed
/20, 26, 40/. It was found that possible solutions, like train-
ing, standardization, regulation and development of procecures do
contribute to safe work and performance of the individual pilots,
but have little effect on cooperation of pilots and on effective-
ness of crew actions /25/. The individual work performance of
the individual crew member contributes only to a slight extent to
the performance of the entire team /22/. Therefore, a change
in the task structure of the pilots and the development of precise,
standardized crew-responsibility criteria is proposed /25/.

This led to the development of work organizations for the
crew which are summarized into so-called crew concepts. Aspects
to be taken into account in the development and revision of such
concepts are presented below. Next, an overview of the basic
structures of existing crew concepts is presented.

/4




From this, the considerations needed to evaluate crew concepts
are worked out and the requirements of an evaluative method are
specified.

2.1 Influences on Cooperation Amdng Pilots /5

A smooth cooperation of the pilots is a fundamental prere-
quisite for the safe completion of the mission, especially in
operating phases having a high task-density. The increasing
transport density, complicated flight safety regulations and
noise-reducing approach and departure methods place high demands
on the flight accuracy of the aircraft and thus on the capability
of the cockpit crew. With the introduction of new navigation
aids, like e.g. the MLS, curved and variable approach paths will
further increase demands on the pilots.

The number of tasks to be performed by the pilots requires
a precigse coordination of their activities. This coordination
must take place within the crew and between ground requirements
and environmental events to harmonize with the work process in
the cockpit. 1In order to assure the safety of the system, this
coordination may not overwork the pilot, but must be clearly
specified. '

In /25/ reasons for an ineffective crew performance are given
which lead to near-misses or accidents. These are primarily o
problems affecting the role and relations of the pilots, problems
due to changing tasks, division of execution and responsibility
for actions and the indifference of crew members to regulations.
Thus, in the work organization of the cockpit .crew, the work
division, allocation of responsibility and basic rules of communi-
cation between pilots must be specified. The capability of the
crew is greatly affected by this work organization.

In the development of work organizations the influences on
this pilot cooperation and on the crew capability must be taken
into consideration first.

A basis for a high-performance work of the pilot team is an
optimum cooperation between man and machine. Ergonomic and
anthropotechnical considerations, like cockpit architecture, design
of display and control systems and level of automation, must be
taken into account.

In addition, operational and personal considerations, and /6
the properties and relations of the particular tasks are per-
tinent to pilot cooperation.

In /22/ an overview is given of the important parameters
affecting the cooperation of several men in a working team and
the effectiveness of that team.

A team or crew is defined as a well-organized and a well-
structured working group subject to relatively formal action-
sequences. This definition also applies to the cockpit crew of
aircraft. Parameters affecting the work performance of the group
are:

A



-the number of crew members
-the crew organization
-cooperation and
-composition of crew members.

2.l.i Number of Pilots .

The number of crew members affects the potential organization
and cooperation. As the number increases, a coordination of
actions is impecded /22/. For smaller groups, like e.g. in the
cockpit, the size of the crew is determined primarily by the
properties and structure of the tasks to be performed.

The cockpit design is also important here. Through local
allocation of cockpit systems, allocation of tasks to crew
members can already be specified and thus the work organization
is affected. A relatively large number of crew members also
causes a local separation in the cockpit. Thus, the pilots can
get an overview of the entire available information. Further-
more, the mutual monitoring of crew members is impeded and the
redundance and safety of the system is reduced. For instance,
in a 3-man crew of standard arrangement in the cockpit, a mutual
monitoring of the pilots and monitoring of the pilots by the flight
engineer will occur. But the pilot is not able to monitor the
flight engineer /26/.

If the crew size is reduced, the pilots will have to take
on more tasks, but communication and monitoring problems will .
be simpler /16/. An excessive work load on the pilots must be
counteracted by a higher level of automation of cockpit systems.
This can be done e.g. by development of intelligent warning and
control systems. With a reduction of the crew there will be
less space available for installation of display and control
elements, due to the action-space of the pilots and this will
require a redesign of the cockpit and of its systems. The
increase in the effectiveness of crew performance and economy
of aircraft leads to the specification of the so-called Minimum
Operating Crew. For example, in spite of the high development
costs, efforts are underway aimed at a 2-man crew in future
commercial aircraft in order to reduce direct operating costs /49/.

The specification of the Minimum Operating Crew must be
taken into account right in the aircraft proposal stage. It is
directly related to the development of the work organization of
the pilots since both are needed to check the safety of the
overall system via activity analyses, time and motion studies and
stress measurements. Through the establishment of the minimum .
operating crew, the composition and placement of cockpit systems
is also affected which can cause an 'a priori' specification of
the crew work division. The number of crew members and the
resulting spatial distribution in the cockpit directly affects
the potentials for communication and monitoring guidelines to
be specified in the work organization.

/7



2.1.2 Work Organization

The organization of the crew members describes the relatlons
between the tasks or activities to be performed, and the opera-
tors /22/. Included herein is the specification of responsibil--
ities of the individual crew members for individual tasks or
activities and the responsibility for correct execution of said
tasks.

Knowledge of the organization of a working group permits a
quantitative prediction of the work performance of the group,

provided the particular tasks and task-relations are also known /22/.

The work of the pilots and the performance of the crew is
determined primarily by the specifications from the organization
of the crew. BAn effective, safety-promoting work of the crew
can only exist when the regulations of the work organization are
followed, when they provide clear instructions for all situations
and do not overload the pilots.

A non-normative behavior of the crew can be attributed to
excessive workloads on individual crew members, to the indiff-
erence of the pilots to regulations and ambiguity in task alloca-
tion. Such ambiguities appear especially when activities and
responsibilities are assigned to different crew members, e.qg.
-for command responsibility of the pilot when the co-pilot is

flying, or
-for the responSLblllty of the flight engineer when the pllot
deviates from prescribed procedures /25, 47/.

In addition, a non-normative behavior of the pilots is
expected when danger situations occur which cannot be countered
by following acceptable procedures /18/. There can be two reasons
for this relative to the crew organization.

First, the work organization can have caused the emergency
situation through ineffective monitoring guidelines and absence
of redundance leading to several incorrect subtasks, and by not
providing clear instructions for the emergency situation.

Second, the work organization can prevent a timely solution

to the problem before occurrance of the emergency situation through

stringent regulations and a lack of flexibility.

The flexibility of crew members in following the work organ-
ization is viewed as very important for normal situations /22/.
It allows non-normative sub-actions to be corrected quickly within
the normal, normative procedures.

In addition, a too stringent work organization in normal
situations would increase the probability of pilots not following
the regulations /22/. But in emergency situations a strict and
very accurately defined work organization is needed since one
generally cannot expect the pilot to get an overview of the precise
extent of the error in the very little available time and to be

/8
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able to select the correct reaction.
2.1.3 Cooperation of Crew Members /9

The cooperation of group members is the most important
characteristic distinguishing a working group, crew or team from
a group of individual operators /22/. This cooperation includes
all interactions between crew members, mutual information, coordina-
tion and joint or coordinated action. Whereas the coordination
of actions is governed primarily by the work organization (see
sec. 2.2), information and communication are the parameters under
consideration here which affect the capability of the team.

Often a working group is described as having particularly
good cooperation based on their capability, and additional,
not-precisely defined properties of the group members are in—
cluded in this concept. The concept of cooperation should thus
explain the phenomenon that certain working groups are more S
capable than other groups under the same communications guidelines
and the same work division. The reasons for this could be called
"motivation," "better understanding of group members for each
other" or "better adaptivity of members to the group."

But these cannot be clearly defined and are usually indiv-
idually founded factors which subtract from a systematic and
general regulation by specifications or training procedures.

The systematic influencing of the capability of a crew by
improving the cooperation is thus possible through the regulatlon
of communication and information guidelines. :

This regulation is all the more needed, the more the tasks
of the crew members depend on each other by content or time.
The simultaneous, direct influence of the flight process by the
pilots requires an extensive, mutual information. & sufficient
safety can only be obtained when each pilot is informed not only
about the entire system status, but also about the activities
and intentions of the other crew members.

For a secure transmission of usually verbal information in /10
the cockpit, redundant communication guidelines are needed. Since
the work division of the pilots and the division of responsibilities
are variable in many cases and can be exchanged by the pilots,
unequivocal guidelines and transferral specifications are needed.

The communication guidelines should make sure that they permit
not only contentually unique and redundant information flow, but
also cover any occurring misunderstandings and inattentiveness of
crew members which may yet occur.

2.1.4 Composition of Working Groups

The composition of working groups differs e.g. by sex, age,
race, ability, education, experience and personality of the in-
dividual crew members, and by the type and distribution of these
characteristics within the team. In acddition, there are factors



arising from the time-duration or stability of such compositions

/22/.

The influence of these parameters has evolved over the years
particularly with regard to the composition of older, more
experienced aircraft pilots with young, newly-trained copilots
and has been recognized as a safety hazard /44/. It was also
superimposed by a role misunderstanding of many, older air
captains /45/. The influence of such individual parameters on
the capability of the crew must be suporessed by appropriate
schooling and attitude training of the pilots since the work
schedules and rotation regulations constantly cause a change in
the composition of the flight crews, particularly in large air-
line companys. The individual characteristics of the pilots
must therefore be suppressed in favor of interchangeability and
in favor of a uniform capability in each team composition.

2.2 Overview of the Structure of Present Crew Concepts /11

The role assignment of pilots in the cockpits of civilian
transport aircraft has been subjected o0 a severe change in recent
years. Whereas before the command of :the aircraft was solely in
the hands of the flight captain, and co-pilot and flight engineer
were relegated to the role of "hand-exitenders," efforts today
are aimed at a uniform distribution of tasks and respon51blllt1e5-
in the cockpit /44/.

Such a distribution is necessary since the number of tasks -
for efficient and safe operation of the aircraft, the complexity
of modern on-board systems and the recuirements of flight accuracy
will overload the work capacity of a single pilot.

Detailed flight accident investigations and stress studies
indicate rather, that a uniform distribution of the workload to
the entire crew in all flight phases, standardized distribution of
responsibilities and precise specification of relations between
the crew members are absolute requirements for the safe operation
of the aircraft /29, 40/. Furthermore, optimum procedures,

a coordination of crew actions and well-structured checklists
are viewed as necessary to maintain safety /26/.

The new role distribution resulting in the cockpit provides
for the coordinated cooperation of crew members with equal rights
/30/. It presumes that all crew members are aware of the entire
sequence of the £light command process at all times of the flight
/26, 45/. Furthermore, each crew member is also required to
perform his own work and monitor the actions of the other crew
members and to report any striking abnormality in the system /45/.

Mutual monitoring of flight captain and copilot is considered
unproblematic, since both are busy in close cooperation with the
same tasks of aircraft command. But the implementation of mon-
itoring of the flight engineer by the pilots is more difficult



since the former is busy with other tasks and usually sits behind
the pilot. The monitoring of the flight engineer by a pilot
means that the pilot must 51multaneously leave his field of effort

/26/.

A coordination of crew activities should also prevent a
series of situations recognized as potential sources of accident.
For example, at all times at least one pilot should observe
the most important aircraft status readings. Both pilots thus
should never perform tasks simultaneously which divert them from
aircraft command /40/. Possible solutions to improve the work
performance and safety in the cockpit are the definition of
work organizations with work division, communication and coordina-
tion guidelines and training on flight simulators specifically
for pilot cooperation.

Concepts for tasks and roles of crew members currently pre-
vailing in the air transport companys generally provide for
two parallel structures in the cockpit:

the so-called "command-line" and the "functional-line." The
functional-line assigns the crew members to their position in the
cockpit. They are generally designated as CM1, CM2 and CM3 (CM =
crew member), with positions

CMl: front left

CM2: front right

CM3: rear (on system panel)

The command-line is defined as:

Captain (pilot in command = PIC), First Officer, System Officer /1/.

The pilot in command bears responsibility for command of

the entire mission and coordinates the work sequence in the cockpit,

regardless of the sometimes alternating action-responsibility
for individual tasks. The allocation of tasks to the individual
crew members differs for the pilot £lying (PF) and the pilot not
flying (PNF). The roles of the PF and PNF are interchangeable
between CM1 and CM2 /44/. .

The goal of this division is to assure full use of a pilot
for the primary task of flight command /10/. The precise assign-
ment of individual tasks and activities to the roles of PF and PNF
are different for each aircraft type and in every airline company.
In addition, the various guidelines of the company instruct the
pilots in a corresponding allocation of roles of the PF and PNF
to the positions CM1 and CM2 for different flight phases. For
the assignment of individual activities to the areas of respon-
sibility of the PF and PNF, an analysis of all tasks performed
in the various flight phases and their breakdown into "specific
behavioral objectives" is available /45/. "SBOs" represent
attainable task-goals through precisely defined conduct and
specified activities. These activities can finally be assigned
to the crew members with consideration of specific guidelines /1/.

/12
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The resulting, general work divisions are presented in the
tables in figures 2.2 and 2.3. The precise assignment of individual
tasks to the crew members is found in the appropriate handbooks
/6, 10, 11/.

The cockpit design of future transport aircraft is distin-
guished by extensive digitalization of systems, new technologies
for display and control elements and bv a desired reduction in
the cockpit crew /48/. TIf the flight engineer remains in the.cock-
pit, a change in his seated position with a view forward (FFC--
forward facing cockpit) is suggested /12/. The systems observed
by him will be integrated into the front panels or into the over-
head panel. :

Whereas a better, mutual monitoring of crew members will
be achieved compared to the existing arrangement in the cockpit,
the newly developed on-board computer systems represent a work
capacity which could permit a reduction to the two-man crew /12/
The safety and reliability of both concepts will have to be '
demonstrated by a differentiated investigation of the procedures
developed for them. In addition, the effects of the new technology
on the workload on the pilots and on the entire work process will
have to be taken into account.

The statements of various airline companys on the structure
of the work of their pilots in operational aircraft are based
on the same prerequisites, but differ in the method of their
evolution. For example, the work division resulting from the crew /14
concepts is described in detail in the flight operations hand- " o
books /6, 10/, a presentation of the principles underlying the
work organization has only been found in /1/.

In /27/ there is an overview of the approach method specified
for US airline companys with reference to the pertinent crew-
coordination concepts.

The goal of the work organization is a clear and balanced
distribution of tasks to the members of the cockpit crew.

In order to promote an orderly cooperation, mutual monitoring
and support of crew members, in /10/ guidelines are presented for
communication of pilots and for delegation of tasks, in addition
to the work division presented in fig. 2.3.

Since the pilot flying assumed direct command of the air-
craft, the pilot not flying will have to do all additional,
needed switching tasks. after being requested to do so by the PF.
While the PF performs the control of the aircraft and the thrust
control, the PNF upon instruction, must set the flaps and spoiler,
lower the landing gear and select radio speech and radio naviga-
tion frequencies.

The delegation of such tasks is subjected in /10/ to a form-
alism which is to assure the timely and proper execution.

10



With a verbal confirmation of a regquest, the assigned crew
member assumes responsibility for execution of this task. He
is thus obligated to perform the action and tb check the success
of the action based on the appropriate indicators. Finally, a
report is made that the task was completed. This confirmation
requires the tasking member to check the action again /10/. The
communication between pilots prescribed for the delegation of
tasks thus provices for verbal confirmation and completion

reports. This principle of two-way communication /44/ should assure

that the tasked crew member completes the requested activities
as "conscious action." This includes also a check of whether
the required action can be performed under the particular system
status.

The introduced guidelines for work division, coordination
and communication of crew members form a valuable framework for
a safe and capable cooperation in the cockpit. But the applica-
tion of these guidelines to the individual activities, flight
phases and situations is decisive for the reliability of the
system.

In the transfer of crew concepts to the procedures for pilots
using the example of the approach flight, four different principles
are found in the literature (fig. 2.4) /1, 4, 27/.

From the different distribution of responsibilities for
actions and overall responsibility for the flight, conflict
51tuatlons can develop.. :

Besides the responsibility for the entire mission, the pllot
in command has to make the decision on continuing the landing or
performance of the "go around" procedure. The most important
criterion for his decision, namely the identification of the run-
way, is providec by the copilot (prlnc ple 1). In another case
he can perform this task entirely alone, but has no direct
influence on flight command, since the copilot is flying the
aircraft (principle 2).

In addition, in both cases the pilot flying by instruments
must switch to visual approach in the middle of his approach
flight. Besides the adaptation to external visual conditions
connected with this, the tendency of pilots to switch to visual
approach as soon as possible exerts a dangerous influence /29/.

On the other hand, conflict situations can arise when the
copilot as PF guides the aircraft and recognizes that the PIC
is making wrong or hazardous decisions. Here the action-respon-
sibility of the PF is opposed to the command responsibility of
the PIC.

The third principle attempts to go around these conflicts.
But here the difficulty appears that the flight command task has
to be transferred in the middle of the terminal approach which
again requires an adaptation phase.

11




In principle 4, the transfer of aircraft command is taken
into account. But here a continual flight implementation by :
instruments is assured beyond the landing decision. The parallel /16
and equally-authorized decision authority for the landing decision
can also lead to conflicts in connection with the overall re-
sponsibility of the PIC. The examples presented here pertain
to manual aircraft command which is not used in most cases of
normal flight performance, but is needed in system failures.
But in the exceptional cases or emergency situations such con-
flicts have a particularly severe effect.

In addition, in viewing the work organizations one must take
into account that to prevent or recognize errors, checking
tasks, confirmation and reporting methods have to be introduced.
Failure to follow these procedures by the pilots or their lax
execution in phases of higher workload could lead in chains to
danger situations which are not recognized by the pilots in time. -

The emergency procedures minimized and strictly organized
for emergency situations are only applicable to a few, precisely
defined emergency situations. Therefore one must check whether
the pilots can come out of dangerous situations without having
to leave the normal, prescribed procedures.

Emergency situations, wrong reactions and decisions occur
generally due to pilot overload. This overload should be pre-
vented by a uniform task distribution cefined in the work organ- -
ization. '

The preparation of time budgets for the pilot actions is
not sufficient for estimating their workload. Such time budgets
do not point up individual, short task pile-ups which lead to
load peaks. Such task pile-ups necessarily occur when the actions
of crew members are interrupted by regquests via radio or e.g.
during the approach when clearance is changed and a new approach
has to be prepared in the shortest time due to high traffic den-
sity.

The procedure described in /45/ for development of work divi-
sion via SBOs and the prerequisites described in /1/ presume that
a work organization is being proposed for an already existing
cockpit. With the specified positions of display and control
elements in the cockpit, certain allocations of tasks are spec-
ified 'a priori' without an optimization of the procedures being
possible. A useful development of the work division for the
pilots must be performed in connection with the cockpit proposal
in order also to assure potential access to the positioning of
cockpit elements.

3. Selection of Descriptive Forms
The cooperation of the pilots in the cockpit is affected by

the specification of work organization with regard to work division,
action sequences, coordination and communication of crew members.

12



But the crew concepts provide no guidelines about the type of
implementation of individual tasks. From this result the require-
ments for descriptive forms to be used for the evaluation of

work organizations.

The descriptive forms must permit primarily the illustration
of action sequences under consideration of specified guidelines
on work division and coordination. Furthermore, they must be
able to describe the effects of certain system states or actions
on the work process of the pilots. Since the theorems to describe
the work sequence in the cockpit are of prime importance for the
evaluation methoé, the description and simulation of effects on
the flight status and flight command process are not considered
in this chapter. The description of effects of crew actions is
only taken into account here when we are dealing with decision
processes which directly affect the course of the work process
in the cockpit.

The previous development and evaluation of crew concepts
takes place via time-line anayses which determine the workload
on the pilot via the determination of time budgets, in addition to
a detailed task analysis.

The goal of the time-line analysis is to determine the work-
load on operators in complex man-machine systems and the capabil-
ity of the entire system /17/. The analysis provides for the
determination of all execution times of task elements of the
operators in order finally to compare by a simulation, the time
span available for a specific mission with the time span needed
for performance of that mission. The procedure and a program for
implementation of time-line analysis are described in /23/ and
/24/ for evaluation of the workload on pilots.

The time-line analysis represents a very detailed investigation
of the activities in the cockpit. With the precise breakdown of
individual tasks down to individual motions of the pilot, the
needed time can be determined very accurately. The influences on
the work process of the pilot due to the crew concept are taken /18
into account by the task analysis, provided they include the work
division, individual, prescribed activities or relations. Account-
ing for the different times for individual actions is possible
by a Monte Carlo simulation in the calculation of the individual
functions /35/. The basis of the analvsis is of a normative nature
where adherence to guidelines by the pilot and maintenance of
specified time frames is postulated. The results of the analysis
indicate whether these prerequisites are fulfilled. The reasons
for exceeding the max. permissible workload are not made visible
however.

Thus, chains of wrong actions of the pilot can lead to a
suddenly occurring increase in demands and thus to pilot overload.
Critical steps, decision-bearers or guidelines in the work organ-
ization which cause such danger situations are not recognized by
an isolated consideration of time budgets.

13



" In addition, the correct execution of the individual tasks is

presumed in the analysis. Effects on the work process of the
pilots resulting from an incorrect handling of individual tasks

can also not be taken into account in the analysis.

As an aid in the description and calculation of the time
profile of work processes, we have the waiting loop theory, in
addition to the time-line analysis.

The fundamentals needed for analysis and calculation of
the load on waiting loop systems are presented in /15, 19, 21, 33,
46/. Whereas an analytical solution is possible when considering
simple systems, to obtain numerical solutions to complex systems,
use of the Monte-Carlo simulation is suggested /33/. The basic
procedure for simulation of waiting loop systems and program
examples is explained in /46/. The equations for modeling and
description of manipulation processes with the waiting loop theory
are concentrated in the area of man-machine systems on monitoring
tasks and man-machine cooperation.

The suggestion to describe the man-machine interaction by
a waiting loop thedbry /31/ represents a relevant starting point
of the evaluation method to be developed here. Proceeding from
the modified requirements of men in modern systems of aircraft
command, the modelling of man collaberating with intelligent
computers was evolved /8, 9, 32, 41/. The complex task-situation
for man is reinforced by the example of the flight management
task.

In /8/ the extent to which a variable task distribution
@dapted to the workload on the pilot) can be achieved between
the computer and pilot, is investigated to see how it will con-
tribute to the performance of the entire system. The cooperation
of man and computer was modelled by means of waiting loop theory
and theory applicability was demonstrated for the flight manage-
ment task /8, 41/.

The model is suggested for determination of the workload on
pilots /8/. Compared to the results from the time-line analysis,
the operating-theoretical view offers additional results through
the possibility of flexible presentation of time-variant prior-
ities in the operating process and by allowing an expansion to
several operations /9/. Also, a calculation of the time workload
on the pilot is possible not only as in the time-line analysis, but
also an indirect determination of the workload via the length of
the waiting loops /9/.

The results developed in the described work permit a definite
conclusion about the applicability of the operating theorv for
modelling the cooperation of the pilots. Thus, for the evaluation
method under development a theorem was suggested which puts the
description of the work process in the cockpit into a waiting
loop model with 2 operators (pilots) with parallel waiting loops.
The tasks to be performed by the pilots appear as customers in
the operating system. The theorem is described in sec. 3.1.
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For a description of crew concepts, besides a description
of the action sequence, the pilot decisions relevant to the work
process must be taken into account. Any non-normative decisions
should also be taken into account.

The theory of indefinite sets provides the possibility for
presentation of imprecise statements with mathematic aids. Its
fundamental definitions are presented in /51/.

The imprecise representation of verbal statements ané the
modification of evaluation criteria through additional subjective
estimations are fundamental properties of human decision-making.
Thus the Fuzzy Set Theory may describe and analyze human cdecision-
making processes. Appropriate laws are presented in /3, 42, 50,
52/. They sometimes proceed from different structures for
presentation of decision-making.

The equation presented in /50/ describes the decision- /20
making bv means of a matrix of evaluation numbers. The matrix
element B (0< 3;;<1) indicates the extent to which a possible
alternative A, fulfills a certain evaluation criterion C=.
Different-stréngth influences of criteria and relations 0f criteria
to each other can be taken into account. The evaluation numbers
B: are considered as imprecise companion values. The determination
o% the best alternative is done via a min-max determination in
accord with the rules of the Fuzzy Set Theory.

The decisions to be made by the pilots shall be described
in the computer simulation of the evaluation method to be developed
for crew concepts. The structure of these decision-tasks is
relatively specified by the alternatives and criteria described
in the flight handbooks. An analysis corresponding to the theorem
of /42/ by using decision-making trees would require measurement of
all evaluation and probability functions, which practically could
only be performed via pilot questionnaires which would lead to
incorrect results. Therefore, for the analysis and description
of the decision tasks we refer back to a form corresponding to
that in /50/. The number of functions to be measured is reduced
to the number of specified criteria. Whereas in the matrix only
the specified and measurable criteria are taken into account, it
seems useful to combine the subjective criteria of the pilot in
the imprecise evaluation quantity Bﬁ.

The equation is presented in detail in sec. 3.2.
3.1 Waiting Loop Model to Simulate Action Sequences in the Cockpit

A waiting loop system was selected to describe the action
sequences of pilots on the computer; it is illustrated in fig. 3.1.
The system contains 2 parallel processing channels whose operators
represent the two pilots in the cockpit. "Customers" or process-
ing units of the system represent the tasks or activities to be
performed by the pilots. In acoord with the properties of these
tasks, they are assigned into task classes and placed into a
supply file. The supply file contains all possible actions of the
pilots during the flight phase. The tasks appear in the crew
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system in accord with a specified time distribution; they are
allocated to processing channels in accord with the

work division of the pilots specified in the crew concept and
are processed by the pilot or copilot.

If the pilot is busy with a task upon arrival of another task,
a walting loop forms. Once a task has been processed or an action
performed, it leaves the crew system. Multiple-occurring tasks
return to the supply file; final, completed tasks or one-time
actions leave the cycle. :

The effects of implementation of tasks on the flight command
process and the processing status of tasks are determined in an
information system and stored.

To determine the capability of the waiting loop system, we
need to know the frequency and processing rate for the tasks to
be handled. To apply the waiting locop model to the work process
of a cockpit crew, the conditions of the flight command process
have to be transferred to the functional mechanism of the waiting
loop model. The parameters of the waiting loop system to be
defined are assumed to be time-invariant within an operating phase.

In the definition of input parameters for the waiting loop
system, functional and process-sequence parameters are differ-
entiated (fig. 3.2). ' The function-specific parameters determine
the allocation of tasks to the processing channels, the urgency of
their processing and their time dependence on other tasks or events
of the flight command process. These parameters can be found in
the crew concepts and flight handbooks.

‘By the task-type, we mean the allocation of a task to a /22
processing channel in accord with the work division of the pilots
specified in the crew concept. This takes into account that
certain tasks can be performed by both crew members and assumes
that the less busy pilot will perform the task. 1In this case,
the lenght of the waiting loops is used as a measure for the
workload on the pilots.

The task-dependence tells the causal sequence in which cer-
tain tasks can appear. It thus permits e.g. the entry of a task
into the crew system only on the condition that other tasks
have already been completed or certain system states have been
reached.

The service discipline of the waiting loop system determines
the sequence in which the appearing tasks are worked off. Three
disciplines can be selected:

-first-come-first-served
-last-come-first-served
-absolute priority.

Thus it is possible to rank certain task priorities over
other tasks, so that upon entry to the crew system, it will be
worked off first.



Tasks with highest priority and special urgency are taken
over by the pilot for execution immediately after their arrival,
whereas the task being processed to this time is pushed back
into the waiting loop.

The sequence-specific parametérs represent characteristic
gquantities for the arrival and processing times of the tasks.

When using the model in a Monte-Carlo simulation, distri-
bution functions (form and parameters) are to be spec1f1ed for
the arrival times and processing time of each task.

Furthermore, the definition of the maximum number of task
arrivals in the operating phases is needed. If one-time arriving
tasks cannot be clearly assigned to a certain operating phase,
then their arrival probability must be taken into account in the
individual operating phases.

With regard to the sequence of a flight command process,
information is needed on the arrival times of individual events
(e.g. timepoint of overflight of outer marker) and the duration
of operating phases for consideration in the waiting loop system.
The sequence-specific parameters were obtained from a measurement
series run on a flight simulator. The determination of all
parameters needed for simulation of crew activities on the com-
puter is described in detail in sec. 4.

3.2 Simulation of Decision-Making Processes in the Cockpit /23

A rule was developed from the Fuzzy Set theory for simula-
tion of decision-making processes in the cockpit. This rule
is applied to the example of decision-making on continuance or
termination of landing in terminal approach flight.

In this case the pilot's task is to identify wvisually the
approached runway before reaching minimum height. TIf the runway
is identified, the approach can be continued. If it is not visible,
the pilots must decide to implement the wrong-approach procedure
no later than after reaching the minimum altitude. The objective
criteria for this decision are the visibility or identifiability
of the runway and the altitude of the aircraft with respect to
the minimum altitude.

The decision-making process can be illustrated in the form
of a matrix as in fig. 3.3. The alternatives "land" or "go
around" are evaluated with regard to the named criteria of
"vision" and "altitude." The decision is made on the basis of a
comparison of the evaluation numbers.

But since this is a decision-making human process, the
evaluation factors are not measurable. In addition, it must be
assumed that man will perform the evaluation of criteria based
on a subjective estimation of the approach situation and will
also use other, subjective criteria for his decision. The type
and evaluation of such criteria likewise cannot be determined.
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The structure in fig. 3.3 is taken as a basis for the simula-
tion of decision-making tasks. The determination of the parti-
cular evaluation factors takes place under the presumption of
evaluation functions which are also to contain the subjective
criteria. '

The presentation of such subjective evaluation functions
takes place by means of the Fuzzy Set theory. The subjective
evaluations are carried back to the objective and measurable
criteria.

Fig. 3.4 shows e.g. the evaluation function for deciding
between the alternatives "landing" based on the criterion "visi-
bility." The qualitatively-indicated curve thus gives an eval-
uation number for each value of the visibility of the runway
for the alternative "landing," which can be entered into the
decision-making matrix (fig. 3.3). In this case, all subjective
criteria and evaluations of the pilot are to be taken into account
in the evaluation function. The corresponding evaluation Zfunc-
tion for the alternative "go around' based on the criterion
"altitude" is also shown in fig. 3.4. After a determination of
the factors for the matrix from the evaluation functions, the
decision is made according to the rules of the Fuzzy-Set theory
via a minimum-maximum calculation.

In order to be able to conduct the simulation of this decision
on the computer, the corresponding evaluation functions must be
known.

The evaluation functions should thus be determined from
measurements on the flight simulator. From these tests the meas-
ured values for altitude and visibility of the runway-symbol
and the results of the decision should be measurable. By means
of the measured wvalues, the evaluation functions can be formed.

Since the determination of the evaluation functions cannot
be performed analytically from the results and input values of
the decision-making matrix, the evaluation functions must be
adapted to the test results.

The determination of evaluation functions will be explained
in sec. 4.4.

4, Measurement Series on the Flight Simulator and Determina-
tion of a Data Base for Computer Simulation

The goal of the test series performed on the flight simulator
is the determination of a data base for computer simulation of
the activity sequence in the cockpit. The waiting loop model
developed for the computer simulation (sec. 3.1) requires input
data on the frequency and processing time of the individual
tasks, and information on the arrival times of events which
directly affect the activity sequence (e.g. reaching the outer
marker or decision altitude, end of operating phases).
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The decisions made by the cockpit crew which directly
effect a change in the intended task plan of the pilots, are taken
into account in the computer simulation using the example of the.
decision on landing or execution of the go-around procedure in
terminal approach. The decision-making model developed here is
based on the theory of indefinite sets and has been described in
sec. 3.2. Decision-making of this model requires so-called
evaluation functions which are to be determined from the test
series on the flight simulator through measurement of the objec-
tive decision-making criteria and of the decision-result actually
taken. ‘ :

A 2-axis navigation trainer was available for the measurement
series. The flight characteristics of the simulator correspond to
those of a DCY9. The cockpit equipment includes all navigation-
and the most important engine-monitoring instruments. With pre-
viously available equipment, the checklist work of the pilot was
kept to a minimum. Therefore an overhead panel was suggested
and built which permits an extensive checklist work for this
test. 1In addition, the simulator was expanded to include a
vision task for the pilot which was used to simulate the runway
viewing in terminal approach.

An overview of the hardware expansions and measurement
features of the simulator is given below (sec. 4.1). The
description of flight tasks, test conditions and test seguence
(sec. 4.2) is followed by a summary of measured results (sec. 4.3).

For application of the measured results in the computer -
simulation, a statistical evaluation of the measured data is
needed; this is presented in sec. 4.4.

4.1 Expansions of the Flight Simulator and Measurement Facilities /26

The simulator was expanded to include an overhead panel in
order to permit more extensive switching and monitoring tasks of
the pilot in the tests. 1In the development of the panel, existing
equipment in the DC9 aircraft was taken into account with regard -
to content and placement /14/.

The panel is shown in fig. 4 and the display and control
elements are shown in fig. 4.2 and 4.3. Under consideration
of the existing potentials with the simulator, only the func-
tions summarizedé in group A can be simulated. Functions of group
B sometimes affect the displays on the panel itself, whereas
those in group C have no influence on the simulator.

The switching tasks provided in the tests and presented in
the checklists can be performed by the elements presented in
groups A and B.

To check the checklist work, monitoring of the timely and

proper execution of these tasks is necessary. In order to do this,
the overhead panel was expanded to include a monitoring logic unit.
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In order to permit a pilot decision in the fllght simulator
on continuing the approach once the minimum altitude is reached,
the runway visibility must be simulated.

Since no vision simulation was available for the flight
simulator, a supplemental task of the pilot was designed which
will still permit execution of this critical decision.

The task consists of the 1dent1flcatlon of a runway symbol
having different brightness.

The symbol shows the approach lights of a runway as they
appear to the pilot at about 300 feet altitude above the middle.
marker. The brightness of the symbol is controlled by the radio
altitude finder of the simulator and can be overlapped by a
noise signal. '

The gradient of the brightness increase with decreasing
altitude is adjustable on the instructor's console so that
the symbol's visibility can be varied to simulate the influence
of different weather conditions (see fig. 4.4, 4.5). 1In addition,
different lights were installed in the vicinity of the symbol
which light up in different configurations and brightnesses
for each approach. Thus the task of runway identification is
to be performed from the total picture seen.

The task is considered completed as soon as the pilots have
made the decision on continuing or terminating the landing; the
symbol is shut off and the final approach is continued by instru-
ments on the simulator.

The measuring devices on the flight simulator should permit
a determination of the time taken for all pilot actions, for
action sequences, for radio communications and for system status.
The procedure described in /36/ is taken as a basis for-this.

Three multichannel printers and one tape recorder with 16
recording channels and 7 sound channels were available as record-
ing instruments.

Besides the determination of the directly-measurable quan-
tities on the flight simulator, the recordings of verbal exchanges
of an observer is included; this observer sat behind the pilots
and commented on their actions.

The structure of the measurement facilities is shown in
fig. 4.6. For a chronological allocation of the data to the
various data carriers, a time-pulse clock was built which places
time marks or sound signals at desired clock frequency simultan-
eously on the printer and on the tape recorder.

The measured quantities transferred to the printer are all

quantities of system status obtainable from the flight simulator.
These are:
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-course
-roll angle
-pitch angle
-elevators
-rudder ‘§ cdeflections

-aileron :

-barometric pressure

-radio altimeter

-indicated airspeed

-vertical velocity

-deviation from ILS glide path

-deviation from ILS Localizer course
-distance to landing point

-EPR setting

~-flap position

-control unit for runway symbol brightness

The following information is transferred to the tape recorder:

-radio speech transmissions
-conversations between pilots
-commentary of the test director
-commentary of the observer
~other commentary

-time marks.

The recording of conversations between the pilots serves
as a check of the prescribed communication guidelines, to deter-
mine non-relevant communication and to check the checklist read-
off. The recording of commentary of the test director should
contain additional information about syvstem failures and special
events as per the sequence of the test.

The use of an observer for the pilots became necessary in
order to record all other pilot activities not directly measurable
on the simulator or recordable on the tape recorder. Among these
are e.g. the operation of the spoiler, selection of navigation
and radio frequencies, setting the speed-bug or reading and
writing of flight documents.

Other commentary was provided in order to record unforseen
or unusual occurrances to the measuring equipment, settings and
calibration of the equipment.

4.2 Test Conditions and Test Séquence

48 approach flights to 12 different German commercial air-
ports were run. Zach 4 flights were run under the same conditions
on the same airport. The flight task for the pilots comprised
the operating phases "initial approach,” "holding/approach" and
"final." The following designations and limitations were selected
for the evaluation of the tests:
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Phase 1l: Initial approach from beginning of test until Main aid °

is reached

Phase 2: Holding/approach holding continues, intermediate approach

until the approach baseline is reached

Phase 3: Final approach until roll-out or initiation of the
go-around procedure. e

Both precision and non-precision approaches were used. The
12 different approach flights are listed in table 4.1 together
with the pertinent weather and visibility conditions. Figure 4.7
shows the particular profile of one approach from this test
series. In this form the information is presented on the flight
task to the test director. Instructions on the radio speech
contacts to be performed by him with the aircraft crew anc infor-
mation about special events to be simulated (e.g. failure of an
engine or of navigation instruments) were also a part of this.
The test plan also contained the data needed to set the weather
and visibility conditions on the simulator and the radio speech
frequencies valid for the approach.

The scope of the flight task is presented in fig. 4.7 for
the example of an approach to the Hannover airport. The start
of the test began with the aircraft positioned at radial 142 of
Nienburg VOR in FL80 in the cruise flight configuration. The
measurements began once the VOR Nienburg was passed. The £light
task included the flight to VOR Hannover, execution of the hold-
ing procedure over the VOR and subseguent ILS approach to runway
HNV 027R and possible execution of the go-around procedure. The
task also included the execution of necessary procedure checks,
of radio communications and management of flight documents.

The approach flights to the various airports were run in
alternating sequence so that the pilots had to adjust to new
conditions for each test.

At the beginning of each test, the elevation and location of
the aircraft, the flight status and the position of all control
elements in the cockpit were initialized and frozen in. %The
pilots received their first information for the impending test
as the TAKE OFF AND LANDING DATA SHEZT with the needed information
on the flight (fuel quantity, weight), destination airport and
intended arrival route, and the aircraft location at the beginning
of the test. Furthermore, the ground control center and Zrequency
for radio speech contact were specified.

During the test the pilots had the following information
available: ATIS, the needed ground control stations for radio
contact and all navigation aids necessary for the approach.

The instructions of the flight safety service and additional
information for the test run specified in the test plan (fig. 4.7)
are presented for all tests in table 4.2.
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Two pilots were made available from Lufthansa; after 4
approach flights they exchanged roles as captain or first officer.
The pilots flew in accord with the rules of the Crew Coordination
Concept and all other instructions (procedures, minima etc.) of
Lufthansa. - ’

4.3 Measured Results

The results obtained from the test series run on the simulator
should be used as input data for the computer simulation.

Initially, the starting and ending times of pilot activities
and the arrival times of individual events were determined from
the chart recordings. 1In order to o this, the pilot activities
had to be defined, i.e. action units had to be specified.

The goal of the test series performed here is to obtain
data for the development and fundamental demonstration of the
operationality of the evaluation procedure. Therefore, at first
a rough breakdown of pilot activities was selected which
reduced the test or measuring effort and assured cohesiveness
in the development of the computer simulation.

Thus, a summary of individual activities of the pilots
into so-called tasks was performed. The characteristic values for
the tasks were determined qualitatively only, due to the small
scope of the measured series, but are held to be satisfactory for
the named purpose. 1In particular the following definitions and
conditions resulted for the measurements and evaluation of the
test series:

Several activities of one or both pilots which servedé the
same subgoal of the flight command task, were combined into one
task; e.g. task "initiate descent" = shut off auto pilot

watch instruments

operate control horn
regulate descent rate
trimming (all for PF)

The tasks included in the test series and their pertinent
activities are presented in table 4.3.

The processing and interarrival time (also called "between time
were determined for each task.

The interarrival time is defined as the time span which passes
at the beginning of a task since the beginning of its previous
processing, for its initial occurrance since the beginning of
the test*.

kil

T.N.: This statement is totally unclear in the original.

/31
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Besides the task-specific quantities, the arrival time /32
of events was determined, provided they relate directly to
the pilot's task area. Among these are e.g. the arrival at
the outer marker and the end of an operating phase. A total
presentation of the obtained results is given in table 4.4.

The flights were divided into different operating phases
for evaluation (see page 29). It must be assumed that due to
the different reguirements on the pilots in the different opera-
ting phases, different distributions of task-specific parameters
like duration and between-time will result. The evaluation of
the test series was thus separated according to operating phases.

Based on the selection of various airports and approach
procedures, the individual approaches and corresponding operating
phases exhibit large differences in duration. For once-only
tasks and events whose between-time varied greatly over several
flights as the difference from arrival time to test begin, the
between-time was normed to the duration of the corresponding
operating phase.

Based on the definition made on page 29, the "final" opera-
ting phase begins once the approach baseline is reached. The
phase beginning thus varies greatly, depending on the specified
approach procedure and according to the attained flight accuracy.
Tasks and events in the "final" phase, like e.g. reaching the
outer marker, reaching the decision altitude or the landing
decision are specified very accurately through the specific
conditions of the glide route, the altitude minima and the dis-
tances to the approach baseline. Their arrival times are thus
not related to the phase beginning, but to the phase end.

During the evaluation of the test series it turned out that once-
only tasks (e.g. approach briefing or final check) could not be
uniquely allocated to a specific operating phase under the pre-
vailing definition of the operating phases (page 29). Since the
given definition is retained for the computer simulation, the
frequencies of the occurrance of these tasks were determined

in the corresponding operating phases. The results are presented
in table 4.5.

The test evaluation was initially performed by identification
and marking of tasks and events based on the measured quantities
in the recording and charts based on the synchronization marks.
Next, the data input to the computer was done for further eval-
uation of test data (fig. 4.8).

After input of the allocation of synchronization marks in
real time (program ZZ), the starting and end times of the in-
dividual tasks and event times were read-in (program DATEX) .

At the same time the DATEN program computed the time points in
real time and the task duration and between-times were calcula-
ted. The expression shown in fig. 4.9 contains the measured and
computed data from one approach according to test plan (fig. 4.7)
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for the "final" operating phase. With the HIST program finally, /33
the histograms for the processing time and between-times of the
individual tasks were computed per operating phase from the com-
puted test data.

Using the same procedure with corresponding programs, the
histograms were computed for the arrival time of the determined
events (table 4.4). Table 4.6 gives an overview of the entire
program packet prepared for the test series for data storage and
test evaluation.

4.3.1 Adaptation of model Distribution Functions and Parameter
Identification :

After conclusion of the computations presented in the pre-
ceeding section, the histograms of the test data were available.
For the histogram values H(i) we have:

h (xi)
MO = T

with i = 1,100
Xi = measured value, X, = min. meas. value, X1 gp=Max. value
NGES = number of measurements -
h(xi) = frequency of occurrance of meas. values x with

KoL X < ¥,
a(‘( i+l

" From the measured values

the empirical average (mean) 1 %%?
. = _ e
X = yec &= 4
NXES i55
el
and the empirical variance 2. 1 h“hs(x._g)z
were calculated as charac- : GES -1 ¢ {
teristic values of the =1

measurement.

In the Monte-Carlo simulation of crew activities on the /34
computer, the values for the arrival and processing times of events
or tasks were generated by the computer. The distribution func-
tion and its parameters desired for the values must be specified.
If the computer-generated distribution of times of measurements
should correspond to those on the flight simulator, then the
adaptation of a model distribution function to the measured histo-
gram must be performed. To simplify this computer generation it
is expedient to use standardized distribution functions as model.

For the adaptations performed here, we were limited to a
normal, exponential and Erlang-distribution.

The adaptation of a model distribution function to a measured
random sample is only meaningful when measured and adapted
function corresponé to the same definition, relate to the same -
value-range and when they are visibly similar.
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Therefore an adaptation to the histogram was performed through
a model distribution density. Since the value range of the histo-
gram is limited by the maximum and minimum measured value, the
adaptation took place only within these limits.

The sometimes small number of measured values and the fixed
distribution of 100 in the value range led in some cases to use-
less histogram images (fig. 4.10a). Thus the distribution was
reduced, provided a greater histogram similarily to one of the
named model distribution densities resulted (fig. 4.10b).

"Gaps" present in the histograms generated from the absence
of measured values at individual points of the value range are
filled by averaging the neighboring histogram values. Next, the
histogramsare normed again.

The changed histogram (for the purpose of a meaningful adap-
tation) is called the "measured distribution density" v(i) below.

Provided model functions are the normal distribution /35
density: :
fx) =’
Xl = '—'-:GX - = -
6'\[2"” Y 202 © <X < o
]
- with the parameters M G _ : G >0 P ~® << oo
the‘expdnential distribution density
Flx)= A-e™%. 0sx<
with the parameter A ' ' A>{
and the Erlang distribution density
h .
flx) = (oAl yk-1, gkax 0 <x <
- (k-1 '
A0

with the parametersA,l{ k >0
> 1
, whole number

After selection of the type of form of the model, the
parameter identification can begin.

In the literature /7, 46/ the instantaneous-method and the
maximum likelihood method are proposed for estimation of the
parameters of distribution functions. In this case the value
range of the histogram is assumed to be unlimited(-eco € % <+oo ).
An adaptation of the distribution density within a limiteé value
range is possible with the search-algoritlmproposed in /34/.
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We are dealing here with a method for seeking a local optimum
of a multivariable quality function. When using the method on
the problem at hané, the gquadratic sum of the deviation of the
model distribution density from the ﬂeasured distribution density
is selected as quality function:

' Quality functlon'

G = G(p1,p2) = i[\ (x)-f(>',p, pz)l

- L MIN

To check the adaptation, the deviations of the average value,
and of the variance of the adapted model distribution density from
the empirical characteristic values of the histogram,are £found.

The VANP program developed for the adaptation provides for
the conversion of the histogram into the "measured distribution
density" after specification of the desired task, operating phase
and reference gquantity (between time or processing duration).

The division of the value range can be changed as desired, in

this case. After specification of the desired model distribution
form and input of the start values, the adaptation occurs via the
subroutine developed in /34/ when using the quality criterion from
equation.

As start values we cite estimations for the parameters p, and
Po of the model function and their probable changes. When per-
forming the adaptation, the start values for the parameters are
determined from the empirical characteristic values of the histo-
gram determined as per the relations:

P 5 2 for normal distributi
X, g Oor norma istribution
Pip "~ P2
ﬁ ~ L for exponential distribution
aA )\
l’ . L P = dependlng on form; for Erlang distribution
i A T2A- density

For a specification of the most likely changes in parameters,
a value of ca. 10% of the parameter initial values is suggested
in /34/.

Figure 4.11 shows the results of the adaptation using the
example of the task duration of task 2 in phase 2.

In this case a reduced division was assumed for the conver--
sion of the histogram (4.11) into the "measured distribution
density" (4.11). Figure 4.11 also shows the distribution density
resulting from the selection of the parameter-initial values and
adapted finally by the search algorithm.

/27

/36



The results of the adaptation for the task-specific gquanti-
ties, duration and between-time, are found in tables 4.7 to 4.9
separated according to operating phases. The determined statis-
tical characteristic values for the phase lengths are shown in
table 4.10; the adaptation results for the event-occurrance times
are found in table 4.11.

Overall, all histograms could be adapted by the three pre- /37
selected distribution functions. Through the sometimes very .
small scope of the measured values there resulted significant
deviations of the mean for several functions and of the variance
of the adapted function from the empirical mean and variance
of the measurement.

As already mentioned, the qualitative determination of para-
meters and specification of a procedure for determination of
the evaluation method is initially satisfactory.

For other tasks and more stringent requirements one would have
to check whether the scope of measurements will meet the require-
ments. As a check of the adaptation, a significance test should
be run. For checking the significance of adapted distribution
functions, the Kolmorogov-Smirnov test is suggested in /6/ and

/46/.

4.3.2 Determination of the Evaluation Functions for the Decision /38
Model

For modelling of pilot decisions having a direct influence on
the activity sequence in the cockpit, a fuzzy-set theoretical
model was selected in sec. 3.2. The subjective decision-making
of the pilot is simulated by means of a decision matrix (£fig. 3.3).
The application and testing of the model will be done here by
using the example of making a decision on whether or not to
terminate or continue the final approach once the minimum is
reached. The alternatives of "land" and "go around" are assigned
values in the decision matrix which relate to the objective cri-
teria of visibility of the runway and of the present aircraft
altitude compared to the minimum. The evaluations should con-
tain all subjective factors affecting human judgement. The
allocation of objective criteria like "visibility" and "altitude"
to the subjective evaluation numbers is illustrated by indefinite-
sets companion functions.

Simulation of the decison-making occurs through specification
of the values for the aircraft altitude and runway visibility,
followed by a search for subjective evaluations in the fuzzy-
evaluation functions and determination of the decision result in
the decision matrix by comparison of the evaluations as per the
rules of indefinite set theory (fig. 4.12).

To implement the simulation the indefinite evaluation func-
tions must be known. Their profile was determined from the test
series run on the flight simulator.
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As evaluation functions we found:

~-HL (h) as companion function of measured values h for altitude
to the total of all measured values which lead to a
"land" decision,

-HG (h) as companion function of measured values h to the total
of all measured values which lead to the decision "go
around” -

-SL (u) as companion function of measured values u to the total
of all measured values which lead to the "land" cdecision,

-SG (u) as companion function of measured values u to the total
of all measured values which lead to the "go around”
decision.

The values of the companion functions thus express a measure
of the potential for allocation of the present measured value h or
u to the decision alternatives "lané" or "go around.”

For analysis of the decision-making conduct of the pilots in
the test series, the measurement ranges for the altitude difference
H(H=H - H . . ) and the voltage U_ (control voltage
for runwa§r§§%881) wer8'B¥8ken down into inter%als. In accord
with the set-up of a histogram, the frequencies of the measured
values u or h determined for the particular decision results,

were determined for Us and H.

Norming of the values took place together via HL and HL or
SL and SG, respectively, by setting the maximum frequency of a
measured value for US or H to 1.

The determined evaluation functions were taken as a basis
for the EMOD program which performs decision-making upon input
of two measured values for H and U_ as per the procedure illus-
trated in fig. 2.12. The obtained®results however, have no
similarity to the decision-making behavior of the pilot measured
in the test series and partly contradicted the normative regulation
for the landing decision.

Therefore, two additional assumptions were made which led to
a modification of the evaluation functions:

Assumption 1l: If the pilot at altitude h and visibility u decides
to land, then he will make the same decision at
the same visibility at greater altitudes;

or
If the pilot at altitude h and visibility u decides
to go around, then he will make the same decision at
the same visibility at lower altitudes for the
flight approach procedure.

Assumption 2 is similar to the first one for
measured quantity Ug:
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The same decision of the pilot to "land" for the same
altitude and better visibility (greater u)

or The same decision of the pilot to "go around" for the
same altitude and worse visibility (smaller U).

The modification of the evaluation functions through the
above assumptions corresponds to an integration of -the evaluation
functions. The first formation law for the evaluation functions
(page..) was formulated analogous to that of a histogram. The
assumptions change the formation law into an analogous law for
a distribution function.

The determined evaluation functions were modified 1in accord
with the additional assumptions and are presented in figures
4.13 and 4.14. Figure 4.15 shows the decision results obtained
with the model compared to the parameters "visibility" and
"altitude" in contrast to normative and simulator-measured
decisions. ' '

The model with modified evaluation functions gives results in
full agreement with the results measured on the flight simulator
(see fig. 4.15).

4.4 Determination of Parameters for the Function of the Activity
Sequence in the Cockpit

For modelling the action sequences of the pilots, besides
the time distribution and processing time of the individual tasks
we must also know by which rules the tasks are distributed to the
crew members and to what extent functional relationships exist
between tasks and events in the flight sequence. Information on
this topic was taken from the crew concept /1, 10, 45/ and flight
operations handbooks /11, 14/. The parameters taken into account
in the model are described below.

In the crew concept the work division and the functional
principles of the activity sequence are specified. 1In addition,
communication guidelines for the pilots specify the possibilities
for delegation of tasks and responsibilities.

For the development of the evaluation method we first pro-
ceed from a normative behavior of the pilot so that the functional
parameters for the model can be taken directly from the guidelines.

As the first parameter we determine the task distribution
which tells for each task whether it is to be handled by CM1l, CM2
or jointly.

The mission-specific conditions and the content of the
individual tasks leads to material or chronological dependencies
of the tasks and of tasks to events of the flight sequence. For
example, the descent (task 2) can only be initiated when a release
from flight safety has been received, or at least when a radio
contact (task 25) has taken place. The final check shall be
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conducted as per operating handbook /11/ only after flying over
the outer marker and is predicated upon a completed approach
briefing. »

Besides the parameters of the task and event dependence,
the importance of every task and thus its priority over other tasks
must be determined. Such priorities result e.g. due to time-
indefinite events (radio calls to the FS) or due to the flight
status (tasks of altitude, speed and position control). A dis-
tinction is made between tasks without priority, with normal
and absolute priority. For normal priority of a task, it is /42
the next item handled directly by the pilot as soon as the
pilot completes the activity alreadv underway. For absolute
priority of a task, the pilot interrupts his ongoing activity
in order to complete the priority task at once.

Finally, from the specified mission profile for each task
the frequency of its occurrence in the individual operating phases
is determined.

A compilation of the determineé parameters (task distribution,
task dependencies, event dependencies, priority, max. freguency
of occurrence) is presented in table 4.12.

5. Simulation of the Work Process on the Computer /43

In this chapter an overview 1is presented of the structure
and potential uses of the computer simulation. With the planned
application of the simulation program as an aid in the evaluation
process for crew concepts, requirements are made of the simulation
which are presented in sec. 5.1. With the overview and explana-
tions of the program structure (sec. 5.2), the compilation of
all input parameters is given for the computer simulation. Besides
the parameters determined from the test series on the flight
simulator, the characteristic values of the crew concept used
in the evaluation-method development phase, are a part of this.
In sec. 5.3 there follows the implementation and investigation of
the computer simulation and a discussion of the possible simula-
tion results, compared to the requirements presented in sec. 5.1.

5.1 Requirements of the Computer Simulation

The evaluation method for crew concepts designed here
provides for a computer simulation of cockpit action sequences
resulting from a certain work organization. Proceeding from a
data base which contains the task and mission-specific char-
acteristic values, a large number of flights will be simulated
on the computer according to the evaluative crew concept and
evaluated. The use of a Monte-Carlo simulation thus permits the-
evaluation of many different situations. At the same time,
critical situations are to be recognized in the simulated action
sequence and conclusions shall be cérawn about regulations of
the work organization which cause or promote said critical
situations.
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Different action sequences are formed in the computer simula-
tion through variation of the task and event-specific parameters.
The parameter variation is based on the limit values and distri-
bution functions determined in chapter 2 for the parameters. The
number of flights executed in the computer simulation should be /44
as large as possible so that the parameter distributions attained
in the simulation come as close as possible to the specified
distributions. The determination of a minimum number of simula-
tion runs should be the first goal of the testing of this computer
simulation. '

Furthermore we must check to what extent the computer-simulated
action sequences can be viewed as realistic or the same as the
action sequences actually observed on the flight simulator.
Conclusions in this regard should give the arrival, processing,
system and waiting times for the tasks in the computer simulation.

The goal of the evaluation process is to determine critical
events in the action sequence of the pilot. Critical events are
those temporal task pile-ups which indicate pilot overloacd. The
consequence of pilot overload can also be that certain tasks
cannot be completed within a specified timeframe. Such events
should also be recognized in the computer simulation.

Besides the recognition of critical situations, the tracking
of the simulated action sequence in reverse order must be possible
in order to draw conclusions from the actual event about its
causes.

5.2 Program overview /45

The program packet for simulation of the action sequences
and evaluation of the work organization is presented in the
overview, table 5.1. It is broken down into sections on "parameter
input,” "simulation" and "statistical evaluation."

The parameters determined in chapter 4 or the characteristic
values of their distribution functions are read in by the programs
CINI and CEIN and are stored on magnetic disc for the simulation.
We are dealing with the between-times, processing times, task
allocations etc. 1In table 5.2 there is a listing and explanation
of all input values. The input and storage occurs, like the
simulation, in accord with the results obtained in chapter 4,
separately by operating phases.

For the simulation of action sequences the main program CREW
was developed; it has the subprograms listed in table 5.1. 1In the
main program we have the read-in of parameters from the magnetic
disc, the selection of operating mode of the simulation and the
specification of mission-specific events.

The main operating mode is the simulation of max. 100 approach
flights with simultaneous data storage for the evaluation with
an overview printout. The storage of internal variables of state
at the beginning and end of each simulated approach permits a
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continuation of the computer simulation in future program runs
and also, in the second operating mode, any approach flight of
the last program run can be reconstructed and printed out in
detail down to each individual result of the action sequence.

The mission-specific parameters (phase duration, timing of
arrival at outer marker or decision minimum, runway visibility,
timing of other events) can be read-in as fixed values or varied
according to specified distributions.

5.2.1 Simulation Program

The simulation by means of the waiting-loop model selected
in chapter 3 occurs in the subprograms

CREW, CQS, STATUA, STATUQ, STATUS, UARR, USER, RANDUX, INF,

AUS and EMOD.

The principle of the waiting-loop simulation is illustrated
in fig. 5.1 and was taken from the descriptions in /46/. It is
assumed that the system is empty at the beginning of the simula-
tion. After determination of the next arrival time of a task,
the next event is determined through a comparison of the timing
of the possible events. The simulation jumps ahead in time to
this timepoint.

Possible events are: :
-the occurrance of a task in the crew system
-the completion of a task in channel 1
-the completion of a task in channel 2
-the end of the simulation
-the completion of a joint task in both channels
-the end of the simulation

Upon arrival and completion of tasks, the gquantities of
state of the crew system are changecd for the affected channels,
in addition to a change in corresponding timepoints. These
quantities of state are:

~number of tasks in channel 1

-number of tasks in loop 1

-number of tasks in channel 2

-number of tasks in loop 2

-number of tasks in the entire system.

Since for the discussion of the crew system, not only is
the number of tasks important, but also which particular tasks
are in the system already, as an additional quantity of state

we added the "status" of a task. The identifying numbers appended

to this quantity have the following meaning:
STATUS (task X) 0 Task is in the supply file

1 Task is in loop 1

2 " [1] " " 2

3 " is being processed in channel 1

/46
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4 Task is being processed in channel 2

5 Task completed and is no longer in the system nor
in the supply file

6 Task in channel 1 or 2 was being completed, but
was kicked back into the waiting loop by a priority
task

6.8 Corresponds to STATUS=6, for tasks which have to be
completed jointly by CM1 and CM2.

7 Task in loop 1 and 2 to be completed jointly

8 Task in loop 1 and 2 is being completed jointly

For the positioning or sequence of tasks in the two waiting
loops, a quantity of state was also defined.

Thus it is possible on the one hand to represent at any time
of an event in the waiting loop system, the positions of all tasks
present in the system. On the other hand, the status of all
tasks, regardless of their position within or outside the system,
can be represented.

Tasks can be simulated which have to be completed by CM1
and CM2 individually or simultaneously.

The beginning of processing of such tasks becomes possible once
CM1 and CM2 are not busy.

The simulation of the "absolute priority" of a task provides - /48
that the task presently being handled by the corresponding crew
member, is set back into the waiting loop upon arrival of the ,
task with absolute priority. The priority task is handled immediate-
ly. If the reset task is to be hancdled by both pilots jointly,
it is only set back into the processing channel in which the prior-
ity task appears. The other crew member handles the "joint"
task in the meantime (fig. 5.2).

For the generation of between-times and processing times of
tasks, the exponential, Erlang and normal distributions are avail-
able as distribution forms. The values for the between-times and
processing times were generated within the input limits in accord
with the selected distribution.

The program packet for simulation of the crew system is of
modular design (see fig. 5.3). The core of the program packet is
the new CQS program which specifies the time sequence of events
in the crew system according to the principle shown in fig. 5.2
and described above. All data of state is read at the beginning
of the simulation from disc memory or is transferred to disc
memory after the end of the simulation. Thus the simulation of
a longer flight task can be broken down into small time intervals
in which the number of possible activities and tasks remains con-
stant or becomes smaller.

Input values for the simulation are: Characteristic values for
pilot tasks, type and duration of the desired operating phase,
characteristic values for the arrival times of individual events
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(e.g. time of overflight of outer marker etc.).

Whereas the CWS program will determine only the time sequence
of events and the quantitative quantities of state (length of
waiting loops, number of tasks in the system), the subprograms
take over the positioning of the tasks within the system, the
determination of values for the timepoints of events and the
determination of the effects of activities.

The subprogram UARR determines for each task, in accord with
the specified distribution function, the timing of its next occurr-
ence in the crew system. By seeking the minimum of these time
values, the timing of the next following task arrival and the
task itself are determined.

If the CQS oprogram determines the next event to be the arrival
of a task, then the STATUA program takes over the positioning of
this task in the waiting-loop system. The classification in the
processing channels as per the specified task division of the
pilots is governed by the input of the variable "task type" (AT).
The ordering of tasks in the waiting loops is governed by the
specified service discipline mentioned in sec. 4.1 (variable DISZ).

Before the task at the front of the loop can be taken over
by the "pilot" for processing, the STATUQ program (fig. 26, 27)
checks whether all prerequisites with regard to system status or
other tasks have been fulfilled. »

In order to do this, the variables"task dependence" (AAZ)
and "status dependence" (ZAZ) were introduced. If the task still
cannot be processed, it is set to the end of the loop and the
program moves all following tasks in the loop up by one place.

The STATUS program (fig. 28, 29) £finally, has the task of
specifying the effects of pilot activities in the information
file, provided they affect the following activity seguence; it
must also calculate the new status of the tasks.

The processing time for tasks is determined as per a preset
time distribution in the USER program.

Pilot overload due to the quantity of tasks to be executed
is determined in the waiting-loop model on the basis of two
criteria:

If very many tasks are to be completed by the pilots in a
certain time span, then a pile-up of tasks in the waiting loop
is expected. The waiting loop is additionally filled because
tasks arrive which cannot yet be processed due to their dependence
on other tasks or events, or because they are set back by priority
tasks. Thus the waiting time for a task in the loop can get so
long that the task 1is not completed at a time in the flight when
it is to have been completed according to the flight operations
handbook. Thus, pilot or crew overload occurs such that the
specified tasks cannot be completed within the given timeframe.
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The subprogram KRIT performs a search for such overload-occurrences

in the computer simulation.

The second criterion for pilot overload is the simultaneous
existence of the same task in the same processing channel of the
model. For instance, tasks occurring at high frequency can stack
up in the waiting loop if they are worked off only at a much
slower rate. 1In this case a pilot overload is recognized by
the simulation program when the number of units of the same task
present in the svstem exceeds a limit specified in the main pro-
gram (NUBL). The level of this limit is 'a priori' impossible
to specify in a plausible manner and will be determined during.
the computer simulation.

The model ceveloped in chapter 3 for pilot decision-making
on continuation of the terminal approach is verified in the com-
puter simulation of crew activities in the EMOD subprogram. In
the computer simulation the landing decision is split into two
stages which are handled as separate, but mutually dependent
tasks (fig. 5.4).

The first step is represented by *task 11 (field in sight).
It is processed by CM2 and represents the view of the copilot
and identification of the runway. After computation of the
present aircraft altitude from the time of task processing
(calculation of the time span to set-down and assumption of an ,
average descent rate of 700 ft/min) and specification of "visi- -
bility", the result is determined by the decision-making model
developed in chapter 3. The decision is interpreted in the first
stage by the statement "Field in sight" (for "land" decision) and
as "no report" (neutral for "go around”). The arrival times of
task 1l were determined from the arrival times of the call-out

"field in sight" (chapter 4). The second stage of decision-making

is represented by the task 12 "landing decision." It is handled
by CMl and is dependent on task 1ll. If in step one "field in
sight" is noted, then the result in the second step is "land."
If task 11 is the neutral result, then in task 12 after calcula-
tion of altitude and visibility, the decision model is applied
again. The determined decision is now interpreted directly as a
"land" or "go around."

5.2.2 Evaluation Programs

The evaluation of the computer simulation takes place
by means of the SIHIST program (table 5.1). For each task the
histograms, average values and variance of the following quan-
tities are determined:

-arrival time/or between-time
-beginning of process1ng

-end of processing

-waiting time

-duration of processing

-time remaining
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The "time remaining" is the processing time of tasks which
is left over at the end of the operating phase which could then
be applied to the following operating phase.

‘Furthermore, we determined: -

-duration of operating phases (desired value)
-actual duration of the simulated operatlng phases
-workload on CM1

-workload on CM2 :

-frequency of overloads keyed by causes.

The actual duration of the simulated operating phases dev1atesl
from the desired value due to terminaition of the 51mulaelon once -
the pilot is overloaded.

The workload on the pilots is defined as the ratio of the busy
time to free time in percent.

As a result of the computer simulation, the histograms of . /b2
the number of values, linear average and variance were determined.
for the following gquantities:

a) Arrival time, beginning of processing, end of processing
(for once-only tasks)

b) Between-time (for repeat tasks)

c) Waiting tlre, processing time andéd remaining time (for all
tasks) '

Furthermore, the frequencies of crew overloads, keyved by
causal tasks, were determined. To reconstruct the causes of
the overloads, individual simulated approach flights can be
repeated and printed out in detail.

5.3 Results of the Computer Simulation ' /53

The program packet for simulation of the pilot's work
sequence described in the preceeding sections was checked first
for operating phase 1 on the computer (initial approach).

The input parameters relevant to operating phase 1 are shown
in table 5.3.

Based on the detailed printouts (see fig. 5.5) for various
approaches, the correct function of the waiting-loop model was
checked and validated in accord with the function principles
described in sec. 5.2. Next, test series 1, operating phase 1,
was implemented with 2000 approach flights.

The operating time per phase was set to PHL = 235.5 here
(average of phase duration measured on flight simulator).

As overload criterion we selected NUBL = 3 task units (see
sec. 5.2).
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To determine the minimum number of flights to be performed
in the computer simulation, a pre-investigation was performed.
By using the USER and UARR program mocdules (generators for
arrival and operating times), the deviations from the mean of
simulated arrival and processing time-distributions from a
desired value were determined. The results are presented in
figures 5.6 and 5.7. For all tasks there results a deviation
of less than 5% Zrom the mean for 500 values per measured quan-
tity. This minimum number of measured values can be reached -
with 1000 simulated flights, given the constantly recurring
tasks in the computer simulation.

The events of the computer simulation are presented in
tables 5.4 and 5.5.

A comparison of the numbers of arrival time and beginning
of processing shows that in 368 of 430 cases, 'the processing of
task 4 does not begin in operating phase 1. .

The ratio of 62 actions in phase 1 to 368 actions in phase /54
2 lies far below the specified probability of task frequency of
task 4 of 28% in phase 1 or 72% in phase 2, respectively. An
explanation here using the average, long waiting times, is
possible. The "arrival times" of tasks measured on the simulator
are simultaneously the beginning times of their processing.
In the waiting-loop simulation, these two timepoints are not
identical in the model. The resulting systematic error had not
heretofore been taken lnto account in the method.

The results of the computer simulation for task 4 are docu-
mented in fig. 5.8. 1In a comparison of arrival times, beginning
of processing and end of processing, the waiting and processing
times are discernable even in an overview. The delayed arrival
of the task in the timeframe of the operating phase leads to a
small number of measured values for the operating duration (to-
gether with the relatively long waiting times; small number of
task completions within the operating phase) and to a large
number of overlaps in phase 2 (time reﬂalnlng)

The crew overload events reporteé by the computer simulation
are sometimes caused by the simulation program itself. For
instance, we referred above to the large number of overloads

~due to task 4 (descent check) which can be attributed to a
methodological error not taken into account in the method. The
overload due to an increased number of tasks 8 and 13 in the
waiting loop (NU3L >3) can also be attributed to the method.

The processing discipline of task 8 (radio communications)
could be reduced to DISZ=2. Thus, an immediate reaction of the
pilots to radio inquiries would be simulated. For the processing
descipline for task 13 (communication), a similar solution would
be possible. However, a distinction would have to be made between
additional (redundant) and action-related or time or event-
dependent communication.
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Such a distinction presumes a variation of the DISZ parameter
in the simulation program during the test series which could only
be achieved with considerable programming effort.

6. Summary andé Outlook .. .. .. - o /55

An optimum structuring of man-machine systems using analytical
means requires an analytical description of human modes of action.
In the case of £light management, this includes not only a con- -
sideration of the man-machine cooperation, but also a description
of cooperation among the cockpit crew.

As already explained in the problem section, the previous,
empirical development of crew concepts is not sufficient for
regulating the pilot's work organization, to prevent incorrect
pilot actions with resulting flight accidents. In addition,.
modern technologies will cause a change in the work structure
in future aircraft cockpits.

The goal of the research project was to develop a system-
theoretical procedure which could be used for cockpit-crew work-
process structuring to check a selected work organization. The
method should ensure a high-level of cooperation among the pilots
and it should take into account the fact that the pilots under
some circumstances will not behave in accord with specified pro-
cedures. :

The procedure for development of this evaluation method
initially provices for a description of the actions and decision-
making processes in the cockpit by a computer simulation taking
into account the work organization uncder study. The develop-
ment of the method is limited to a discussion of a representative
work organization and flight tasks. &ZZter validation of the
descriptive forms, the crew performance of the computer simulation
was made available to an evaluation method.

In chapter 2, we first presented the parameters which affect
the cooperation of pilots and the crew's capability. This was
compared to the primary structures ané guidelines of existing
crew concepts. From this comparison we worked out the require-
ments of the developmental evaluation method and finally designed
a procedure for development of the method.

The factors affecting the crew performance named in section
2.1 are: The number, composition, cooperation and organization of
the pilots. Improvement of crew capabilities through individual
cooperation and grouping of pilots is not possible in large airline /56
companies. The potentials of aircraft owners to affect the coop-
eration of their pilots is thus limited to a specification. of
the number, work organization and communication of crew members.

Whereas the number of crew members depends primarily on the
particular task profile and the resulting crew workload, a bal-
anced workload on the individual crew members should be achieved
through a selected work organization with a specification of
cockpit work division. The flexibility of the pilots in the
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performance of their tasks should be adapted to the particular
situations and work methods. The flexible structuring and coor-
dination of cockpit activities requires the specification of
communication guidelines in order to assure a precise transmittal
of information, instructions and pertinent responsibility for
actions. '

From the structures of existing crew concepts examined in
sec. 2.2 it follows that the possibilities for affecting crew
jobs are basically exhausted. :

A closed, systematic theorem for general work organization
in the cockpit has only been given in one case. But for the
capability and safety of the cockpit crew, the performance
regulations derived from the general guidelines are critical..

For example, from the preceeding discussion it can be
concluded that a division of activities or responsibilities
and the resultant interactive decision-making processes might
lead to conflict situations between crew members.

Covering such conflict situations and the conseguences
on the flight command process and pilot work processes should be
one of the goals of the developmental evaluation procedure. The
method should also determine critical decisions and decision-
makers as well as a time distribution of the workload of the
individual crew members.

From the preselection of theories and descriptive forms for
the evaluation process (chapter 3) the waiting-loop theory, -
fuzzy set theory, iteration matrix and time-line analyses were
determined to broaden the investigation. The time-line analysis
is already used for the empirical development and evaluation of
crew concepts. Its task analysis for determination of individual
crew activities should also be appliec to the evaluation method
under development here.

By using the waiting-loop theory, information on the structur-
ing of similar tasks has already been developed.

The use of the waiting-loop theory for a flight management
task for describing the man-computer cooperation yielded results
which indicate the theory's validity for the evaluation method.

The possibilities for describing the decision-making process
in the cockpit are limited by the vague process of human decision-
making influenced by subjective criteria.

The estimation of the influences of criteria or of decision-
makers on a complex decision-making process can be described by
using iteration matrices, but if the decision criteria are not
known completely--as is the case for human decision-making--then
other descriptive forms will have to be used. Under consideration
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of the imprecise human criteria for judgement, his subjective
estimations or verbal statements, the fuzzy set theory offers
a possibility for describing the decision-making process.

The characteristics of crew activities discussed in chapter
2 and the descriptive forms examined in chapter 3 led to the
development of the theorem presented in sec. 3.1 and 3.2 for
descrlblng the action sequences and decision-making processes
in the cockpit.

The handling of tasks and activities in a 2-man cockpit was
simulated by a 2-channel waiting-loop system. The computer pro-
grams already developed to describe the action sequence are
presented in chapter 5.

Cockpit decision-making processes are simulated by indefinite
evaluation functions which refer back :o measurable decision-making
criteria and which should take into account all subjective in-
fluences on decision-making.

The investigation of the operating theorem in a Monte-
Carlo simulation required statistical data on the individual
actions to be illustrated with regard to their frequency and
processing times; this was obtained by measurements on a flight
simulator.

Analysis of the flight simulator data with regard to pilot -
decision-making was performed to deterﬂlne the indefinite evalua-
tion functions. : R

Implementation of the tests on the flight simulator and .
in particular the extensive measuremenz instrumentation are
described in sec. 4.1. We are dealing with the development of an
overhead panel for the flight simulator which will permit a real
execution and simultaneous monitoring of switching tasks and
checklist work of the pilots. Furthermore, a visual task was
conceived which allows the pilots in the flight simulator to make
the critical decision of termination or continuation of the land-
ing procedure in terminal approach flight.

The test series on the flight simulator was made up of 48
approaches to 12 different German commercial airports (sec. 4.2).
The weather and visibility conditions were varied, the test
persons (2 pilots from Lufthansa) operated according to the rules
of the crew Coordination Concept and other operating instructions
of Lufthansa. For the evaluation, the approaches were divided
into operating phases: "Initial Approach," "Holding/Approach" and
"Final."

For each pilot task, the arrival times and processing‘times

were measured. In addition, the arrivzl times of individual events
important for pilot action sequences were determined.
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The evaluation of the test series was composed of the deter-
mination of characteristic values for :he time profile of crew
tasks (sec. 4.3), the determination of characteristic functions
for the pilot's decision-making behavior (sec. 4.4), and the
determination of functional relations of pilot tasks (sec. 4.5) .-
The basis for the measurement of characteristic values of the
action sequence was the definition of action units for which the
parameters were o be determined. Based on the application of
data for development of an evaluation method or computer simula-
tion, the smallest possible, cohesive guantity of action units
was viewed as expedient. Therefore, the individual actions of
the pilots were combined into action groups, called tasks here.

From the measurements on the flight simulator histograms
were prepared for the processing time and the between-time (inter-
arrival times) of the tasks (sec. 4.3). Furthermore, the histo- .
grams of arrival times of events of the flight sequence were
determined as they related directly to the activity sequence in
the cockpit.

The task-specific parameters were determined separately by
operating phases. Different-length operating phases on the
flight simulator were taken into account by norming the arrival
times to the phase duration.

The determination of measured values took place through
manual evaluation of the measurement protocol of flight simulator
with subsequent input to the computer.

For the input and processing of measured data a program-
packet adapted to the needs of the test was produced.

The determined histograms were acdapted by model distribution
densities. Based on the sometimes small number of measured values,
modifications of the histograms were needed with regard to the
division and norming, in order to allow comparison with the model
distribution densities according to definition. The adaptation
was done on the computer by using a search algorithm with a speci-
fied quadratic quality criterion. Mocdels used were: the normal,
exponential and Erlang-distribution densities.

The characteristic values determined from the adaptation
(shape and parameters of the distribution, average value and
variance) are not significant for all tasks or measured quantities.
Within the framework of the development of the evaluation pro-
cedure for crew concepts, a qualitative estimation of the para-
meters was sufficient, however. Pilot decisions having a direct
influence on the action sequence in the cockpit were examined
using the example of decision-making on continuation or termina-
tion of landing in terminal approach flight.

For modelling the decision-making with a fuzzy set algorithm,

evaluation functions (fuzzy companion Zunctions) were needed for
the individual alternatives of the decision-process.
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Determination of these subjective evaluations for the alter-
natives "landing" or "go around" took oplace through measurement
of the objective criteria "visibility" and "altitude" and the
corresponding decision of the pilot (sec. 4.4). :

Formation of the evaluation functions via the frequency /60

of decision-results for specific visibility and altitude values

led to a decision-model which correctly simulated in part the

decisions measured on the flight simulator. This can also be

attributed to a very small data base. The evaluation functions

were therefore modified by additional assumptions which extra-

polated the decision-behavior of the pilots from measured values -

to comparable situations. ’ :

With the resulting decision model, a complete agreement with
decisions measured on the flight simulator was achieved. Besides
the characteristic values for the chronological action sequence and
the evaluation functions for the decision model, we also need
parameters--in order to simulate crew activities on the computer--
which describe the functional task-secuence in the waiting-loop
model (sec. 4.5). We are dealing here with the allocation of
tasks to the pilots, their time and functional dependencies on
events of the flight sequence, or on other tasks, and with task
priorities. These parameters were determined from the £light
handbooks and were specified for the individual tasks according
to the operating phase. ’

As the basis for the crew-concept evaluation method, a Fortran
program was prepared for simulation of the activity profile. The
program is based on the descriptive forms selected in chapter 3.

The following program requirements were taken into account
in developing the program packet into a working part of the eval-
uation method (sec. 5.1):

The reason for the computer simulation is to investigate
the greatest-possible number of different situations and action
sequences. Variation of the parameters should correspond to.
real conditions as much as possible.

Critical situations which indicate pilot overload should be
recognized. Critical situations are cdefined as a pile-up of
units of the same task in the waiting loop. Moreover, it is a
critical situation when a task is not completed within the alloted
timeframe.

In the case where such overloads occur, the computer /61
simulation should allow a reconstruction of the corresponding
action sequences to permit discovery of the reasons for the
overload.

The developed simulation program (sec. 5.2) provides for the
simulation of 100 approach flights in one program run with sub-
sequent statistical evaluation. Based on an overview printout,
flights containing critical situations can be discovered. If
necessary, a repeat of the simulation of selected flights is
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possible, with a detailed printout of all changes of status in
the waiting-loop model. ' :

By storing the internal status data of the model after each

program run, the simulation of action sequences can be supplemented
by an additional 100 approach flights. The data of the statistical

evaluation is accumulated accordingly.

The first test series run with computer simulation (sec.
5.3) was performed for the "Initial Approach" operating phase
and had the following objectlves.

-An estimation of the minimum number of needed simulated flights
was to be discovered from a comparison of the specified dis-

tributions of the task-parameters with the distributions result-

ing from the Monte-Carlo simulation. o
-Based on detailed printouts for the changes in status in the
waiting-loop model, a check was run on whether the simulated
action sequences correspond to real (normative) principles of
crew cooperation.

The results after simulation of 2000 approach flights using
random sampling, confirm the correct, normative or plausible
functional operation of the waiting-loop simulation.

In a statistical evaluation of the task-specific pafameters '

a sufficient agreement of the specified distributions was found-

with the distributions of the simulated values. A fixed run with

the appropriate program modules showec that the average values
of the arrival and processing times of all tasks have an error
of less than 5% after about 1000 simulated values.

In the test series on the flight simulator the timepoints
of beginning the activity and the duration of the activity were
measured for the individual tasks. For the waiting-loop simula-
tion, the parameters determined for the beginning of activity
were used for the arrival times of tasks in the waiting-loop
system. This allocation was selected since a unique arrival time
cannot be measured or specified for all tasks measured on the
simulator. '

In the evaluation of the first simulation series it turned
Qut that this allocation causes a significant, systematic error.
Since in the waiting-loop simulation sometimes considerable wait-
ing times for tasks result, the task processing is shifted far
toward the end of the operating phase or even beyond it. From
this result overload messages from the program and a change in
specified processing probability for individual tasks for the
operating phases which do not correspond to the circumstances
measured on the simulator.
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With the program packet for simulation and evaluation of the
action sequence in the cockpit, the applicability of the waiting
loop simulation as an integral part of the structuring process
for crew concepts could now be determined. To validate the entire
process, its application to a real crew concept had to be performed
with a complete set of tasks or activities. :

The expected large programming effort for these interactions
or temporal and functional dependencies of many 51ngle actions
could be counteracted by the use of another programming language
(like e.g. SAINT). Compared to other methods of development or
testing the work sequence in the cockpit, with the waiting-loop
simulation, functional relationships of work-organization rules
and their effects on safety and performance of the crew can be
evaluated in any large number of situations. Thus, a meaningful
use of the method in structuring the work processes of COCkplt
crews can be ant1c1pated.
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Fig. 4.7: Example of a Test Plan
l-let Co-RMI

2-visibility

fail due to CB. Correct fault by pressing the CB
simulation
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(Programm ZZ) ° o

~

Datenfile
Zeit zuordnen

3

Eingabe der Anfangs- und Endmarken
aller Aufgcben pro Versuch und
Phase’ (Progremm DATEIN) o

- Berechnung von DAUER und ZWZ
~ Tabellenausdruck (Progr. AUS)

Datenfile
DAUER ZWZ

4

Berechnung der Histogramme
(Programm HIST) 5

6 .
. , / Datenfile -
T S CoT Histogremm-
. C ' werte '

Anpassung ven Verteilungsdichten,
Identifikation der Parometer
(Programm ANP) 7

Fig. 4.8: Procedure for Storing and Evaluating the Test Data

Key: l-input of allocation, clock marks/real time (program 22)

2-input of start and end marks of all tasks per test and phase
(program DATEIN); calculation of DURATION and INTERARRIVAL
time; tabular printout (program AUS3)

3-assign data file to time

4-data file DAUER ZWZ

5-compute histogram (program HIST)

6-data file histogram values

7-adaptation of distribution densities, identification of
parameters (ANP program)
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Fig. 4.10:
for the duration of task "Approach Check" in phase 2.

Key: l-duration in seconds
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Fig. 4.12: Representation of the Simulation of
the "Critical Decision" in landéing ...

(text missing).

y of
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2-measured value u for vigibilit
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11 landll
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Key: l-voltage to the runway symbol
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Fig. 4.13b: Fuzzy Evaluation Function for the Alternative "Go
around" based on the criterion "Visibility"

Key: l-voltage to the runway symbol
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4.14a: Fuzzy Evaluation Function for the Alternative "Land"
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Altitude difference =

Fig.

= present altitude - decision minimum
Key: l-altitude difference
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Fig. 4.14b: Fuzzy Evaluation Function for the Alternative
based on the criterion "Altitude"

Altitude difference = present altitude -~ decision minimum

"Go Around"

Key: l-altitude difference
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o decision for Go around on thesimulator)
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7-processing of a joi

8-placement of task into the wailing loop and change of quantities of state

the system and change of

1l-can task be processed immediately? l2-are there still tasks in

15-task moves up for processing 16-the next task moves up from loop

loop?

tities of state, waiting loop system empty
5-arrival of a task

6-processing

nt task (both channels) is finished
9-cancel task in
quantities of state l0-storage of system status on magnetic disc
13-yes l4-no
17-only in loop 1

(2)

18-in both loops l9-determination of the next arrival time of the same task 20-determination
of processing time
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‘ the fundamental operation of the waiting-loop model.

Key: l-waiting loop system 2-timepoint 3-waiting loops
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Main Program TQS

Read-in parameters for the tasks from the disc memory
Read-in the simulation conditions (operating phase, duration,
parameters for event timepoints, e.g. DH or OM)

Number of simulated approach flights |

Control of the printout

Overview prints for each simulated flight

Statistics on crew-errors and overloads

Subprogram CKRIT Subprogram CQS
"|Eval. of each approach for Control of event secuence in
crew errors and overloads the waiting loop system
.
Subprogram UAR ) JSubprogram STATUA -
|Determine next occurring task Positioning of a newly arrived
and its arrival timepoint ) task in the system
Subprogram USER F‘ Subprogram STATUQ
Determine the operating time Repositioning of tasks in the
for a task ' system after working off a task
Subprogram INF: ) Subprogram STATUS
Storage of changes of status Simulation of effects of ‘pro-

in the waiting loop system cessing a task and specifica-
on magnetic disc tion of the corresponding
identification numbers

Subprogram AUS » Subprogram EMOD

, :

Output of the instantaneous | Simulation of the decision to
system status ‘ “'continue/go around.

’

i

‘Fig. 5.3: Structure of the Program Packet to Simulate the Action
Sequences in the Cockpit in the Waiting Loop System

’



Fig.

Key:
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Unterprogramm EMOD 1
Ubergabeparameter : Eingobe : Nummer der Aufgqbe2
‘ 3Zeitpunkt' t
4 Ausgabe : Entscheidung E

~ 5 Ayfgabe Nr, ?
6 - . 6
Aufgabe 11 Aufgabe 12
7 Stfe 1 7 Stufe 2
8 CoWT 9 Entscheidung von
Ermittlung von cktueller ) Stufe 1 7
Hhe und Sicht
- E=1 E=0
10 "
Bestimmung der Bewertungszch= Emittlung der aktuel-
- len HL,"HG, SL, SG aus den len Hohe und Sicht 8
Funktionen Bestimmung der Be-

wertungszahlen 14

Aufsuchen des Maxi-

Aufsuchen des Maximums in !
mums in Entschei-

Entscheidungsmatrix

. 12 ' dungsmatrix 19
) Ergebnis ? Ergebnis ?
13 : 13
14 : 14
Landen Go around Landen Go around
E=1 E=0 E=2 E=2 E=3
(F.1.5.)- ( neutral ) (Cont. )| (Cont. ) | { Go around )

5.4: Structure of the Subprogram EMOD (Simulation of the
Landing decision on the computer in 2 stages)

l-subprogram EMOD 2-transfer parameters: Input: Number of tasks
3-timepoint 4-output: Decision 5-task no. 6-task 7-step
8-determination of present alt. and visibility 9-decision of
step 1l; l0-determination of eval. numbers HL, HG, SL, SG from
the functions ll-determin. of eval. numbers 1l2-seek maximum

in decision matrix 13-result 1l4-land
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.5: Detailed Printout of the Simulation Program (Excerpt for an event timepoint)
= begin descent; task 7 = change rudder; task 13 = communication

‘s a 1 z o ", &

l-timing of the next event of the simulation 2-event 3-output of UP 4-timing of the

output system status 5-id. for status of tasks (see page..) 6-remaining processing time

for kicked-back tasks 7-task waiting loop for CM1l; 8-task waiting loop for CM2
9-unit 1l0-unit number ll-processing end for CM1l; l2-processing end for CM2;
13-channel 14-duration of the simulation
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Key: l-for 2-task



6L

b O D

C 1 _ S, L 2 2.«
haswfirxM e TAufg 1 ——— | Aufg. b <= | “Aufg25ereeseeenns
v (%] S ERE S o " Aufg. 2 — - [’ Aufg. 6 ~~——-— | Aufg.29--——--
wl R TR 2 Aufg_. .'3 -;f—— 2 Aufg.16 st | Aufg. 30— —~"
124 L K .!- - | X
10} | | R o
B‘J" ’ .
."6-r- , ,
L+ A25
A6
2l A 30
"0 A3
-2} . AD et s S =
A6
-bt  ay .
-6+ A2
500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Fig. 5.7: Deviation of the Average Value XM from the Desired Value of the Distribution for
the Simulated Interarrival time Plotted Against the Number of Measured Values N
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I ANFLUG REK { l 8?7 % g8 } 89 } 18 % 11 § iz 1
{ RUF FLUGHRFEH/RUYII KBO{4L } Dus 24 % TOFavL } TGLOBR § TOFOSR % TGL26R 1
{ ART DES ANFLUSES3 I 1LS 3 NDB % VOR { iLs % VOR ¥ ILs i
1 SICHTBEDINGUNGEWQ*I 1500-1 1-89068,8 I 1600/1 1 0408/1 1 2088/0 I 15381 |
/\‘ Iscaa=s==canaszazz=z=] ::::::::]::::::: zzz=sacs [asessesmzi=srssnssalzsassanass
I RT1S KENHZEICHEN SI LIHR i OYTPUTTI CHRALY { HIKE § OUfﬁEP}E e i
I RUNUAY IH USE ; 4L 124 % 27L ; goR_I__ 3R ; 25k i
I_TRAwsITION LEVEL 1 se I se I 68 I 70 I 70 ; 78 |
I WIND [DGR/KN] § iger2e } 268715 % CALH % gsasee6 % 12or2s i 196,089 |
I VISIBILITY [RN1 } 3.0 { 6.8 % 5.9 } 9.6 { 7.3 } 8.8 i
I RVR [KH] I 1 5.0 1! 1..0.4 1 ! :
I CLOUDS [OCTA/FEETI!I 6-/4888 1 2/1¢€83 I 5,28068 1 77,8568 I §5,60€3 1 1/58C0¢ !
% 47154@0 i 67362 % % % ?/11832§ 710809
I TEWMPERATURE[DGR C]% i8 % {2 % 11 % 1e % 11 § 19 i
I DEUPOINT L[DGR C1J % 18 } 11 % 6 } 4 } } ]
1 GNH [HB1 I 1915 1 1015 [ 1825 1 teées I 1834 1 1083
Iesnczrxoconscerooeannicoaznata [Rragsnralerssassslzssss=sssss=sssss]s=s==z=2

*Explanation of data on visibility conditions "H/P"
H = alt. in ft above ground where the runway symbol is to attain

max. brightness
parameter for qual. description of brightness change of runway
symbol when approaching runway
P = 0: Slow increase; P = 1l: Moderate Increase; P = 2: Tast increase
Key: l-approach no. 2-to airport/runway 3-type of approach 4-visibility
conditions 5-ATIS id.

P



Table 4.2: Test Plan for Approaches for the Flight Simulator Test

Series
‘Zlolﬂvqh!onVRWY . l\nwdwngq . Besondere Vod(omvmhu(’
{Versuch Nr.) von | Zait nhalt S . . . Zeit At .
. 2 1 é R ?_ N
HAM 1S DIR | 1. Kon'ohg Descend and malatcin 3KQ
(). QMH 1023
contact HAM Agpr, on 120.80 . *
reoching HIF ND8 '
APP | 1, Kontokt Procecd to ELEE VOR, halding n
. | 3500 feer, sepert ceaching ELIE -
-~
APP | Report ELEE clecred for ND3-Approoch RWY-0S,
wind 100, 5 knots, wintility 3 km,
RVR & km, clouds 2 ocrs 1000, T25, .. -
DOP=), QNH=1024
- L APP | leaving ELEE contoct HAM TV on 125.85 when
: . astoblished - aadt
12| 1. KontaktS | Ne. 1 on finct, repoct resching OM, .
) ONH 1024 . . - .
™2 MM cleored to land
oMN 27 ROR | 1, Koﬂ'ebq D d ord maintgin 300, ..
(2) APPR on 125.45 reaching 8\IN-NDJ )
AR ] L KMDGUY clecred for holding, descerd to 2500 .
- AP? | Holding cleored for VOR-Appeocch RWY 27, . . . . .
QNH 993, contoct TV on 118.3 ¢
™1, Konlekt% T cleared to land, wind 213/25,
QNH %93
) . - . Y - . . B
HAM 23 OIR | 1, Kontoke Descend ond maintain 5X0, contact - ) . e A
. (3) : . ? APPR 121.25 reaching KIF . B
Lo AP? | 1, Kontakt Hold obove Hamburg VIR, descend .
* . T and maintain 4300 - .
. AP? | Holding cleored for 1LS-Approach RIY 23, . - -
i contact Tower recching CM .
s . . ™z 1. Komaklg Nr. 1 on fincl, QNH €05, report . - '._
T ' : . field in sight, wind 15/25-35 : -
. TWR | Missed Appe. Follow misted opprocch grocedure,
e - . contact Approoch on 121,25
HNV 27R o | 1. Kontekt & | Descend and mointoin 2X0, contact - e - i ‘
(4) . APPR reaching 2003, QNI 950
' o 27 | 1. Komake 8 | eleored for Halding, meietain 2000 » . -
APP | Holding cleared For 1LS-Approoch RWY 27 R, . . -
contact TWR when esteidished .
. ) . Teaving | Co-RMI durch
= . . .} Holding | Circuit-Bregher
. * auslullen lcusen,
. oL durch Driicken des
’. CB wieder Funklion
wR| T, Konlnkl% Nr. 2 on final, wind 123/10,-QNH §90 <t .
. ™R | MM cleared to land . :
. CGN 2R DR | 1. Kontakt 8 Descend and maintain $000 Uy
(s) DIR | leaving GMH  {Report reaching COWA ®
. . DI | tabound COLA [elcurcd for 1LS-Approoch TWY 3TR, QNH 98,1 7~ .
) \‘ . contact Tower when extcibished \
. i TWR | cntabl, 04 LOC |Ne. 1 on finol end cloxred 1o land,
i wind 270/05
) TWR | Mined Appe.  |contoct DIR

Key: leestination airport/runway (test no.) 2-from 3-time 4-instruc-
tlon.S—cc.mtent 6-events 7-type 3-contact 9-have Co-RMI fail due
to circuit breaker, reinstate bv pressing the CB
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Table 4.2

Key:

l-dest. airport/rwy (test no.) 2-from 3-time 4-instr
6-events 7-type 8-contact 9-have Captain cause fallure of ADI
circuit breaker, do not correct l0-have ILS display (pilot)

failure

(Continued)
2teiflughalen/RWY 2 "qkmuhunq bl . Lotondere Vorkmnluo('
5 von ] ' . 1
(Venuch Ne.) 1 by 1 Y 2e 13 At -7
DUS 06 O | 1. Komokt® | Descand ond mointain £X0 .
(6) DIR | inbound B8OT cleared for VCR-Aparocch RYY 08, contoct
TWR reaching DUS NDS ) .
W) L. Konlah% Ne. 1 on final, clecred to tond, wind,calm-
CGN 4L DIR] 1. Ktm!c\‘dg Dncmd and maintaia 500, in Holding e
descend to 00 )
{7 . . tob. YIYP | Engine overheet, ”
. . EGT ¢ , N2 ¢,
DIR |- Holding clcared for 1LS-Approsch KHY 14 L,
. : QNH = 1015, contact T4R when estoblished
R 1. Kor\lo&g Nr.*1 on fincl, wind 13¢/23
TTWR] MM cleared to land .
ous 24 O | 1. KontoktQ | Descend 10 3000, HolZng BAM, repart ot BAM
DIR | Holding . cleared for ND3 Approcch RWY 24, QNH 1019,
€))] contact TWR on finol - .
™| 1. Konmhg Nr. 2 on finol, report o Dtiseldocf U NDB
) . Inbound | C8 AD! vom
1 LI NOB } Cept. cusfallen
- . lassen, niche
° ° 2u behelen .
. TWR| bei H=500 cleared to lond, wind 250/1S .
TOF 27 L 22| 1. Koottt | Descend and matntotn 5000
: APP | inbound TOF | Cleored for VOR/OME~Approach RW/Y 27 1, : :
(9) descend 1o 2000, repot 200, QNH 1025, i
contacl TYR reoching ICF VOR .
™| L Konta'nct Ne. 2 on finol, seport when established (on
- center line) N
~ TWR | on’center line ¢leared o land, wind calm .
‘\. ) - hd
6L L, AP | 1. Kontokt§ | cleared for Holding NIEORR, descend to !
‘ 2000, ONH 1009 !
(o) . Inbound :
e . ¢ INIEDER | Pitor lcing
AP? | Holding clearcd for ILS-Approceh CAT, 11 RWY €3 L,
ATIS Information MSKE: Wind 070/03, CNH
1009, Temp. 5, Dew 7. 3, contact Airport 118,70
. . when ciloblished N
™R L. Konleh% cleared to lond, wind £70/63, GNH 1007 *
1CF 0P R AP? | 1. Kontokt descend ond maintsin 3000, QNH 1004
() APP | inb, FAHLAND | cleored for DVOR-Axcrocch RWY 09 R, contact
TVR 113,10 reaching /L
™) 1. Kookt 3 | cleared to Tond, wind 125708 .
IGL25 L AP? Vl. Konta‘d% descend ond mointain 000, procecd to HVLe
(12) vOoR, oNn 1003, report HVL
AP? | inbound HVL desernd 1o X0, cleo=d for ILS=pproach KWWY
. : 26 L, contact TVR 117,70 when establithed
: ™e] 1, annﬂ Nr. 1 on firal, cleored 10 lond, wind 199/07
* . on center | right engine
line overhent, ot
on center | ILS-Anzcioas -
line fc1) cuslallon |
frasan l O

-content

83



List of Crew Activities Determined on the Simulator and

-~
.

Table 4.3
their Summary into Task Groups
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o instr.

(8

4
P}

operate elevators and

switch on autopilot 10

listen

6-switch off autopilot; operate

shut off gas

.
’

-read checklist aloud

react to checklist with

ratch variometer 7-becin

w

3-attendant single activities

-
’

-
14

switch off audio.

airelon and trimming;

l-task 2-appears in phase no.
4-listen-in to ATIS 5-set freq. and audiochannel
apply gas;

descent 8-end descent 9-watch variometer:;

trimming;
listen to responses; operate switch

responses and switch operation

make notes;

Key
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Table 4.3 (Continued)
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6-perfornm
response l0-operate lever,
13-communication
15-writing and. reading l6-deter-

3-attendant single activities
7-radio speech 8-operate landing

listen for

watch lights, give response ll-operate lever; watch the
12-operate flaps

ponse

give res

=

4-change the bank 5-watch bank; operate aileron
9-give command,

l-task 2-appears in phase no.
radio speeck; make notes

14-l1listening and speaking

mine weights and speed.

gear
tracking,

Key



Table 4.4: List of Non-Task-Specific Measured Quantities from the
/) Test Series run on the Flight Simulator

I I
1 T . |
{ =1-- PHASEN~LRENGE ¢ DRUER ) _ §
1 =2-~ Z2EITPUNKT DES UEBERFLUGES ON N . I
! S N 13 I
{ -3-- ZEITPUNKT DES ERREICHENS DH/HININUNY ALTITUDE l) B2GL. T/D- v {
b i . TN
1 | . o\ i
% -4~~- 2EITPUNKT DES AUSRUFES * FIS . ,/ ) L ‘§
I - TTemmmemmemmmn TTTUN 13 I
I .=5-- 2ZEITPUNKT DES AUSRUFES " CONTINUE = % I
% . ©? B2GL., =3-- %
% -6=- ZEITPUHKT DES AUSRUFES -" GO AROUHD * ,I }
I commmemmmes 1
I =7-- SPAHNUNG U ALS HASS FUER DIE SICHTBARKEILT 1
{ ‘ DES LANDEBAHH-SYUBOLS (KOHTINUIERLICH GEMESSEN)Y : {
I ) S
1 -8-- HEADING I
1 i
1 -9-- MILES T0 TOUCH DOWN %
I " 1
% -18~ LOC/GP DEVIATION %
I I
I =11~ ART UMD AUFTRITTS2EIT BESONDERER VORKOMMNISSE 1
Y % CTRIEBUWERKSAUSFALL , HAV.AUSFALL) : }
' .
1 ’ 1
i ~12- ART UND HAEFIGKEIT VYON PILOTEN-FEHLERN {
% -~ FEHLSCHALTUNGEN AM OVERHEAD-PENAL {
{ == NICHT KORREKTE DURCHFUEHRUNG DER CHECKLISTEN {
% -~ FEHLERHAFT DURCHGEFUEHRTE FLUGVERFAHREN }
I..--....-..--.._..--..--..----...._..---.........-.._..--_---........--..----.....'.-- ------ R {
Key: l-phase length (duration) 2-timpoint of gverf}ight oM
3-timepoint of reaching DH/min. alt. 4-timepoint of call-out
5-timepoint of call-out 6-timepoint of call-out 7-voltage U
as a measure for the visibility of the runway symbol (meas-
ured continually) 8-heading 9-miles to touch dgwn
10-LOC/GP cdeviation 1ll-type and timing of special events
(engine failure, nav. failure) 12-type and frequence of
pilot errors; wrong switch on overhead panel; 1ncorr§ct
execution of checklists; incorrect performance of flight
procedures 13-with regard to
N
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Table 4.5: Probability of Occurrance oI Once-Only Tasgs for the
Various Operating Phases (Determined from their frequency
of occurrence in the test series)

(RS [ A NI R ENAR ] IR AT RN IR SRR AN nr e men |
1 1 I 1
I AUFGABE , 1 NANE I ZRUFTRITTS-URHRSCHEINL!CHKEIT FUER 1
I NR. 1 b PHASE 1 1 PHASE 2 1 PHASE 3 1.
[sscusxavnssn [ anascsanvunneneen sesvsunnnpuse [saenssunusasa] seozceasuncsunn |
I i 1 I , b : I \ 1
1 1! I ATIS 3 I 1.08 1 6.6 1 8. 08 1
1 . 1 ABHOEREN 1 I 1 1
Isssncnsnowunsccsccocssansanslanasnooassasss [uaaxascancons [ oasasuu=acane |
1 . I I 1 I - 1
1 4 I DESCENT I . 9.28 1 0¢?72 I 8. 08 1
I I CHECK 1 1 1
Ioausnmanusnsaccassonnneannen oncunanesnsnnn [cunoeccascaan] aensasancasacenn |
1 I R S 1 1 1
I S I FINAL 1 8. 88 I -8.18 1 8. 82 1
¢ I CHECK I ' 1 ) 1 1
[osnasannunena [ neszoxnesuansuan(oxnsnnnnrsane [ocnesaocananes [ aeeneaacsxonun ]
I I I 1 B ¢ : I
I 6 I APPROACH I - 8.28 1 8.72 1 8.8 - I
I I BRIEFING 1 1 I 1
}----n-----n-{-::-::------a---i--l----------i--n-un-nn-nnn%-;a-na-u#na--}
1 27 I GEAR I 8. 88 1 8.48 1 B.52 - 1
I I DOVH I I 1 1
{-luunullullulu:===nunnn.nnn.-[--nn--a-xanllIn---n-unnn-unla-:au..:n-n.-1‘
- I, 1 : 1
1 28 I KLAPPEN 4 I 9. 89 1 -8.78 1 8.24 I
I I BETARETIGEN 1 1 1 ‘- I
I----aa----.-]-a.:-a-na-uuu-u-[-------a--l--x--.-n-nﬂnnunnl-----nan:a.un[
I I LANDING WEIGHT I 1 I 1
1 36 I UND aPPR, SPEED I 9.5 1 8.47 0.908 1
1 I BESTIMMEN . § ! 1 1 o 1
Tuanmumecemn el srcrdmr e mmnmeno- fommamm o e ——— M e Townanazuaxunn ]

Key: l-task no. 2-probability of occurrence for
3-listen to ATIC 4-operate flaps
5-determine landing weight and approx. speed.
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Table 4.7A: Statistical Characteristics for the Processing Time of

Tasks in Flight Operations Phase 1 (Initial Approach)
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Table 4.7B:
of Tasks in Flight Operations Phase 1 (Initial Approach)

Key (to both tables):

3-min. measured wvalue
5-average value
7-model distribution

l-task no. 2-number of wvalues
4-max. measured value
6-variance

8-estimated parameters
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Table 4.8A: Statistical Characteristics for the Processing Time of
Tasks in Flight Operations Phase 2 (Holding/Approach)
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1/ AUFGABE HR 1 2 1 3 1 4 1 S 1 6 1 16 1 23 1 272 1 28 1

mxurresuncoon [axzcun [eneaaneneoans[anyasn jzansan oasage [aeananlgexyan]agssen]

I
IDUYERT-AHZAHL I 188 ] 206

} 35 % 8 % 41 } 564 % 19?7 } 20 % 84 {
IJMIN HESSWERTI 8.?{ 8.7{ 8 1 23.9§ 8.6% 6.1{ 8.6} 0.2% 2.91
I4nMAX HESSUERT% 39.5% 110.0} 78.41 44.81 199.11 44.21 45.21 17.31 18.21
iISEHP MITTELU.§ 12 1§ 13 1}' 42.5} 33.8} 111.6} 1!.?§ 9.4% 5.0{ 7.?}
ILEMP VARIANZ 1 66.41 343,11 367.81 38.315119.81 113.81 48.81 22.91 10.31
[eecrrosns=xss ess=s=]aasssalessz=ss]lmassssssesaz]szassz]sasss=slasassss[sasses
{7HODELLVERT. } ERL % EXP § NORN } NORN § SOR? { ERL } ERL } NORH { NORH ;
IQGESCHRETZTE 1 1 i I 1 1 1 1 . 1 1
ISPARAMETER: , [ 1 I 1 I 1 1 I 1 1
P1 } 8.1} 0.8?§ 40.4§ 32.4} 51.2§ 8.1§ 8.1{ 2.4} 6.81
I P2 § 2 % -- % 151.2% 119.1}1498.8§ 2 % 2 % 4 ?% 7.11
ISHITTELWERT { 9.?§ 12,11 40.4] 33.?% 58.5% 9.?% 9.9§ 2.?% 7.081
ILVARIANZ 1 45.41 169.61 150.41 37.511581.81 45.41 49,11 3.41 6.01
I{sccannaruouas lenscanlocannas[oanzwas]wanscazleascsaaz[aagsaxs{agzasaloananzsslaanas=]

Table 4.8B: Statistical Characteristics for the ;nterarrival Time
of Tasks in Flight Operations Phase 2 (lolding/Approach)

Key (to both tables)

l-task no. 2-number of values

3-measured value, min. 4-max. measured value
5-average value 6-var%ance
7-model distribution 8-estimated parameters
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Table 4.9A: Statistical Characteristics for the Execution Time of
Tasks in Flight Operations Phase 3 (Final)
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Table 4.9B: Statistical Characteristics for the Interarrival Time
of tasks in Flight Operations Phase 3 (Final)

Key (to both tables)

l-task no. 2-number of values
3-min. measured value 4-max. measured value
5-average value v 6-variance

7-model distribution 8-estimated parameters

l--u-u---n----t---.--x--nn--!-nannll--l;-;Ii:::;.l;a:-;u[:u==;$t;:;;-ul
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Table 4.10:
the Flight Operations Phases

[sssxzszsazvax]usxassssagaz]assaen]

Statistical Characteristics for the Duration of

x[,-zgggsaljsusau}s::i::%a-:§==§=a;g==§ Key: l—phase no. v2v_no° Of Values
JUERT-ANZAHL [ 48 I 48 % 39 I 3-min. measured value
ANIH Hsssusnrz L. sx t.81 1.s1 4-max. measured value
inbobrdotulvintugng B"'; "'E';I”';g‘gl“'g'é‘% S-average value
§ﬁ§_§E§§_EB_§_-E ......... [ee==ll 6-variance ;
ISENP HITTELVY, ! §;§}_ 7.1 3.6I 7-model distribution !
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VARIANZ I 5.8l 9.1 8.8l
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Table 4.11:
Marker (TOM) overflight,
of Call-out "Continue" or
(TE1) .
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I Pl . ‘% 181.3¥ 42.5 { 708.6 g 69.2 1
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I6VARIANZ I S514.61 581.21 909.51 273, 91
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Statistical Characteristics for the Timing of Outer
of reaching the Decision Al:.

"Go around"
(All timepoints with respect to phase end).

(TDH) and
(TE2) and "Field in Sight

Key: l-timepoint
2-no. of values
3-min. measured value
4-max. measured value
5-average value
6-variance
7-model distribution
8-estimated parameters
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Table 4.

12: Parameters of the Tasks for Function of the Activity Sequence in the Cockpit
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Table 4.12 (Continued)
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a-none

Key

C—-no

b-yes

d-task 1

f-change banking
i-operate flaps

e-landing decision

max. approach speed

h-operate land. gear
k-determine weight and

g-radio speech
j-communication
l-absolute priority
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Table 5.1: Program Packet for Computer Simulation and Evaluation of
Action Sequences in the Cockpit

ImregsaazszslczaezzxalanazazassassazssS=sSasagdccasIIER g S=Sess |
{ HP % up % ' { BESCHREIBUNG 1
SEEN®E XXX SBAXRIBEIZX =ﬂ==-========8============================I
1 1 13 1 : 1
1 CINI 1 I“INITIALISIERUHG DER DATEHNFILES 1 o 1
[ % } ZUR SPEICHERUNG DER EINGABEDATEHN % g'ux %
1 IL'INITIALISIEP.UNG DER DBATEHFILES I 5 ?; 1

INIT4 1 I'2UR SPEICHERUNG DER SIHULA- I =~ o ]

I I TIONSERGEBMISSE 1,0 =< ]

-------- T L e o b e L E L LTS O Mgl B
1 IEIHLESEH DER EIMGABEDATEN 1 == 1

CEIN % { FUER CRE % oo l-.g I
—————————————————————————————————————————— 1

% CLE IbLESEH DER DATEN VON PLATTE § o g §

§ csp §7SCHREIBEH DER DRTEH AUF PLATTE % = %

1. 1 I SIHULATIOMN DES HANDLUNGSABLAUFES 1 I
I CREW I _~ I%IM COCKPIT BE!l VARINTION DER I I
] I- I PHASENDAUER, RUFGABENDRUER UHD 1 I
% § { -AUFTRITTS- UND EREIGNISZEITEN % %
1 T ?aRBSPEICHERH DER SIMULATIONS- 1 1
} INF ] ERGEBNISSE % }
K' . 1 ces yOSTEUERUNG DER HAHDLUNGSFOLGE § {
1 _I“QENDERUNG DER CUSTAHDSGRGESSEMN I I

[ STATUA™IVBEI AUFTRITT EIiHMEZER AUFGRBE IN I . 1

E ] } DAS CREW-SYSTEH % 3 1
--------------------------------------- " 1
IZAEMDERUNG DER 2USTAMDSGROESSEN [ - I

1 STATUQR 1 BEI AUFRUECKEN EINER AUFGABE IN I < 1
] I % DER SCHLANGE } = {
1 I RENDERUNG DER ZUSTAHDSGROESSEN I = 1

I STATUS I BE! AUSTRITT EIMNER AU;GGBE AUS I “w 1

%‘_ % DEH CREU-SYSTEH { } ’& §

1 I GEHERIERUHG DEER AUFGQBEH-lq 1 I

I UARR % AUFTRITTSZEITEN § {

- 1 GEHERIERUNG DER_AUFGABEN- [Ny 1 1

1 I USER { BEARBE ITUHGSDRUER % %
1 1 I GEHERIERUHNG DER GLEIChVER-’b 1 I
{ { RAHDUX § TEILTEN Z2UFALLSGROESSE } %
3 _InUS;TEXT} KOHTRQLLQUSDRUCRE ¢DATEN, TEXTY {7 | }

Key: l-description 2-initialize and data input
file for storage of input data

storage of simulation results 3-read-in input data for crew

6-read data

from disc

7-write data on disc

8-simulation of

action sequence in cockpit for variation of phase duration,
task duration and arrival and event times 9

simulation results

10-Control of action sequence

-storage of

ll-change

the quantities of state upon arrival of a task in the crew

system

task in the loop
task from the crew system
l15-generation of task execution time
form distributed random quantity 17-control printouts (data,
18-simulation

text)

l12-change quantities of state upon advance of a
13-change quantities of state upon exit of a
l4-generation of task arrival times
l6-generation of uni-

3-updating the data
4-updating the data file for
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Table 5.1 (Continued)
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4

l-updating of data file to store histogram values for phase 1-3

2-calculate all histograms of the test results from crew and

store histogram values for each phase

ograms

E
[

5~-calculate task-dependent his!

data file
9-program for drawing the histograms on the plotter

10-subprogram to control the plotter

8-store histogram values of task-dependent values in the
ll-statistical evaluation

7-calculate the histogram for the remaining time

3-read-in histogram values already calculated

4-calculate task-dependent times
6-calculate task-independent histograms
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NPH
NAT
NZU

XQUER
VAR
PMIN
PMAX

I
NUM(I)
XIX(I)
YIY(I)
AT(I)

AAZ(I)
ZAZ(I)
DISZ(I)

ANZ(I)

AWA(I)

- Minimum value

Number of the operating phase
Number of tasks in operating phase NPH

Number of important events in the operating phase

Parameters for Phase Length (Generation of phase

“length from normal distribution)

Average value

Variance _
of the phase length

Maximum value

Taék-Related Parameters ,

Item number of tasks in the simulation program

Id. number of task I from test series on flight simulator
Base values of the random number generator for generation
of execution and interarrival times for task I

Identifier for allocation of tasks to a CM.

AT=0 Task I can be executed by CM1l or CM2

AT=1 Task I must be executed by CM1

AT=2 Task I mﬁs£ be executed by CM2

AT=3 Task I must be executed jointly by CM1 and CM2
Numberxr bf the task on which task I depends

Number of the event on which task I depends

Priority'of the task simulated by processing discipline
in the waiting loop system

DISZ=0 First come first served discipline

DISZ=1 Last come first served discipline

DISZ=2 absolute priority discipline

Maximum number of occurrences for task I in the operating
phase (o = no limit on occurrences)

Probability of occurrence of task I in the operating phase.

Table 5.2: List of Input Parameters for Computer Simulation
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Table 5.2 (Continued) B v Lo

ARR(I)

APA(I)
APB(I)

MIN(I)
MAX(I)
PBZ (1)

SER(I)

'SPA(I)
SPB(I)
SX0

MIN(I)
MAX (I)

98

Identl ier for the form of c’strlbutlon functlon for
interarrival times of task I S

ARR=0 Zxponential distribution

ARR=1 Erleng distribution

ARR=2 Normal dlstrlbutlon

lst parameter of the distribution for lnterarrlval times
2nd parameter, if any, of the distribution for
interarrival times )

Minimum value for interarrival times of task I

Maximum value for interarrival times of task I
Identifier for the phase reference of the task with
respect to the interarrival time

PBZ=0 No reference

PBZ=1 Statement for ZWZ in percent of the phase length
Identifier for the form of distribution function for
execution time of task I _ _ -

1st pa*ameter of the dlstrlthlOn for executlon tlme'
2nd parameter, if any, of the distribution for execution time
Linear average of the execution time

Minimum value for execution time of task I

Maximum value for processing time of task I
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1
3-generation of phase length from normal distribution

899,800
4-with

l-crew computer simulation with queueing system
2-for phase no.

5-task no.

6-parameter
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Results of the Computer Simulation from Test Series 1

Table 5.4
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Table 5.5: Frequency of

Pilot Overloads in the. Computer Simulation (test series 1)

12.6 %

N.3%

Ubedaﬁung' i Uberlastung Uberlastung Uberlastung
1 durch V' durch : durch 1 durch
Aufgabe 8 1 Aufgabe 13 ‘1 Aufgabe 1 Aufgabe 4 -
(mehrfaches Auﬁr_éten) 2 (nicht bis zum Sollzeitpunkt erledigt) 3
i N
4 4
" Versuchsreihe 1 22,6 % 7.5%

4-test series

Key: l-overload due to task 2-repeated occurrence

3-not completed by the spec. time
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termina-
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print-out on landing decision 4-determination
7-second possibility

8-third possibility: Simulation

5-print-out for various condi-

System is overloaded

f =

i
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6-continue
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l1-seek crew errors in computer simulation 2-breakdown by phase
3-check for crew errors in phase one 4-check for crew errors

-(’\ in phase two
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l-determination of the first arrival time

2-determination of the next event
3-service routine channel one
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2-service routine for both

l-service routine channel two

channels simultaneously
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2-determination whether unit is moving

3-advance of unit for execution
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l-end of simulation 2-collection of data on task profile for

output file
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3-if task can only be executed

g data in the system

ype

-with FCFS discipline

l-positioning of an occurrin
4

2-determination of task t
in KN2;
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place
7-set the status of
joint task and service time from KNl temporarily to

8-priority task NXA is set into server 2
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l-with LCFS discipline 2-absolute priority 3-determine content
5-content of server two is set back to the lst place of loop 2

of server two 4-elements of looo one are set back one

6-set the status of the reset single task

the reset,
infinity
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3-cancel move back the

4-if task can only be executed in channel one
6-with LCFS discipline

l-check whether task NXA is already present in thesystem

2-seek the second NXA in the loop

remaining loop
5-with FCFS discipline
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NXA

7 -

4-set the status

l-with absolute priority 2-determine content of server 1

3-set the status of the set-back single tasks :
of the set-back joint task and set service time of KN2 tempor-

arily to infinity S-priority task NXA is set into server 1

6-check whether task NXA is already in the system
already present and set-back. Addition of TREST to the service

time of NXA 8-seek the second NXA in the loop 9-cancel and

set-back the remaining loop
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2-which loop is shorter

5-print out

121

1-if task can be executed by both channels (either/or), it
if task must be executed simultaneously in both channels

is given to the smaller loop

3~
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4-assume FCFS discipline
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Key: l-repositioning of tasks in the waiting loop 2-STATUQ checks
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.2

N

whether the element moving into the server is dependent on
other tasks of states. If so, the element is set to *he end

of the loop 3-loop one 4-first element is loop one is checked

5>-first element is dependent, the other task is not vet com-

pleted. The element is set to the end of the loop 6-print out

ENREBBEREIAREREEIEREAREATCEAEAEERBEREAREBERABERERREZEEIREEEXREIE RS

c
c 1upP sTATUQ , UMPOSITIOHIERUNG DER AUFGABEN IN DER WARTESCHLANGE
c ERESAERES B KB R E B RAKERERE IR BRI E AR RN R R R BEERBE R R A RERIRERE AR
c 9 STATUG UEBERPRUEFT, 0B DAS_IN DEN SERVER UANDERHWDE ELEHMENT
c VOH AMNDREH AUFGABEN ODER ZUSTAEHMDEH ABHAENGIG IST CARZ, 2ZA2)s
c WEHH JR, WIRD DAS ELEMENT AN DRS ERDE DER SCHLARGE GESETZT.
E "SUBROUTIHE STATUQCNSX, HQ, NS1, NS2, NABS)
COMMDN/A/ASTAT (28, 18), ¥KZC(28), 2STAT(28Y, T2UC28), TREST(20)
COMMON/AR/AT(28), DIS2(28), AN2XC28), XNUH (28)
COMMON/B/SCHIC18), SCH2(18)>, QLENT, GLEN2, SYSH1,SYSH2, SYSH
COMMON/C/AN2¢20), APAC283, APB(28), ARR(20), ZAZ(28), A0C20), AU(28)
COMMON/D/SERC2B), SPR(28)Y, SPB(28), XIX(205, YI¥(208),
1TIMC4), THEXT, TLAST, S0C28), SU(28)
COMUON/F/ %A, ¥XB, XLAST, UBL (208>
KA=IFIRCHAD e
KB=IFIX(XB) -
HABS=0 -
c ABFRAGE DER SCHLANGE: ~
GOTOC¢1,53NS%
c 3scHLANGE 1,
c UBKAEERERX AR RREERASERERK AN A RREEREK AR EBE AR R R KA R R E S SRS ER SR
c 4 ERSTES ELEMENT IN SCHLAHGE t WIRD UEBERPRUEFT: -
c AREREREEEERNRUE IR BN ARG AR R RN EBTRARNKE R R E R R E TR R
1 IFCCARZCNG) . EQ.B. ). AND. (ZRZCHAY.EQ.8.>>G0TO 11
KaIFIXCARZCNG)) -
1F(K.EQ.9)G0TO0 238 -
IFCASTATC(K, 1. NE'S5.)>.GOTO 288
30 KaIFIXC(2ZAZCNOD)
L IFCK.EQ.8>G0T0 11 L )
: IFCZSTATC(K).EQ.2.>G0T0 288 = N
' . GOTO 11 z
c gERSTES ELEMENT IST ABHAENGIC, DIE ARDERE AUFGABE HOCH
[ HICHT FERTIG. DAS ELEMENT WIRD ANS ENDE DER SCHLANGE
g GESETZT.
260 DO 38 J=1,180
1FC(SCH1(J).EQ.9.) GOTO 31
38 CONTINUE -
31 SCH1(J)=SCH1(1) e -
c AUFRUECKEN DER SCHLAHGE
JH=J-1
DO 32 J=1,JH
‘~——A——bSCRLLJJGSCH114*1#.-, [REPUN DY IS S A PR XIS T P O, ST Sacs
32, CONTIHUE e e e
: SCHI (JH*i):G. v - "‘- DI . ) [l SERER P ‘e.ats . c -
L po 58 J=1,18 :
59 IFCASTAT(NDQ, JY.EQ.0.5GOTO Si
51 JH=J
- ASTATCHE, JY=ASTATCNQ, 1) .
DO 52 J=1,JH " . . -
52 RSTATCHR, JY3RSTATCNG, J¥1D . S
c ( AUSDRUCK o S
HO=SCH1C1)
J0T=1
IFCKA. GT. 8YURITEC?, 9973 J0T
' IFCKR.EQ. 2)PRINT 997, JOT
HSi=8
NS2=8
DO 7?59 J=1,28
95 IFCASTATCY, 13.EQ.6.8)NS2=y
po 8ee J=1, 20 :
80¢ IFCCASTATCJ, 1).EQ. 4.). 0R. CASTAT(J, 1).EQ.8.>)INS2=d
. IFCQLEN2.EQ.SYSN2YNS2=0
CALL AUSCNSI, NS2) :



etermine

~

compute remaining

service time in both servers 5-reset part of joint task is set

-
’

be processed in the loop
set into server 1
ver 4-the part of a joint task

been set back
8-print out

6-move other elements in the loop back 7-

l-check wheter any element can

2-first element of loop one is
to be set into the server had
the element in the 2nd server

3-single element is set in ser
in server
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the other

3-server two is full
6-first element in

5-loop two

Check whether server 2 is also free for
7-first element is dependent,

2-server two is also empty

4-check whether there is any task in loop one which can only
8-advance the loop

be processed in server one

loop 2 is checked
task is not yet finished. The element is set to the end of

l-server 1 is free.
the loop-

joint task
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free.

3-printout 4-server two is

l1-set-back of the other elements in the loop 2-determine the

element in the lst server
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7 GEMEINSAME AUFGABE RUECKT IN BEIDE SERVER AUF
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l-normal distribution 2-calculate the arrival time 3-determine
the timepoint without phase reference 4-determine tirepoint for

5-in phase three for All and Al2 ref.

timepoint with phase ref.
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-unit number

for output of values

4-id.

l-determine a random no. using uniform distribution
5-no printout 6-printout to TT or LP 7

2-printout the instantaneous system status 3-identifier
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Key: l-specification of fuzzy eval. functions 2-predecision in step
one has been taken? 3-determine present alt. and DH 4-deter-
mine difference between current and decision-alt.
5-determine present visibility 6-seek present visibility in
fuzzy function 7-determine the evaluations for land/go around
based on visibility 8-seek alt. difference in fuzzy Zunction
9-determine evaluations for lang/go around based on altitude
10-fuzzy decision-making through min/max. calculatior in the

evaluation matrix
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l-read in already-calculated histogram values 2-no. of tests

Key

4-read in the results from the computer simulation

5-processing loop for 15 tasks

3-test no.
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l-compute the times for arrival, beginning of execution, end

of execution, waiting times, processing time
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finished!

2-calculation of histograms
3-test I4 is
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-dependent simulation results
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l-calculation of histograms

for task
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2-statistical eval. of approaches from computer

l-write the computer histogram values into the appropriate

data files
simulation, task-independent characteristic values

3-read in the input parameters
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of tests

2-no.

4-read in the results of the computer simulation

5-compute histograms for task-independent simulation results

l-read in already-calculated histogram values
6-the following values only appear in phase 3

3-test no.
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l-write the computed histogram values in the appropriate data

files 2-statistical eval.,
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3-read the histogram values
5-compute ordinate and

of tests
4-no value present

2-no.

l-test series no.
from data»file

abscissa

Key

M

o Baliman s -

H . ws ~ N
' ~ % - ~ '
[} - % { - *
1 - wo» . [ us ~
{ -~ - z» : L) v ©
s u w < n w
. [ x ) -~ % ~ w ~ =
b - . (2] << % - ® N o)
o = Q% - - 12 =
z P ~ -+ Fr= w Q )
' [+ 4 oL T O% w (] [ 4 ”~
td ” u < T 3 = ~ u, e
x - > > e = X ~ A (15} ]
. N e - * << € T = - ~
1w - [+ ~ s« =4 x -~ =2 (=] pe. ]
/ o W o . % @ x » v
, 0 o« a - : o & o O oW ~ »
. = x w i wr o© > ~ oxr v - w= w.
(5] -d n NI 238 O ~ N O o w .
= 11 x -~ VD X - -4 VX X = - -
(2] (2} < n 4 LHOO X ~ T X - W a>s (=]
. ol < N ~ NWD "aTuXX-= W o NO - L A * " »
w x b -t L] —Mm e O 2 x N L ~S ”~
o ' . . I o> Q. < ~ v Nwie O #—~0Q . " W AOW - O -y e ls-fed
© . - o~ T8 DU O*rXTA X - x zZor A 1= "Durx
o oo - . . o . w O 400 8N o = hr B ) TXrenZ - X b A g g=A4 ]
o~ Lt IRy - 1~1. H ’ o = ~ WY oo ut v U MO A e O =L NI O
-~ EORN.~1. - Uy ' «a X ~X ~W -t QO vl »rxll o 4 v = SXXO X > Nwvsyr N+IXXND
- et I} B ANAAN D> Q. Wae RO #ZD THQUIAS NI U XX 1 @ W N4 «<Enu
n MR AADZIID ARNZARZIOANZAT Qv wr AN LI o At AAATIXWD - O [S- A ST o bl ¥
= SDBBBOOD IDIZARIANTIANO™E =D —ON ¥ (2] 4 O DNMAALZYT X Z - O
") e DWW @ e AU At A A UITIZUN U s e e WELA WM WHZ L AaWWTIIE L. 02 D . L IXOWTI ., sy
OND o ADITIODDIONV v WAV Wt T 0 VOO0 AFUSNVOITDOONOU  XUOLVLOO ZPOIXXIDVIVNNDIDIDD
OB HAZNDIDIDOMINZTwiINViINWV oW W Wi B LV ZIN T TIXXNNW DV o HDa0 I
OAADIODIIVVWrmUCwIUCVIIAVYTIMZ O Ul « v ZEawvOWT = UAVIRIHDOTOW OEIT AN T rtog ey
NDDDVNNVVWEN =X AIARTIQE e wWOO0DT WeaXF-IOoORQWOTOINIXVUWVILNEFOL WIS N = vt Z2LU X e b= b= =
DV MO T IR T T T OE L AWDNWVY DEQWHE=E RS- CU W] DI WD OO
OWvwXOOOIXrO—IOOXOWAOUWROWOLUWO OLOXILUL WHULWLZODOOOVINXEZEL~ULAEOC WOmOVOOOOOO00
AaX>=OARAXXXNZOUILATULAIULAELIANR QNI JEKHBLOUOANISIZSXXEXXA~ITUOO OXOA3IXOaNXN0O00,
L] N
o . ) W
> o N - - - ' o [aod
@ o n c . - @ \ n - S -7~
N NN 0 - 0 N [ . L& 12 o o0 Y- ) v O ~ vty

142



of tests

3-no.

2-test series no.

-

l-printout of results table”

4-task no.
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pd

-or task independent 6-command
8-begin processing 9-end processing l0-waiting

~processing duration l2-interarrival time 13-simulation

end l4-workload on CM1l

T

1 3-draw histograms

ry

to time at D

2-rel.
4-draw histogram of task 5

7-arrival time

l-no value calc.
time 11
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Key: l-scale determination 2-scale factor 3-change 4-new value
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onn

10

OO?

R ST e
UP HISTO2.FOR S e

SURREERRERERS }uil..;gz‘_

SUBROUTINE HISTO2CXHIM, XNAX,B,H)

ON H(25)

DIMENSI

IF¢B.EQ.8.5G070 18
- DIFFaCXMAX=XHIN)>/24.

DO 18 K=1,25 -

XU=XNIN#(K-1)¥DIFF 2

R0=XU+DIFF

1F((B. GE.XU>.AND. (B. LT XO))H(K)-H(K)*I.
CONTINUE :
RETURH -
END -

\\

EREERERE A AA AR e T -
UpP HISTO3,FOR ' L '
TREFAERERRERE

SUBROUTINE HISTO3(HR.XHIN:XHRK:B.H)

DIHENSION H({5.,25)> -
IF(B.EQ.Q8.>G0TO0 18 -
DIFF=(XMAY-XMIND 224,
DO 19 K=1,23
XU=XHIN+(K~-1)>sDIFF
X0=XU+DIFF
- IFCCB,. GE. XU)..AND. (B.LT. XO))H(HR:K)=H(NQ:K)*I.
CONTIHUE
"RETURH : . 2"
- ERD - ,
\: -
SRENBEXENRE D Cema me e e s
UP HORMI.FOR » S SR
SRR BB R BREN

SUBROUTIHE NORNICHI, DIFF, XSUN, H)
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