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In conformity with advanced cockpit automation tech-

nology, modern pilots have become airborne system managers

and have to satisfactorily manage complex sets of tasks to

complete a flight mission safely. Funk's (1991) normative

cockpit task management (CTM) theory defines CTM functions

as the initiation, monitoring, prioritization, allocating

of resources to, and termination of multiple and concurrent

tasks.

Though pilots are equipped with highly sophisticated,

automated devices, human error is still cited as the major

cause in 60 to 90 percent of past air incidents and acci-

dents. Among the different types of human errors in this

setting, this study identif led and classified the CTM er-

rors appearing in past air incidents and accidents using

the following methods: 1) study of the National Transpor-



tation Safety Board (NTSB) air accident reports, 2) study

of the Aviation Safety Reporting System (ASRS) incident

reports, and (3) experiments using a generic two-engine,

low-to-moderate-fidelity 3-D flight simulator.

The study of NTSB air accident reports indicated that

CTM errors were present in 25 percent of 300 reviewed ac-

cidents, and errors in the CTM task initiation category

constituted the largest relative portion (37%). In the 144

ASRS incident reports extracted from a special request

(ASRS, 1991), and from studies by Monan (1979) and Porter

(1981), 15 percent revealed prominent CTM errors, and the

largest portion of errors fell into the CTM task monitoring

category (45%) . Laboratory experimentation based on simu-

lation indicated that resource requirement of task context

was the most significant factor that influenced subjects'

CTM performance for the following two dependent variables:

time to initiate a task and task prioritization score. A

qualitative pattern analysis of the subjects' performances

revealed that subjects performed salient tasks first in a

serial manner.

Based upon these three error studies, design guide-

lines for a Pilot-Vehicle Interf ace with consideration of

CTM functions were provided.
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Cockpit Task Management Errors: A Design Issue for

Intelligent Pilot-Vehicle Interfaces

1. INTRODUCTION

Although commercial air transportation is a demonstra-

bly safe means of travel, air accidents and incidents still

occur. Many of them show extremely high costs associated

with human errors. Consequently, the prevention and reduc-

tion of human errors as well as the creation of error-

tolerant control systems are concerns of priority impor-

tance within the aviation industry. For example, concern

for human performance in aviation operations has led the

Federal Aviation Administration (FAA) to initiate a na-

tional aviation human factors plan. The opening paragraph

of this plan states the following (Federal Aviation Ad-

ministration [FAA], 1991):

Human factors-related aviation incidents and accidents
have been the subject of increasing public concern.
Much of the concern stems from the fact that despite
the aerospace industry's success at developing ever
more sophisticated and reliable technology, the per-
centage of human error-related incidents and accidents
has remained remarkably constant. (p. 1)

Automation may seem to be the most straightforward

means to remove human errors since it would replace humans

with automated mechanisms. However, although many of the

cockpit functions that were originally human operator re-
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sponsibilities have been automated in practical flight man-

agement situations, humans are still an indispensable part

of the overall system. For example, modern aircraft have

the ability to fly using only automated mechanisms without

human intervention from takeoff to landing, at least so

long as the system functions correctly and plans are not

changed. Nonetheless, a human pilot must be present to

cope with the unexpected or failure events. In this sense,

the pilot's role has become that of an airborne system man-

ager, responsible for monitoring, planning, and decision

making rather than direct moment-to-moment aircraft con-

trol.

A flight management mission can be characterized by

multitask situations. For example, a pilot may have to

perform the following tasks during a flight mission: Fly-

ing the aircraft, detecting and compensating for system

faults, managing the fuel system, and replanning £ light-

paths in the presence of degraded weather situations. Fre-

quently, a pilot is called upon to perform more than one of

these tasks simultaneously.

Based upon a system-oriented approach, a task can be

simply defined as a process completed to cause system goal

achievement (Funk, 1991). From this definition, it follows

that a task may involve a simple act which requires only

that the pilot push a designated button to acknowledge sys-

tem status. In contrast, upon encountering an engine

flameout, the pilot must devote a major portion of his or
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her attention to cope with a problem which may involve com-

plex procedures. Therefore, variation in task complexities

is the second principal characteristic of the cockpit en-

vironment.

Given the cockpit multitasking situation, the pilot as

system manager must have the ability to manage multiple and

concurrent tasks to satisfactorily complete flight mis-

sions. Funk (1991) states that cockpit task management

(CTN) functions include the initiation, monitoring, priori-

tization, and allocation of resources to as well as ter-

mination of these tasks. Due to the increasing complexity

and functional capabilities of modern aircraft, human er-

rors will occur not only while executing these tasks, they

are also likely to occur during task management activities.

Errors in the execution of tasks were often disclosed

in early studies of "pilot errors." For example, in a

study of 460 reported pilot errors, Fitts and Jones (1962)

determined that the majority (50%) fell into such categor-

ies as misreading or misinterpreting data while interacting

with the controls and displays, resulting in the operation

of the wrong control (i.e., "substitution error"). While

this study pointed at the need for design improvements in

the aircraft control interface, Kraft (1978), in a study of

human limitations as related to accidents which occurred in

the 1960s, noted consistent observations of landing short

of the runway during night flights when there was a reduc-
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tion in available visual information due to such meterolo-

gical conditions as haze or fog.

Though a number of cockpit tasks may be executed using

advanced automated devices, the crew retains responsibility

for the initiation of these tasks and assuring that they

are satisfactorily performed. Evidence from several ac-

cidents has indicated that even when the crew is equipped

with advanced automated cockpit devices, failure to satis-

factorily perform management functions remained a factor.

For example, the crash of an Eastern Airlines L-1011 in

1972 (National Transportation Safety Board [NTSB], 1973)

resulted from the crew's failure to monitor flight instru-

mentation and to allocate adequate resources to the flying

task. A China Airline incident in 1985 (NTSB, 1986a) was

an outcome of the captain's preoccupation with a low-

priority task. These accidents are discussed in greater

detail in Chapter 3.

An underlying factor in the occurrence of cockpit man-

agement errors may be the "information management" problem

(Wiener, 1987a). In general, modern cockpit flightcrews

welcome the use of automated devices on a one-by-one basis,

but the evidence suggests that integration and coordination

of these devices has not resulted in the achievement of de-

sirable performance levels (Wiener, 1989). In some cases,

crews seemed unsure of the modes of the automated devices,

a factor which in the large may be attributed to the inade-

quate design of the human/machine interface.
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Therefore, one approach to the reduction or prevention

of human errors in the cockpit is through the improvement

of the control interface. The interface should be designed

to help the crew carry out information management functions

that regulate, coordinate, and integrate different inf or-

mation from a variety of sources. To some extent, this

interface should also serve to mitigate the consequences of

human errors.

There has been considerable research on human-computer

interactions and interface design. In brief, early studies

in the engineering disciplines have included human-computer

interactions (Rouse, 1977), dynamic task allocation (Green-

stein, Arnaut, & Revesman, 1986), human error classifica-

tion (Rouse & Rouse, 1983), adaptive aiding (Chu & Rouse,

1983; Rouse, 1988), and intelligent interfaces (Rouse, Ged-

dess, & curry, 1987; Greitzer, 1986; Madni & Freedy, 1983).

Related psychological investigations have included theories

of human errors from the points of view of information pro-

cessing (Norman, 1981; Reason, 1990) and system-orientation

(Rasmussen, 1987). On the other hand, there has been a

lack of coherent treatments of the issue of interface de-

sign with regard to the problem of CTM functions.



1.1 Research Objectives

Research concern directed at the design of a Pilot-

Vehicle Interf ace (PVI) with emphasis upon CTN functions

has prompted the need to examine cockpit task management

errors. The rationale is straightforward: there is a need

to know how errors occur to facilitate the design of a use-

ful PVI that will serve to reduce or prevent CTM errors.

Based upon a normative CTM theory (Funk, 1991), Chou and

Funk (1990) have provided a preliminary taxonomy for CTM

errors. At the general level, the CTM errors fall into the

following categories: initiation, monitoring, prioritiza-

tion, resource allocation, interruption, resumption, and

termination of multiple and concurrent tasks.

The research questions are framed in a manner to de-

termine the types of task management errors that occur in

modern cockpit environments. Therefore, the first objec-

tive is to identify and classify the types of task manage-

ment errors. Two sources of information are used for this

objective: air accident and incident reports. This infor-

mation can be used to provide a basis for failure analysis

in real aviation operations. Therefore, information at

this research stage will be directed at the identification

of possible CTM errors as well as the realization of their

significance. However, this form of analysis may not re-

veal other aspects of CTM problems. The most obvious draw-

back from the use of these types of reports is their fail-

6
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ure to reveal desired secondary information. That is, they

may not disclose how human operators manage tasks in normal

situations. Therefore, to complement studies of actual

failures, the second objective is to build a testbed that

can be used to verify CTM errors as well as provide inf or-

mation regarding normal human CTM behavior. Thus, the ul-

timate research goal is to produce recommendations that

enable the design of an intelligent PVI that will facili-

tate CTM functions and reduce and/or mitigate the conse-

quences of CTM errors. The last aspect of this objective

is based upon the fact that recent interest in PVI design

has clearly moved from emphasis upon "error reduction" to

concern for "error toleration." The final research objec-

tive is to create design guidelines f or a CTM-based intel-

ligent PVI.

1.2 organization of the Investigation

This study is organized as follows. The underlying

motivation, concepts, and research contributions related to

this study have been briefly considered in this chapter.

Chapter 2 presents background information necessary to an

understanding of the study approach. Chapter 3 includes

analyses of a representative number of air accidents re-

lated to CTN errors, drawn from NTSB air accident reports.

Chapter 4 presents a similar CTM error analysis for inci-

dents in the Aviation Safety Reporting System (ASRS) inci-

dent database. Chapters 5 and 6 include consideration of
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research experimentation and results, followed by a discus-

sion of laboratory studies and recommendations for a CTM-

based PVI in Chapter 7. Finally, Chapter 8 presents the

study summary and conclusions, accompanied by consideration

of suggestions for future research directions and related

philosophical issues.

1.3 Research Contributions

This study is a contribution to the foundation for the

design of an intelligent PVI, directed at the identifica-

tion, classification, and realization of the significance

of real-life CTM errors. Prior research is used to inte-

grate the factors that may affect aircraft crewmembers CTM

functions. Between 1969 and 1989, approximately 25 percent

of air accidents were found to be related to CTM errors; in

addition, approximately 15 percent of the 144 incident re-

ports were related to CTM errors. These findings can be

used to provide a database that may be further developed

according to specific research requirements.

As a laboratory study, this investigation also pro-

vides a computer-based platform for modeling a simplified,

generic, two-engine transport aircraft cockpit environment.

This program contains more than 25,000 lines of code in

four programming languages (Smalltalk/V 286, Microsoft C,

Auto Lisp, and 8086 assembly language), providing a low-to-

moderate fidelity, 3-D graphic-based flight simulation

model and data analysis software. The techniques and con-



cepts used in the design and implementation of this plat-

form provide a fundamental starting point for continued

studies of CTN behaviors and for building a CTM-oriented

PvI.

Based on the results of this study, a set of design

guidelines for building a CTM-oriented PVI are outlined and

discussed. These guidelines have been obtained through

valid experimental study and can be further refined as re-

quired.

9



2. UNDERSTANDING COCKPIT TASK MANAGEMENT ERRORS:

STEPS TOWARD THE DESIGN OF INTELLIGENT

PILOT-VEHICLE INTERFACES

This chapter presents the background to and a method-

ology for the study of human pilot error at the task man-

ageirtent level. First, a brief review of the performance of

commercial air transportation is presented, accompanied by

a discussion of the changing role of modern pilots. Sec-

ond, the CTN theory proposed by Funk (1991) is considered.

Third, three examples of air accidents/incidents that were

most likely caused by flightcrew errors are summarized.

Errors in each of these accidents/incidents can be situated

at the task management level. A discussion of error stud-

ies is then presented, including consideration of the

methods for studying human errors. Reviews of error clas-

sification, prevention, reduction, and toleration methods

are also presented. Finally, the methodology used to fad-

litate the research objectives is introduced.

2.1 Introduction

A recent report on air safety points out that there

are at least 31 major worldwide airlines that did not ex-

perience aircraft accidents during 20 years of operation

10
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from 1969 to 1988 (Stoller, 1990). Further, in the 10-year

period following deregulation (i.e., from 1979 to 1988),

the total number of flights has risen 24 percent while the

total number of fatal accidents has decreased by 17 percent

from the previous decade. In terms of the number of acci-

dents, an improvement in commercial air transportation can

seemingly be observed. Unfortunately, three of these air-

lines (one of which is an American carrier) had one acci-

dent each in 1989, losing from 18 to 155 passengers on each

occasion. Moreover, already in 1991 several air accidents

involving major U.S. airlines have occurred.

Table 2-1 shows the 1986 airline fatality statistics

as provided by the NTSB, comparing safety performance using

different transportation modes (O'Hare & Roscoe, 1990).

With the exception of the general aviation category, air

transportation has been much safer than other modes of

transportation. Although this table shows only the statis-

tics for a single year, it is representative of the overall

picture of the air safety relative to other transportation

modes. For example, as noted by O'Hare and Roscoe, the

worst year on record for the airlines (1985, with 2,129 fa-

talities) was equal to only a 14-day road traffic toll in

the United States. Worldwide, about two accidents occur

for every million departures. Thus, air travel is rela-

tively safe and accidents are a rare event. Though air

accidents do not happen frequently, people are extremely

concerned about air safety because air accidents create



Post-accident analysis indicates that from 60 to 90

percent of air accidents were caused by human error (Rouse

& Rouse, 1983; Chambers & Nagel, 1985; O'Hare & Roscoe,

1990). Although this assessment may include a wide range

of personnel from mechanics to ground controllers to air-

traffic controllers (ATC), the final event in the chain of

causation for such accidents often falls upon the f light-

12

large numbers of victims upon single occasions and media

attention when accidents occur consequently tends to draw

public attention. Further, safety improvements in the avi-

ation industry have been slowed significantly during the

last decade (Nagel, 1988). With the increased density of

air traffic and the number of operating airliners, future

air safety performance may be further degraded beyond the

level that already congested major airports and limited air

traffic control operating capacities can accommodate.

Table 2-1. Fatalities associated with major modes of
transportation in the United States for 1986 (O'Hare &
Roscoe, 1990)

Transportation mode
Number of
fatalities

HI GHWAY
Passenger cars, pickup trucks,
Large trucks

vans 32,032
919

Motorcycles 4,531
Pedestrians 6,719

RAILROAD 476
MARINE 1,229
AVIATION

Airlines 4

Commuter, air taxi 68
General aviation 958
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crew since, according to Federal Aviation Regulation 91.3a,

the crew is "directly responsible for, and is the final

authority as to, the operation of that aircraft." Though

this explanation may be a "catch all" solution to the prob-

lem (Perrow, 1984), human error is an important, if annoy-

ing and less clearly understood, phenomena that affects

aviation safety performance. This has been a challenge

faced by the modern aviation industry, and has been called

"the last great frontier in aviation safety" (Billings &

Reynard, 1984, p. 961).

Modern technology has improved to the point that an

airline pilot may never experience a single engine break-

down in his or her flying career. Consequently, as the

aircraft and its systems are made more reliable, the rela-

tive proportion of accidents attributed to human error has

systematically increased (Nagel, 1988). Thus, studies of

human error factors have received increasing attention.

Automation, directed at decreasing human involvement,

has been one approach to the removal of human errors from

aircraft operations. Cockpit automation is a controversial

subject and has been the cause of considerable concern.

There can be little doubt that cockpit automation offers a

number of advantages to aviation operations, but at the

same time automation poses certain disadvantages (Wiener,

1988). Apparently, cockpit automation has not developed

its best performance potentials with respect to interac-

tions with human pilots (Wiener & Curry, 1980). A brief
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review of the failure of automation to remove factors of

human error is presented below.

First, automation systems can fail, and in these in-

stances humans are attributed the responsibility for the

outcomes and consequences of these failures. One of the

most prevalent problems faced by modern pilots are the al-

titude deviations (i.e., "busts") that usually occur during

the initial climbout flight phase because "the aircraft

simply did not execute its auto level off function even

though programmed correctly" (Wiener, 1989, p. 113). Sec-

ond, the improper use of automation in the cockpit may

cause confusion and distraction. As pointed out by Wiener

(1987a), many of the automation devices are installed in

the cockpit "one box at a time." This method leaves the

flightcrew with total responsibility for integrating and

coordinating the individual and isolated devices, thus

serving to degrade crew information management performance.

The newly introduced Traffic Collision Avoid System (TCAS)

installed in the aircraft of large carriers has been de-

scribed as a source of distraction since it cannot distin-

guish an intended pass-by from the possibility of a real

collision. In this situation, the TCAS suddenly generates

a very loud voice (which is also a false alarm) to warn the

pilots, often causing serious distraction from the primary

tasks which must be attended to during the initial climbout

flight phase (Aviation Safety Reporting System [ASRS],

1991). Finally, automation can introduce its own errors.
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While entering keypad waypoint coordinates, pilots may ex-

perience "finger errors" that can result in substantial

navigational error if not detected early enough in the

flight (Wiener, 1985).

Thus, there are a number of ways in which automation

can lead to human error. The problem then becomes the

identification of the sources of these faulty interactions

between humans and automated systems. The term "human er-

ror" can be used to describe virtually any human activity.

Any number of "working definitions" of human error exists,

each of which may originate from a different perspective.

For example, Reason (1990) defines human error with empha-

sis upon human intent:

Error will be taken as a generic term to encompass all
those occasions in which a planned sequence of mental
or physical activities fails to achieve its intended
outcome, and when these failures cannot be attributed
to the intervention of some chance agency. 9)

Rasmussen (1987) suggests that human errors can be consid-

ered to be "unsuccessful experiments with unacceptable con-

sequences" (p. 25). Among such a wide range of defini-

tions, "human error" must be redefined in order to arrive

at an effective and systematic approach that can be used to

produce useful countermeasures. Logically, one of the ap-

proaches has been to focus on particular types of human

error; thus, this error study is based on the tasks that a

pilot is asked to perform.
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2.1.1 Pilots as System Managers

As noted above, a task can be defined as a process to

be completed to achieve a goal, and pilots must perform

multiple and concurrent tasks simultaneously in flight mis-

sions. Rouse (1981) has provided a model-based taxonomy of

flight management tasks. During each mission phase, a

flightcrew must perform the following tasks at varied fre-

quencies: Executing procedures, scanning, recognizing,

problem solving, regulating, steering, communicating, plan-

ning, recording, and maintaining. Using this taxonomy as a

starting point, it may be noted that some of the tasks may

require only one glance at the instrument panel, thus using

an economy of sensory and cognitive resources, while others

may require a large amount of time and attention. Al-

though events that trigger all of these tasks are not like-

ly to occur simultaneously, a pilot usually has to attend

to a number of concurrent tasks at any given time.

Advanced microprocessor technology has provided num-

erous opportunities for the control of modern industrial

systems, including aircraft, automated factories, power

plants, and ships. For this xeason, in microprocessor-

based systems human operators are no longer direct con-

trollers. Rather, they are placed at a higher level in the

control hierarchy and do not directly interact with low-

level control activities (Rouse, 1981). The operators in

such highly automated systems often spend their time making
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decisions, planning, and sometimes intervening in system

operations when abnormal conditions prevail.

Since the operators must attend to higher level mul-

tiple and concurrent tasks at any given time, they also

have to coordinate these different tasks. In the multi-

tasking environment, an operator is akin to a computer mul-

titasking operating system. This type of system coordin-

ation allocates Cpu and other peripheral resources based on

well-structured prioritization schemes (Johannsen & Rouse,

1979). Therefore, an important "meta-task" for the human

operator in highly automated systems is the management of

multiple and concurrent tasks. These functions are con-

sidered in detail in Section 2.2.2.

2.1.2 Objectives of the Examination of CTM Errors

The concept of the pilot as a system manager is cer-

tainly not a new one (e.g., Sheridan & Johannsen, 1976).

However, little effort has been undertaken to both identify

and realize the significance of the failures in this func-

tion. Therefore, this study has been designed for the de-

velopment of a methodology f or studying human errors at the

task management level in aviation operations, to the end

of: 1) identifying human errors, 2) realizing their sig-

nificance, and 3) creating useful design guidelines for the

construction of countermeasures.



2.2 Cockpit Task Management

A number of theories of single-task human performance

have been developed (Rouse, 1981; Chou & Funk, 1989). To

date, though each model may be used to study particular

human errors in single-task situations, what has been lack-

ing is a framework of model integration that can be used to

address the changing functions of pilots in multitasking

situations.

Rouse (1981) proposed a queuing model for the coordi-

nation and integration of individual single-task models.

Though useful for the determination of overall steady-state

system behavior, this approach falls short when it attempts

to describe the same system in detail. At the beginning of

a study it may be useful to situate problems, but addition-

al analysis must be performed to pinpoint what is really

required to alleviate these problems. Therefore, starting

from a point of building countermeasures for human error,

an integrated theory of task management should be incor-

porated to obtain the information necessary for an as-

sessment of not only what is wrong, but why it is wrong.

2.2.1 Normative Cockpit Task Management Theory

From a systems engineering perspective, Funk (1991)

has proposed a preliminary, normative CTN theory for the

description of pilot behavior in the cockpit. In a flight

mission, a pilot is given a set of tasks to perform. The

18



19

pilot may form a mental representation of these tasks, ex-

pressed in the form of an agenda that is initialized with

system, operator, and task information, prior to the onset

of the mission. Then, according to changes in the system

and human states (i.e., events), the task agenda is updated

with new information as required. With emphasis upon the

coordination of agenda updates and the concepts of system

and human resources, Funk asserts that the management func-

tions performed by a pilot should include the initiation,

monitoring, prioritization, allocation of resources to, and

termination of multiple and concurrent tasks.

The use of computer analogies to model human opera-

tions has often provided useful insights into human behav-

iors (Wickens & Flach, 1988). The following analogies are

used to explain how an optimal human operator manages the

multiple and concurrent tasks based upon the concept of

process management.

2.2.1.1 CTM using process manaqement concepts

With reference to the state diagram shown in Figure

2-1, at any one time a task can be represented by one of

four states. Before a task starts to process (i.e., to re-

ceive inputs and produce outputs), it is in the pending

state. When the initiation conditions for the task are

met, it transitions into the active state and begins to

process. The initiation conditions may be specified by

certain events that will cause changes in the system. For

example, the initiation conditions for the final approach



task may be that the aircraft is positioned at a prese-

lected waypoint. As soon as this waypoint arrival event

occurs, the task is initiated.

PENDING
5'

p 5'

AC11VE
I

TERMINATED
/

Figure 2-1. Task states and possible transitions.

It may be assumed that all tasks demand either human

or system resources (or both) to process normally (Funk,

1991). Once a task enters its active state, it will re-

ceive input and will produce output to achieve its goal.

The input may be a specific type of information (e.g., the

fuel quantity of a particular tank) or the availability of

controls, and the output may be the activation of a speci-

fic display format on a CRT. In this state, two possible

transitions can occur.

The first transition occurs when another high-priority

task competes for the same resources presently used by the

current task. In this situation, the current active task

is interrupted, entering an interrupted state. An inter-

rupted task no longer receives input from the resources.

The high-priority task then begins to process and enters

its active state. When resources are again available to

20
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the interrupted task, it returns to the active state and

the task is resumed.

The second transition occurs when the termination con-

ditions of the task are satisfied and the task enters its

terminated state. Though the state diagram does not in-

dicate it, there is implicit consideration that some ter-

mination conditions may determine that the task cannot at

that point be terminated satisfactorily.

A human operator has to maintain a dynamic mental re-

cord of each task in process to assess and assign prior-

ities, dependent upon the current situation. This informa-

tion is not only vital in determining the transitions bet-

ween states, but is also useful for verification of normal

task processing. Furthermore, through this monitoring

function, tasks are periodically checked to obtain inf or-

mation. The operator's mental model of the task en-

vironment can then be updated correctly.

2.2.1.2 Chronoloqy of agenda events

In CTN theory, an agenda may be defined as a collec-

tion of tasks. A chronology of agenda events can then be

used to illustrate the changes in task states and the re-

sources associated with the respective tasks.

In Table 2-2, columns (1) and (2) show system event

times and event contents, and columns (3) to (6) indicate

the state of any task immediately after the event has oc-

curred. The remaining two columns show the associated



Table 2-2. chronology of agenda events with sample tasks.

System
Time (1)

Event
(2)

Pending
(3)

Active
(4)

Intrpt.
(5)

Term.
(6)

Human
Resources

Machine
Resources

11:34:05 System X
fault

Diag- Diag F/O CRT #1
attached
to Task A

11:34:35 Called
ATC

Diag-+ Diag (none) CRT #1

11:34:35 Called
ATC

Comm-* Comrn- F/O Radio #1
attached
to Task B

11:35:10 ATC
closed
comm.

Comm-* Comm (none) (none)

11:35:10 Resume
Diag

Diag 4--Diag F/0 CRT #1

11:39:29 System X
fault

removed

Diag-* Diag
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human and machine resources that are attached to the tasks.

The task state transition is shown by an arrow aimed at the

destination state. Theoretically, a task can transition

from state A to state B, from state A to state A itself, or

from state A to state B and then to state A, dependent upon

the nature of the system event at any given moment.

For example, some hypothetical events and a chronology

of tasks are shown in Table 2-2. When, based upon the as-

sumption that the captain is the pilot-flying (PF) and the

first officer is the pilot-not-flying (PNF), at time

11:34:05 an event occurs indicating detection of a fault in

system X, the event triggers the initiation conditions for

the Diag task with the goal of diagnosing the problem. The

captain immediately assigns task Diag to the first officer.

This task then transitions from its pending state to the

active state, and begins to utilize human (the first off i-

cer) and machine resources (the number one CRT display).

At time 11:34:35, the captain asks the first officer

to request a lower altitude clearance from the ATC and to

declare an emergency. In this situation, the first officer

must interrupt the Diag task (which transitions into the

interrupted state) and uses the radio to initiate the

necessary communication (the Comm task). At time 11:35:10,

the Comm task is satisfactorily terminated, and the first

officer then resumes the Diag task, transitioning it from

its interrupted state again into the active state. At time

11:39:29, the system fault is fully diagnosed and compen-
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sated and the Diag task transitions to its terminated

state.

The purpose of the above hypothetical example is to

illustrate how different information can be integrated and

shown in the form of a chronology of agenda events. For

example, a fully developed chronology may easily provide

the information regarding the type and number of tasks at a

particular time or time interval. It may also provide an

approach for the observation of CTM errors. However, be-

fore using the chronology to illustrate CTM errors, it is

useful to first consider the potential CTM errors that can

occur within this framework.

2.2.1.3 Opportunity for CTN errors

An error taxonomy describing possible CTM errors has

been provided by Chou and Funk (1990) and is shown in Table

2-3. The taxonomy is divided into two levels: general and

specific. At the general level are the seven CTM func-

tions, and the specific level, which in part is a reflec-

tion of the contribution of Rouse and Rouse (1983), in-

cludes the types of errors that can occur within each of

the general categories. The use of tasks not only provides

a coherent representation of the context, the technique of-

fers a convenient way to design countermeasure specifica-

tions for coping with problems. Task state transitions

provide opportunities for CTM errors. In broad terms,

there are two types of problems that can occur at these

points:



Table 2-3. CTM error taxonomy (Chou & Funk, 1990).
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the transitions are unknown to the human operator, and

the transitions are ambiguous.

2.2.1.3.1 Unknown transitions

First, errors may occur because the transitions are

unknown to the human operator. Three factors can serve to

explain this case: 1) the human operator did not monitor

the progress of some tasks and lost the link to the task

state; 2) even though emergency conditions developed, the

operator failed to generate a task to cope with these con-

ditions; and 3) the operator did not recognize the transi-

tion or was limited by inherent human limitations.

In the first case, the operator has obviously made a

Task Monitoring, lack error. In the second case, the op-

erator can only reflect a previous representation or mental

General Level Specific Level

Task Initiation early
late
incorrect
lack

Task Monitoring lack
excessive

Task Prioritization high
low

Resource Allocation high
low

Task Interruption incorrect

Task Resumption lack

Task Termination early
late
incorrect
lack
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model of the system states and is likely to make Task Ini-

tiation and Task Termination errors in the specific cate-

gories of lack or incorrect. If, by whatever means, the

operator subsequently becomes aware of the transitions, he

or she is still subject to the late error in the latter two

general categories. An example for the third case may be

lack of operator training or constraints imposed by human

memory limitations. In this case, the operator is likely

to make Task Initiation and Task Termination errors in the

early and lack categories.

2.2.1.3.2 Ambiguous transitions

Second, CTM errors are likely to occur when the condi-

tions of task transitions are ambiguous. Recognizing these

transitions usually requires decision-making capability and

judgmental knowledge. For example, the decision to initi-

ate a missed-approach may depend on a number of variables

which are difficult to evaluate in a brief period of time.

Task priorities must be set by following decision processes

that assure that the tasks are transitioned. Unfortun-

ately, decision-making and setting task priorities may si-

multaneously require the same mental resources. When con-

flicts are not resolved, Task Prioritization errors are

likely to occur.

2.2.1.3.3 Compounded cases

There is a third case, compounded from the two problem

situations outlined above, and based upon the principle

that humans are more likely to commit errors that are sub-
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sequent to an initial error (Kantowitz & Sorkin, 1983).

Thus, some CTM errors may also compound with one another.

For example, a Task Initiation, lack error may very likely

develop following a Task Monitoring, lack error; or a Task

Initiation, incorrect error is likely to be followed by a

Task Prioritization, low error. If every origin of an er-

ror is to be sought, the progression may be unending.

Therefore, unless situations are very clear about the pos-

sibility of one error generating another, the CTM error tag

is conveniently attributed to the most prominent error

within a development process.

2.2.1.4 Representative examples

Within the outlined CTM framework, three NTSB summary

reports of air accidents are considered as illustrations of

the types of management errors this research is intended to

identify. It is clear that much of the information regar-

ding the chain of events in the processes that developed

into accidents may have been lost, since in most of the ac-

cidents the crew members were numbered among the victims.

At best, the investigations following these types of ac-

cidents may provide only the most probable causes. None-

theless, these reports provide a starting point, exhibiting

the types of human errors that are the subject of this in-

vestigation.

2.2.1.4.1 Case 1: Eastern 401 (L-1011)

An Eastern Air Lines Lockheed L-1011 crashed at 2342
eastern standard time, December 29, 1972, approxi-
mately 18 miles west-northwest of Miami International
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Airport, Miami, Florida. The flight diverted from its
approach to Miami International Airport because the
nose landing gear position indicating system of the
aircraft did not indicate that the nose gear was
locked in the down position.

The aircraft climbed to 2,000 feet mean sea level and
followed a clearance to proceed west from the airport
at that altitude. During this time, the crew at-
tempted to correct the malfunction and to determine
whether or not the nose landing gear was extended.

The aircraft crashed into the Everglades shortly after
being cleared by Miami Approach Control for a left
turn back to Miami International Airport. Surviving
passengers and crewmembers stated that the flight was
routine and operated normally before impact with the
ground.

The National Transportation Safety Board determines
that the probable cause of this accident was the fail-
ure of the flight crew to monitor the flight instru-
ments during the final 4 minutes of flight, and to
detect an unexpected descent soon enough to prevent
impact with the ground. Preoccupation with a malfunc-
tion of the nose landing gear position indicating sys-
tem distracted the crew's attention from the instru-
ments and allowed the descent to go unnoticed (NTSB,
1973)

This accident (NTSB, 1973) is typically classified as

a Controlled Flight Into Terrain (CFIT) accident. There

are a number of ways in which the errors made by the

flightcrew can be described, and it is clear that no single

error can be isolated as the single cause for this acci-

dent. However, it can be inferred that failures in the

flightcrew CTM functions were major contributing factors to

this accident. This may be explained as follows.

First, the flightcrew failed to monitor the flying

task during the gear diagnosis: Thus, it was assigned too

low a priority and a Task Monitoring, lack error was corn-

mitted. Second, the crew attributed a Task Prioritization,
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j to the flying task, which did not pose hazardous con-

ditions to the aircraft until the aircraft started to des-

cend. Therefore, even though the flying task started at a

low-priority, its priority increased as the aircraft ap-

proached its critical altitude. Third, the crew committed

a Resource Allocation, low error by failure to assign a

crewmember to the flying task. Rather, all crewmembers

were working on the gear problem. Thus, we may conclude

that if any one of these errors had been noticed, it is

likely that the plane would not have crashed.

2.2.1.4.2 Case 2: China Airlines 006 (B747-SP)

[On] February 19, 1985, China Airlines Flight 006, a
Boeing 747 SP-09, enroute to Los Angeles, California
from Taipei, Taiwan, suffered an inf light upset. The
flight from Taipei to about 300 ml northwest of San
Francisco was uneventful and the airplane was flying
at about 41,000 feet mean sea level when the No. 4
engine lost power. During the attempt to recover and
restore normal power on the No. 4 engine, the airplane
rolled to the right, nosed over, and entered an uncon-
trollable descent. The captain was unable to restore
the airplane to stable flight until it had descended
to 9,500 feet. After the captain stabilized the air-
plane, he elected to divert to San Francisco Interna-
tional Airport, where a safe landing was made.

The National Transportation Safety Board determines
that the probable cause of this incident was the cap-
tain's preoccupation with an inf light malfunction and
his failure to monitor properly the airplane's flight
instruments which resulted in his losing control of
the airplane (NTSB, l986a).

Wiener and Curry (1980) have noted that pilots in

highly automated cockpit may develop a "complacency" syn-

drome, or too great a reliance upon the features of the

automated cockpit. If a pilot has developed this syndrome,



30

his or her monitoring ability is likely to be negatively

affected. This phenomena is illustrated by this incident.

According to the NTSB summary (1986a), the captain

made Task Prioritization, low and Resource Allocation, low

errors with regard to other operational tasks. That is, he

should not have been so preoccupied with a relatively low-

priority inf light malfunction. Data in the complete report

reveal that more than these two errors appeared to have

been committed. In the following chapter, an in-depth ana-

lysis of the CTN errors made by the flightcrew in this in-

cident will be presented.

2.2.1.4.3 Case 3: Piedmont 467 (737)

On October 25, 1986, Piedmont Airlines flight 467, a
Boeing 737-222, N752N, was a regularly scheduled
flight operating under 14 CFR 121 from Newark Inter-
national Airport to Myrtle Beach, South Carolina, with
an en route stop at Charlotte Douglas International
Airport, Charlotte, North Carolina. There were 114
passengers and 5 crewmembers on board. The flight was
routine until its arrival into the Charlotte area,
where instrument meteorological conditions prevailed.
At 2004:17, the flight was cleared for the instrument
landing system approach (ILS) to runway 36R. The air-
plane struck the localizer antenna array located about
300 feet from the departure end of the runway, struck
a concrete culvert located 18 feet beyond the localiz-
er, and continued through a chain link fence. It came
to rest upon the edge of railroad tracks located 440
feet from the departure end of the runway. The air-
plane was destroyed, 3 passengers sustained serious
injuries, and 3 crewmembers and 28 passengers sus-
tained minor injuries in the accident.

The National Transportation Safety Board determines
that the probable cause of the accident was the cap-
tain's failure to stabilize the approach and his fail-
ure to discontinue the approach to a landing that was
conducted at an excessive speed beyond the normal
touchdown point on a wet runway. Contributing to the
accident was the captain's failure to optimally use
the airplane decelerative devices. Also contributing
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to the accident was the lack of effective crew coor-
dination during the approach. Contributing to the
severity of the accident was the poor frictional qual-
ity of the last 1,500 feet of the runway and the ob-
struction presented by a concrete culvert located 318
feet beyond the departure end of the runway (NTSB,
1986b)

This incident demonstrates that the captain made a

Task Termination, lack error by failing to terminate the

landing (flying) task and a Task Initiation, lack error by

not initiating a missed-approach task. As with the China

Airlines incident, there are other CTM errors incident to

this accident that will be discussed in the following

chapter.

It is clear that Task Monjtorinq, lack errors may not

result in fatal accidents unless the aircraft is in a crit-

ical state. For example, the Eastern Airline L-1011 was

positioned at critically low altitude. Had the flightcrew

monitored the flight instruments in a timely manner, this

accident may not have occurred and the flightcrew would not

have been charged with such an error. Thus, judgement of

errors committed by a crew may be dependent upon the con-

text of the consequences. However, from the ASRS data-

base, it is also clear from this last report that there

were other errors committed in the cockpit which did not

result in an accident. Therefore, an action, or the lack

of action, cannot be judged as an error solely based upon

the consequences of the event. It is more reasonable to

think of this type of error as a deviation from normal be-

haviors that contributed to unsatisfactory system perf or-
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mance. When such a deviation reaches the boundaries of

system operations, accidents are likely to occur.

2.2.1.5 CTM error characteristics

From the three examples considered in the previous

section, certain characteristics of the CTM errors may be

derived. First, a number of factors seem to have contri-

buted to error developments, and no one single error can be

isolated as the determining factor. Second, the error de-

velopment process can be relatively lengthy. Third,

decision-making and some types of planning activities are

consistently (if implicitly) involved. Fourth, the

flightcrew seems to frequently place more confidence in the

automated processes than is warranted. Finally, the air-

craft that crashed did not have genuinely serious problems

and was experiencing only a relatively minor mechanical

problem that tended to preoccupy the crew member. In these

situations, vital information was not properly accessed nor

subsequently acted upon by the flightcrew.

2.3 Review of Human Error Studies

There are two basic approaches to. the study of human

errors: the probabilistic approach and the causative ap-

proach. The first views a human operator as a system com-

ponent that receives input and produces output. The relia-

bility of that human operator in performing specific tasks

can be estimated and synthesized with other system com-

ponents to obtain a measure of overall system reliability
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(Swain & Guttmann, 1980). The causative approach, on the

other hand, assumes that human errors are caused by "break-

downs in the natural course of human information proces-

sing" (Wickens & Kramer, 1985, p. 324). Whichever approach

is adopted, it is important to understand the nature and

causes of errors since this knowledge can lead to the ef-

fective redesign of systems and can serve to improve opera-

tor training procedures (Rouse & Rouse, 1983).

There are a number of limitations and constraints as-

sociated with the probabilistic approach (Adams, 1982).

Statistically, the aggregation of individual reliabilities

for a "behavioral sequence" by the same operator must be

based on the assumption of independence between the steps.

However, this assumption almost never holds. Further, even

though the outcome of such an analysis can be a precise

number, it may not provide information which explains why

the error occurred. Thus, this method seemingly addresses

the "what" but not the "why" part of a problem, and is of-

ten criticized for this limitation (Allnutt, 1982).

The assumption underlying this research investigation

is that most errors can be traced and can be explained, a

point of view more in line with Reason's (1990) statement

that randomness does not play a role in the process of fin-

ding answers for "what," "where," and "how" types of ques-

tions. At the same time, the causative approach can be

useful only if the causation can be found in a chain of

events. To achieve this goal, several methods and error
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classification schemes are considered in the following sec-

tions.

2.3.1 Methods for the Study of Human Error in Aviation

Operations

Methods for the study of human errors are usually con-

fined to certain convergent approaches (e.g., Rouse &

Rouse, 1983; Reason, 1990). Depending on available resour-

ces and research objectives, four methods are generally

used to study human errors in aviation operations: 1) dir-

ect observation, 2) post-accident analysis, 3) voluntary

reporting system data analysis, and 4) laboratory experi-

ments using flight simulators (Nagel, 1988).

The direct observation method of studying errors is

the most straightforward approach. To use this method ef-

fectively, the observer must be an expert in piloting tasks

and must understand the entire spectrum of errors that can

occur. For example, Wiener (1985, 1989) and Curry (1986)

have used this approach to study problems that can occur in

pilot transitions between traditional and advanced cock-

pits. There can be little doubt that this is one of the

best means to study errors, but at the same time certain

disadvantages are apparent: 1) Observers can themselves

make observational errors; 2) the observed operator's be-

havior may be influenced by the presence of the observer;

and 3) the observer may not be able to control important

variables.
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Post-accident analysis usually generates a great quan-

tity of descriptive data on the accident, but at the same

time desired information may not be retrieved. This is

because aircraft accidents are often total disasters, in

which vital information about crew error is often lost and

the causality of error cannot be determined with certainty.

In addition, compared to other modes of transportation,

aircraft accidents are rare and may not constitute an ade-

quate source of information. Therefore, the opportunities

for studying errors in this manner are severely limited.

Incident reports are issued by the Aviation Safety Re-

porting System (ASRS), a voluntary and anonymous system

developed and operated since 1976 by NASA for the FAA (Rey-

nard, Billings, Cheaney, & Hardy, 1986). More than one-

half million reports made by pilots, air traffic control-

lers, and others have been analyzed and stored in the data-

base. These data are useful in a number of ways, of which

the most relevant to this investiqation is that reports can

be made by the operator who committed the error, thereby

providing first-hand information regarding the "how" and

the "why" of events in question. At the same time this

system also has drawbacks. For example, for reason of the

self-report method of report collection, the method in-

cludes a potential lack of randomness (Nagel, 1988). A

lack of consistent level of detail describing what has hap-

pened is another weakness, due to substantial variations

across individual reporters. The latter usually makes an-
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alysis more difficult since f or the same type of incident,

there may be substantial differences in report content

(e.g., detailed levels of incident description) among dif-

ferent reports.

The fourth method is the conduct of laboratory ex-

periments using flight simulators. For example, a classic

study by Ruffel-Smith (1979) concluded that error rate in-

creases as workload become greater. In contrast to the

direct observation method, laboratory experimentation pro-

vides the advantages that the variables in the experimental

setting can be controlled. The drawbacks of simulation in-

clude a potential for oversimplification.

2.3.2 Error Classification

An error classification scheme, or error taxonomy, can

provide an organized way of examining a problem. This

technique includes a large number and wide range of human

error taxonomies (e.g., Rasmussen, Duncan, & Leplat, 1987;

Swain & Guttxnann, 1980; Norman, 1981; Feggeter, 1982; Rouse

& Rouse, 1983; Reason, 1991). Norman suggested that a

well-structured framework is necessary for such a taxonomy

to prevent it from becoming "large and unwieldy." It is

unsurprising that there is no single error classification

scheme which can satisfy all the needs, and that the clas-

sification must be based on the important dimensions of a

taxonomic structure (Reason, 1987)
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Rouse and Rouse (1983) provided a convenient way to

view the methods that have been incorporated in the clas-

sification of human error, including behavior-oriented,

task-oriented, and system-oriented methods. It was noted

that these methods are not mutually exclusive, and simply

provide the means to organize methodologies.

The behavior-oriented approach is independent of the

types of systems and tasks in which a human operator is

involved, rather emphasizing the information processing

ability of the human operator. Starting with a human oper-

ator model for the description of operations, potential

errors are located with regard to each component in the

model. The combination of the activation triggering system

(ATS) model (Norman, 1981) and the skill, rule, knowledge

(SRK) model with the "decision ladder" construct proposed

by Rasmussen (1983) may exemplify this approach.

ATS (Norman, 1981) theory distinguishes between "mi-

stakes" and "slips." A mistake is the outcome of an inap-

propriate intention, and a slip is an unintentional error.

The ATS model assumes that: 1) action sequences are con-

trolled by sensorimotor knowledge (both factual and proced-

ural knowledge) structures called schema, and (2) skilled

actions need only be specified at the highest level of

their memory representations. It was proposed that an ac-

tion sequence is composed of a collection of parent and

children schemata.
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At any given time any number of schemata may be sim-

ultaneously active, each of which has a set of starting

conditions that may trigger activation if the value of an

outside forcing function meets the threshold for activa-

tion. Based upon this model, there may be three general

categories for human errors: 1) formation of intention

(mode and description errors), 2) faulty activation of

schema (capture errors, data-driven and associative ac-

tivations, loss of intention, and misordering of action

components), and 3) faulty triggering (spoonerisms, blends,

intrusions of thoughts, and premature triggering). The

errors in the formation of intention are implicitly related

to setting goals for a task within the CTM framework. At

the same time, the CTM framework provides more specific

descriptions of the errors at the management level. The

other categories of errors in the Norman (1981) ATS model

belong to errors at the task execution level. Though Nor-

man's error illustrations dealt in the large with daily

routine tasks, some of the errors can be practically ap-

plied to aviation and have been reported by aviation human

factor experts. For example, Rolfe (1972) reported that it

is highly likely for a pilot to exhibit habitual behavior

following a transition from one plane to another. Degani

and Wiener (1990) also reported similar observations regar-

ding the use of checklists. To reduce the likelihood of

error, Norman (1989) suggests that enhancing the feedback

loop of the system design is necessary.
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Rasmussen (1983) classifies human behavior in complex

systems into three levels: skill-based, rule-based, and

knowledge-based behaviors. At the skill-based level,

stored patterns of preprogrammed instructions represented

as analogue structures in a time-space domain govern human

behavior. A skilled operator notices the signals that a

system exhibits and finds shortcuts for the problem, thus

solving it more quickly. At the rule-based level, human

performance is guided by a set of production rules using

signs. Knowledge-based level behavior appears in novel

situations for which actions are performed after manipulat-

ing symbols that represent the system's physical proper-

ties.

It would appear that at the skill-based level, an op-

erator is familiar with the surrounding environment and has

better control for the allocation of his/her resources in

deciding what information to look for, thus managing to

find better solutions for the problems. Rasmussen et al.

(1987) suggests that a human can behave in all three states

simultaneously. Therefore, a highly trained human operator

may still behave at the knowledge-based level when facing

new problems. This theory suggests that control displays

must be configured to adapt to the operator's state of be-

havior to reduce the likelihood of errors.

The principal difference between the Norman (1981) and

Rasmussen models (Rasmussen et al., 1987) lies at the level

of abstraction. The Norman model accounts for usually in-
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consequential action slips largely at the execution level;

the Rasmussen model focuses on errors made at the supervis-

ory control level (Reason, 1990). However, neither model

deals specifically with CTM errors.

A task-oriented method for the study of human error is

applied to a particular type of task. For example, Bil-

lings and Reynard (1981) studied information transfer prob-

lems in aircraft. This type of study generally focuses

upon the description of an error process, and is not based

upon the presumption of an abstract framework. Therefore,

it is less than likely that this approach can be success-

fully applied to other domains of application.

The system-oriented approach is centered upon a spe-

cific system such as an aircraft, a ship, or a nuclear

power plant. Both Weiner (1989) and Curry (1986) examined

the potential errors that a flightcrew can incur while

transitioning between different types of aircraft. This

approach is a powerful instrument for pointing out practi-

cal problems, but it can be aimed at too high a level of

conceptualization.

Rouse and Rouse (1983) utilized the Rasmussen (Rasmu-

ssen et al., 1987) model as the basis for a human operator

model and proposed a methodology for classifying and ana-

lyzing human errors. Their goal was the design of useful

tools for the reduction and prevention of human errors.

Their model depicts sequential behavior and attempts to
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classify a wide range of errors, but it fails to explicitly

address a multitasking environment or CTM functions.

Overall, models for the classification of human errors

provide useful insights for description of the underlying

mechanisms. However, they fall short in their ability to

address CTM concepts, and do not offer a complete framework

for the classification of CTM errors. Ultimately, a set of

design guidelines for the construct of tools that can f a-

cilitate CTM functions in the cockpit environment does not

exist. To realize the significance of CTM errors, the CTN

error taxonomy provided in Table 2-3 appears to be the most

useful tool.

2.3.3 Error Reduction and Toleration

The ultimate goal of an error study is to improve saf-

ety performance. The general methods to achieve this goal

may include improved training and selection procedures, as

well as system redesign following identification of errors.

The earliest studies of human error in aviation operations

placed their emphasis upon the "upstream" aspects of the

problem (e.g., selection, training, equipment design, and

job design) (Fitts & Jones, 1962; Roscoe, 1980). Selection

and training processes are long and arduous where pilot

training is concerned. Although these are important pro-

cedures, it is probably true that pilot error cannot be re-

duced in substantial form through this approach (Chambers &

Nagel, 1985). One reason may be that human error is a uni-
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que dimension of human performance, so the degree to which

humans can be selected or trained to minimize errors re-

mains an open question.

Therefore, the problem becomes how to monitor human

errors and how to mitigate their consequences. Develop-

ments in computer technology have provided the power to

process large amounts of data. The fallibility and limited

nature of human cognitive resources interacting within com-

plex systems has also prompted the need for tools that aid

operators. A considerable amount of the research in this

area has pointed at the need for better human-machine sys-

tem interfaces, particularly in the modern cockpit en-

vironment (Wiener, 1989; Rouse et al., 1987; Chu & Rouse,

1979). It has been stated that a good PVI can facilitate

conceptualization of the prevention and toleration of human

errors (Chamber & Nagel, 1985; Rouse, 1985).

Chu and Rouse (1979) performed an experiment upon

pilot performance in flight management scenarios with the

aid of an adaptive computer. It was indicated that if a

computer can be used as a backup decision-maker, operator

performance would be enhanced. In this setting, when the

number of tasks is greater than a pre-determined high level

threshold, the computer automatically engages to help the

pilot process the task load. Once the number of tasks

falls below the low level value, the computer disengages.

There are a large number of issues that can be addressed in

environments where human-computer interactions appear to be
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critical (Rouse et al., 1987). For example, the number of

unperformed tasks in a flight management mission may be

reduced due to the adaptive assistance, thus to some extent

reducing the possibility of error. However, human errors

at the task management level have only been considered im-

plicitly within these approaches (Chu & Rouse, 1979).

Some explicit research has been undertaken in the de-

sign of PVI to facilitate task management functions. Funk

(1989) designed and implemented a checklist type of task

management tool for the organization and management of

tasks that must be performed by a human pilot. It was sug-

gested that a useful pvI based upon pilot behavior theory

should be constructed (Funk & Chou, 1988).

Rouse and his colleagues (1987) have proposed a com-

plete architecture for an intelligent PVI based upon the

following functions: information management, error moni-

toring, and adaptive aiding. Their research has defined

the necessary PVI components for the amelioration of the

significance of human errors.

2.4 Research Methodoloqy

To achieve the research objectives, the following

methodologies have been considered: 1) the use of a CTM

error taxonomy for the identification and classification of

air incident/accidents directed at realization of the type

and significance of CTM errors in real aviation operations;

2) performance of experimental studies as an alternative
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error study method for the verification of errors; and 3)

the creation of design guidelines for a cockpit task man-

agement system (CTMS), based upon the results from 1 and 2

above.

In summary, this chapter has provided the background

for the study of CTM errors in aviation operations. First,

the performance of commercial air transportation was re-

viewed, accompanied by a discussion of the changing roles

of modern pilots. Second, the content of the CTM theory

proposed by Funk (1991) was reviewed, and third, prior re-

search concerned with human error studies, including its

strengths and weakness, was considered. Finally, this

chapter included a summary of the research methodology pro-

posed for use in this study.



3. ANALYSIS OF AIR ACCIDENTS

The study of accidents is, in fact, a very important
part of flying safety, even though it is not incor-
porated in the training program prescribed by the Fed-
eral Aviation Administration (Collins, 1986, p. viii).

The principal purpose of studying past accidents is to

avoid the repetition of similar events. This chapter pre-

sents analyses of six cases of commercial transportation

air accidents over a 20-year period that are related to CTM

errors. The accident reports have been obtained from the

air accident reports published by the National Transporta-

tion Safety Board (NTSB).

In the analysis of these accidents, two objectives are

considered. First, this analysis will show the signif 1-

cance of CTN errors in realistic aviation operations by

demonstrating the degree to which the errors can be related

to the CTM error taxonomy presented in Chapter 2 (Table

2-3). Thus, statistics for the relative percentage at-

tributed to each form of CTN error may be obtained. Sec-

ond, this analysis will be used to establish a CTM error

database, thus providing an information source for poten-

tial real-life CTM errors.
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3.1 Introduction

The underlying causes of air accidents usually fall

into the three broad categories of mechanical factors,

weather, and pilot error. However, these labels should not

be used to mark the end of further analyses for human and

other system performance errors since air accidents are

usually the outcomes of a number of contributing factors.

However difficult the task, accidents must first be clas-

sified to provide a starting point for further analysis.

After reviewing 300 National Technical Information

Service (NTIS) abstracts of air accident reports (AAR),

accidents which were obviously unrelated to this study were

removed from the screening process. For example, this in-

cluded accidents that were caused by turbulence and obvious

mechanical problems (e.g., engine disintegration from the

aircraft body). This elimination process generated 77 ac-

cident reports for the period in question which may be re-

lated to CTM errors.

Following the initial screening, a representative set

of cases were selected for further study. This selection

did not presume any preconditions, other than that each

represented a full range of CTM errors as outlined in the

taxonomy provided in Chapter 2. When considered from a

cumulative viewpoint, these representative cases provided

an account of every specific error in the CTM error tax-

onomy.
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The analysis format is based, first, on the presen-

tation of abstracted summaries from the appropriate acci-

dent reports (presented either in this chapter or included

as background remarks in Chapter 2), followed by a discus-

sions regarding CTM errors. Patterns and probable causes

were derived from the reports and other literature, as

appropriate. By "patterns," the CTM errors which are more

likely to occur under certain combination of tasks per-

formed by the crew are intended. For example, resource al-

location errors may occur when tasks appear to compete for

common mental resources.

In the process of describing these errors, a time-line

of tasks and system parameters was constructed whenever

possible, using information derived from the NTSB accident

reports. The task parameters were also placed into a

chronology of agenda events to demonstrate task transitions

and resource usages. These figures and tables provide an

overall and integrated view of the critical processes that

developed into accidents.

Following presentation of the six cases, a summary

table of CTM errors is provided, based upon the tabulation

of the relative percentages of errors in the different CTM

categories. Based upon these estimations, the most signi-

ficant CTN error can be identified.



3.2 Case I: Eastern 401 (L-101l)

Upon review of this case, cited in full in Section

2.2.1.4.1, it may be noted that there are many ways to look

at an air accident, and this accident has been widely cited

from any number of aspects (Elder & Elder, 1977). The NTSB

(1973) reported: "It is obvious that this accident, as well

as others, was not the final consequence of a single error,

but was the cumulative result of several minor deviations

from normal operating procedures which triggered a sequence

of events with disastrous results" (p. 22) . Wiener and

Curry (1980) considered it as the flightcrew's "failure to

monitor," while Danaher (1980) looked it as a problem of

"human error in ATC system operations" because the ATC

flightcrew inquiry was vague. Foushee and Helmreich (1988)

used this accident to exemplify the problems of group per-

formance in aviation research and training communities.

Wickens and Flach (1988) viewed it from the information

processing theory viewpoint, concluding that human sampling

under stress may have been affected. However, despite its

popularity in the literature, no attempts have been made to

analyze this accident from the viewpoint of CTM error ana-

lysis. With the exception of ATC performance, a CTM error

analysis would consist of an integrated view of the analy-

ses cited above.

Figure 3-1 is a time-line indicating the tasks and the

system parameters (e.g., altitude) in the last 10 minutes
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prior to the accident. Table 3-1 shows a chronology of the

most important agenda events, task state transitions, and

the human and/or machine resources that were used for par-

ticular tasks. Three major tasks are included: 1) flying,

or maintaining aircraft parameters; 2) communication, a re-

quest for necessary altitude clearance; and 3) diagnosis,

removal of the gear problem.

From Figure 3-1 and Table 3-1, after the captain flew

the aircraft back to 2,000 feet, the flightcrew and the MIA

control tower exchanged communications. These communica-

tions were initiated and terminated as needed within one-

half minute. Other events occurred as follows.

The flight had a three-person crew, with a company

maintenance expert occupying the jumpseat. At 23:36:04,

the captain engaged the autopilot, placing the autopilot in

the active states as the machine resource for the flying

task. At 23:36:35, the first officer removed the gear in-

dication light bulb for visual inspection. Table 3-1 is

consequently updated to indicate both the flying task and

the diagnosis task as the active tasks. At 23:37:08, the

captain commanded the second officer to visually inspect

the position of the gear from inside the electronic bay.

The second officer returned to the cabin at 23:37:48 and

reported no definite results. From this point until

23:38:34, two and one-half minutes after the autopilot was

engaged, there were no crew comments regarding the alti-

meter. The captain again commanded the second officer to
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Table 3-1. A chronology of agenda events for the L-l0l1 accident.

System
Time

Event Pending Active Intrpt. Term. Human
Resources

Machine
Resources

not
relevant

missed
approach
fly back
to 2,000
MSL

Flying Captain

23:36:04 Autopilot
engaged

Flying (none) Autopilot

23:36:35 Gear
lighbulb
removed

Diag- Diag Captain
F/O

23:37:08 Captain
commanded
S/O to
visually
check the
gear

Diag Captain
F/O
S/O

23:37:48 S/O came
back from
bay

Diag Captain
F/O

23:38:34 Captain
commanded
S/U to
visually
inspect
again

Diag Captain
F/O
S/O



Table 3-1. A chronology of agenda events for the L-1011 accident (continued).

System
Time

Event Pending Active Intrpt. Term. Human
Resources

Machine
Resources

23:38:56 Captain
started
to dis-
cuss
with F/O

Diag Captain
F/O
S/O
J/o

23:40:37 Autopilot
dis-
engaged

Flying-p Flying (none) (none)

23:41:40 MIA
approach
control
called
to check

Comm-* Comm- Comm F/O ->
(none)

Radio ->
(none)

23:42:05 F/O
monitored
altimeter

Flying (none (none)
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visually check the gear position. At 23:38:56, the cap-

tain, the first officer, and the company expert began to

discuss the possible causes of this problem. It was later

hypothesized that during this discussion, one of the crew

members could have bumped the controls, causing an inad-

vertent disengagement of the autopilot; this type of inci-

dent is not that uncommon (Lederer, 1988). The airplane

then started to descend slowly. Since the second officer

was not in the cockpit at this time, there were fewer cock-

pit resources present to detect the half-second altitude

deviation warning that occurred at approximately 23:40:40

and went unnoticed. At this time, the flying task had

transitioned into the interrupted state and no input was

received from any of the resources. The crew appeared to

be unaware of this task transition.

As may be seen from Table 3-1, at 23:38:56 the flight-

crew started to allocate all human resources (four persons)

to the gear diagnosis task. When the aircraft descended

into a critical altitude between 40 to 42 minutes, the sec-

ond officer and the company expert were in the electronic

bay visually inspecting the gear position. According to

the report, the captain and the first officer had removed

the light bulb for inspection but had a difficult time re-

placing the bulb. They had obviously failed to allocate

any resources to the flying task. In other words, they

made an error in the Task Prioritization, low category,
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followed by a consequent error in the Resource Allocation,

j (i.e., the flying task) category.

At an altitude of approximately 900 feet (23:41:40),

the Miami Approach Control noted that Flight 401 was in-

dicated at an abnormally low altitude. Although not tech-

nically responsible for Flight 401, Miami radioed: "East-

ern, ah, 401 how are things comin' along out there?" This

communication did not say anything about the airplane's al-

titude, which was also cited as a direct contributing fac-

tor to the accident. The crew replied: "Okay we'd like to

turn around and come, come back in." Twenty-five seconds

after the end of this communication, at 23:42:05, the first

officer glanced at the altimeter and recognized the al-

titude problem. Had he checked the altimeter more fre-

quent, this accident could have definitely been avoided.

Ironically and unfortunately, the crew made a Task Monitor-

ing, lack error.

In explanation of why the crew failed to monitor the

flying task, this accident may reflect "cognitive tunnel

vision" phenomenon (Moray, 1981). This phenomena describes

situations in which available information is ignored while

the human operator concentrates upon some variables to the

exclusion of others (Moray, 1981). Similar terms like

"cognitive lock up" and "cognitive narrowing," describing a

decrease in the span of attention and the ability to con-

centrate during problem solving activities, have been used

to explain the Three Mile-Island accident in 1979 (Parks,
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1981). Further, airline pilots often describe their own

behavior as "task-oriented," referring to the fact that a

pilot can easily become so involved in performing a given

task that he/she loses situational awareness and misses the

deterioration of other parameters.

Though it is generally accepted that humans are not

efficient at monitoring (Wiener, 1987b), it is likely that

"cognitive lock up" human behavior impaired the Eastern

crew's CTM functions. The captain is responsible for bal-

ancing human resources in the cockpit and adequately assig-

ning each of the crew to selected tasks: one crew member

could have been assigned the flying task while the others

performed the diagnosis task. From this case, it would

seem that the "cognitive lock up" problem not only blocks

the crew's information channels for monitoring the progress

of other tasks, it also serves to degrade resource alloca-

tion performance.

In summary, the CTM errors made by the L-lO1l f light-

crew included: 1) Task Prioritization, low, 2) Resource

Allocation, low, and 3) Task Monitoring, lack. In this

accident, 99 passengers and crew were killed and the air-

craft was destroyed.

3.3 Case II: China Airlines 006 (747)

Similarly, this incident has also been widely cited

and viewed from different aspects and the abstract is cited
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in Section 2.2.1.4.2. Other relevant parts of the abstract

include the following comments:

The National Transportation Safety Board determines
that the probable cause of this incident was the cap-
tain's preoccupation with an inf light malfunction and
his failure to monitor properly the airplane's flight
instruments which resulted in his losing control of
the airplane.

Contributing to the accident was the captains' over-
reliance on the autopilot after the loss of thrust on
the No. 4 engine (NTSB, l986a).

On this flight, O'Hare and Roscoe (1990) noted that a delay

occurred in the crew switch from the role of passive mon-

itor to that of active controller, virtually the same auto-

mation-induced complacency and low-alertness effect cited

in the previous example (Wiener, 1988). From the viewpoint

of the design of an intelligent interface, Higgins, Chig-

nell, and Hancock (1989) suggested that inadequate communi-

cation between the crew and automatic system were the main

contributing factor to this incident. In turn, Norman

(1989) used the information processing approach to state

that the cause of this incident was the lack of feedback to

the flightcrew in their interactions with the automated

system.

According to the report (NTSB, 1986a), there were no

indications that the captain was impaired by such psycho-

logical or physiological factors as monotony, boredom, or

fatigue. For the current analysis, it is assumed that the

crew was under normal conditions when the incident occur-

red. Three major tasks were present in this case process:
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Flying, maintaining the aircraft in a safe con-

dition. The subgoals of this task include main-

taining heading, speed, attitude, and altitude of

the aircraft.

Communications with the ATC, request for clear-

ance, and declaration of emergency when neces-

sary.

Engine recovery, or detection, diagnosis, and

compensation for engine malfunction.

Figure 3-2 shows the task time-line and the aircraft

altitude. The boxes labeled numerically indicate the tasks

that were actually performed, and the boxes labeled with

lower-case letters indicate when the tasks should have been

performed. Therefore, Figure 3-2 indicates that the order

for performing these tasks was completely reversed. Table

3-2 shows a simple chronology of agenda events associated

with this incident, including important events, task tran-

sitions, and resource usages.

Prior to the flight engineer's declaration of an en-

gine problem, the airplane was controlled by the autopilot

in the performance management system (PMS) mode ("the PMS

was providing pitch guidance and maintaining a selected

41,000 feet," NTSB, l986a, p. 2). The captain waited for

two minutes to disengage the autopilot after the flight

engineer informed him of the engine problem. During this

time period, he directed the flight engineer to try to res-

tart the No. 4 engine (at 41,000 feet), which is another
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error discussed below under the heading "Engine Recovery

Task." The controllability of the airplane would probably

have not worsened had the captain disengaged the autopilot

earlier, which is the recommended action recorded in the

747 SP-09 flight manual.

According to the JT9D-7A engine in-flight restart en-

velope chart, the maximum altitude at which a successful

restart can be expected is 30,000 feet. But at 10:12:40

(Table 3-2), the captain attempted to initiate the restart

procedures at an altitude of 41,000 feet by directing the

flight engineer to perform this task. Therefore, the cap-

tain made a Task Initiation, early error (starting engine

at too great an altitude). For this reason, the captain

also made an error in Task Prioritization, low in that he

failed to assign a higher priority to the flying task than

to the engine recovery task. This may be attributed to

over-reliance on the autopilot.

As a consequence of the task prioritization error, the

crew's resources were not fully utilized during this in-

cident. The captain also committed an error in the cate-

gory of Resource Allocation, low. First, the captain did

not assign the engine recovery task to the first officer,

allowing him to concentrate solely upon the flying task.

Second, there also was an error of goal communication. The

first officer was not made aware of the nature of the cap-

tain's goals. Therefore, he did not propose to take over

the engine recovery task. As a result of this unbalanced



Table 3-2. chronology of agenda events for the China Airlines incident.

System
Time

Event Pending Active Intrpt. Term. Human
Resources

Machine
Resources

not
relevant

Flying (none) Autopilot

10:12:40 Engine
problem
detect ion

Diaq-* Diag Captain
S/C

10:14:10 Engine
restart
attempt
failed

Diag- Diag (none) (none)

10:14:40 Autopilot
disengaged

Flying Captain
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resource allocation, the captain had to attend to two

demanding tasks concurrently.

The captain said he did not have any realistic ex-

perience with an engine-out situation. Thus, based upon

the Norman (1989) ATS system, his "error of action" may

fall into the category of "formation of intention" in that

the captain generated an improper intention. Although the

ATS may explain the captain's errors, resource theory ap-

pears to provide a better explanation for the performance

and errors of task initiation.

Two major concepts are used in resource theory (Wic-

kens, 1984) to describe human capabilities for the perfor-

mance of two concurrent tasks: processing resources and

structure. Processing resources consist of the extent to

which two tasks can be performed concurrently as well as

when each is performed in isolation. For example, the

eyes, ears, hands, feet, and memory are common human re-

sources. It may be assumed that these resources are lim-

ited, and that they are in demand as resources for task

performance. Therefore, task performance will be degraded

when demand exceeds supply. In turn, structure refers to

the stage of information processing or the modalities of

input. If two concurrent tasks share a common structure,

conflicts are likely to occur and performance will be de-

graded. For example, experiments with dichotic listening

showed poor performance when the subjects were required to
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comprehend the contents of two stories that were read to

them simultaneously.

Theref ore, a human's time-sharing ability is dependent

upon both the resources used and the structure of the

tasks. Wickens (1984) proposed multiple resource theory

(MRT) to account for human time-sharing performance. In

MRT, human resources are dichotomized along three dimen-

sions (i.e., resources): the modalities of input and re-

sponse, the processing stage, and coding information.

Input resource modalities are either "visual" or "au-

ditory", and output resource modalities are either "manual"

or "vocal." The processing stage resources are also refer-

red to as the information bottleneck, or the stages in

which information is processed or is most limited. Wickens

(1984) suggested the division of the processing stage into

"early" and "late" resources, where resources coding refers

to either the "spatial" or "verbal" properties of informa-

tion.

In the China Airlines incident, the captain's atten-

tion resource was occupied concurrently by the engine re-

covery and flying tasks. Of itself, manual flying would

have required considerable visual, manual, and cognitive

attention, particularly with a failed engine. In addition,

the engine recovery task required some cognitive resources.

Thus, both of these tasks demanded the same mental resour-

ces. Though the captain's resources with respect to the

performance of two concurrent tasks, he elected to continue
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the use of the autopilot (to facilitate work on the engine

recovery task), assigning the highest priority to engine

recovery. Therefore, he failed to allocate an adequate

amount of resources to the flying task.

The "complacency" issue, caused by either too great a

degree of automation or pilot overreliance on automated

processes, has always been a heated topic of discussion

(e.g., Wiener & Curry, 1980; Wiener, 1985; Wiener, 1988).

The problem framed as the need to avoid overreliance on

automatic systems has prompted no easy solutions (Boehm-

Davis et al., 1983). Norman (1989) argued that the problem

is not in the use of automation, but in the area of "lack

of feedback," suggesting that in this incident the captain

failed to obtain sufficient feedback to interact with the

automation, and was consequently unable to make the correct

decision.

To summarize, the captain made the following CTM er-

rors: Task Initiation, early, Task Prioritization, low,

and Resource Allocation, low. No passengers were killed

(there was only one severe injury), but the aircraft suf-

fered substantial damage.

3.4 Case III: Piedmont 467 (737)

The tasks in this incident, the abstract for which is

included in Section 2.2.1.4.3, were as follows: 1) Final

approach, with the aircraft configuration subtask (e.g.,

setting correct air speed and landing flap degrees); and 2)
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missed-approach, a contingent task in the case of unsafe

landing conditions.

Figure 3-3 shows the system time-line and the tasks in

the final phase of the flight. Table 3-3 is a chronology

of agenda events depicting what actually happened during

this phase of the flight. The event times for the tasks

that should have been initiated are indicated by placement

in brackets. For example, an aircraft configuration start

event is designated as [20:03:20]. Though this incident

did not receive as great a degree of attention in the lit-

erature as the two cases cited above, some of the CTN er-

rors fall into categories that have not been previously

considered.

The Piedmont B-737 operations manual for the normal

instrument landing system (ILS) pattern states that the

aircraft configuration for landing should be finished be-

fore the aircraft crosses the final fix (HAYOU). This con-

figuration includes lowering the landing gear, setting up

final flaps, and establishing the airspeed at about 140

knots. If this procedure is followed, the latest initia-

tion time for configuring the aircraft would have been at

20:03:20, assuming the configuration time had not been mod-

if ied (Figure 3-3). Apparently, the flightcrew did not

initiate this task until 20:04:45, at an airspeed 27 knots

above the normal speed. Therefore, the captain made a Task

Initiation, late error.
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Table 3-3. Chronology of agenda events for the Piedmont 467 accident.

System
Time

Event Pending Active Intrpt. Term. Human
Resources

Machine
Resources

[2O:03:20J Start
aircraft
config.

Config-* Config Captain
F/O

20:04:45 Start
aircraft
conf kg.

Config-* Config Captain
F/O

[20:05:30] Abort
landing

Config- Conf kg Captain
F/O

20:06:55 Finish
aircraft
conf kg

Config-* Config Captain
F/O



The aircraft touched down 3,200 feet from the runway

threshold and 2,000 feet beyond the company-recommended

touchdown point. Given this kind of tabnormal condition,"

the captain would still have been able to stop the aircraft

safely on the runway had he made optimal use of the decel-

erative devices, "with no margin for error allowed in the

use of those devices" (NTSB, 1986b, p. 25). Because the

captain failed to make satisfactory use of these devices,

and given the slippery runway condition, the aircraft over-

ran the runway. The NTSB concluded that the main cause of

this accident was the captain's failure to terminate the

approach. Applying the CTM framework, the captain made a

Task Termination, lack error.

This accident may reflect some disciplinary issues

with regard to adherence to company operational procedures.

The captain was aware of the delay in initiating the con-

figuration task and that the aircraft was moving at an

above-normal speed. However, though he admitted that the

final approach was "a little late in coming," he added his

belief that "such 'close-in' turns were common at Char-

lotte" (NTSB, 1986b, p. 2). These observations could be a

reflection of such social-related issues as personalities,

attitudes, and the company culture within the cockpit en-

vironment.

As reported by the NTSB (1986b), "the captain was 'be-

hind' the airplane. That is, he was setting flaps, lower-

ing the landing gear, and trying to reduce the airspeed af-
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ter the flight was descending on the glide slope and well

inside the final approach fix" (p. 25). In this case, an

execution error (i.e., lower the airspeed) led to the lim-

ited time required for other CTM functions. Equivalently,

the pilot has to be able to initiate several tasks within

the same time period.

In summary, in this incident the captain made Task

Initiation, late and Task Termination, lack CTM errors.

The aircraft was severely damaged, but no passengers were

injured.

3.5 Case IV: Air Florida 90 (737)

On January 13, 1982, Air Florida Flight 90, a Boeing
737-222 (N62AF) was a scheduled flight to Fort Lauder-
dale, Florida, from Washington National Airport, Wash-
ington, D.C. There were 74 passengers, including 3
infants, and 5 crewmembers on board. The flight's
scheduled departure time was delayed about 1 hour 45
minutes due to a moderate to heavy snowfall which ne-
cessitated the temporary closing of the airport.

Following takeoff from runway 36, which was made with
snow and/or ice adhering to the aircraft, the aircraft
crashed at 1601 e.s.t. into the barrier wall of the
northbound span of the 14th Street Bridge, which con-
nects the District of Columbia with Arlington County,
Virginia, and plunged into the ice-covered Potomac
River. It came to rest on the west side of the bridge
0.75 ml from the departure end of runway 36. Four
passengers and one crewmember survived the crash.

When the aircraft hit the bridge, it struck seven oc-
cupied vehicles and then tore away a section of the
bridge wall and bridge railing. Four persons in the
vehicles were killed; four were injured.

The National Transportation Safety Board determines
the probable cause of this accident was the f light-
crew's failure to use engine anti-ice during ground
operation and takeoff, their decision to take off with
snow/ice on the airfoil surfaces of the aircraft, and
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the captain's failure to reject the takeoff during the
early stage when his attention was called to anomalous
engine instrument readings. Contributing to the ac-
cident were the prolonged ground delay between deicing
and the receipt of ATC takeoff clearance during which
the airplane was exposed to continual precipitation,
the known inherent pitchup characteristics of the
B-737 aircraft when the leading edge is contaminated
with even small amounts of snow or ice, and the lim-
ited experience of the flightcrew in jet transport
winter operations. (NTSB, 1982)

Nance (1986) presents a very complete history, focus-

ing on the training program of the rapidly expanding Air

Florida company. The problems of crew coordination have

been discussed by Foushee and 1-lelinreich (1988), using this

accident as an example. Nagel (1988) examined this ac-

cident from an optimal decision theoretical point of view.

Figure 3-4 shows the time-line and a simplified task

distribution for this accident. The two main tasks in-

cluded deicing and takeoff. Table 3-4 represents the

chronology of agenda evexts for this accident. The actual

sequence of events is recorded, and the times for those

events that should have occurred are placed in brackets in

the System Time column (e.g., the application of engine

anti-ice should have occurred at [14:00)).

From Figure 3-4 and Table 3-4, the airplane started

its deice operation at 14:20 when the airport was closed

due to heavy snow conditions. However, this operation was

interrupted by the captain at 14:30 because he wanted to

have the airplane deiced before the airport was reopened.

The cleice operation was resumed at 14:45 and terminated at

15:10. While ground operations were performed, the engine
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Table 3-4. Chronology of agenda events for the Air Florida 90 accident.

System
Time

Event Pending Active Intrpt. Term. Human
Resources

Machine
Resources

[14:00) Turn on
Engine
Anti-ice

14:20 Start
deice

Deice-* Deice not
relevant

not
relevant

14:30 Captain
stopped
the deice
operation

Deice- Deice

14:45 Captain
resumed
the deice

Deice -Deice not
relevant

not
relevant

15:10 Deice
complete

Deice-* Deice

[15:10 -
15:15)

Captain
walked
around

Inspect- Inspect- Inspect Captain

15:48:59

problem

F/O
monitored
engine



Table 3-4. chronology of agenda events for the Air Florida 90 accident (continued).

System
Time

Event Pending Active Intrpt. Term. Human
Resources

Machine
Resources

15:59:24 clear for
take off

15:59:58 F/O
mentioned
engine
problem

Deice not
relevant

not
relevant

[16:00] captain
elected
to abort
takeoff

Takeoff-p Takeoff
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anti-ice system was not turned on, and this was cited by

the NTSB as "a direct cause of the accident" (p. 60). The

subsequent accumulation of snow on the wing seriously de-

graded the takeoff performance. Therefore, the crew made a

Task Initiation, lack error. According to the NTSB report,

the causes of this error could have been: 1) lack of ex-

perience in winter operations, 2) lack of knowledge in tur-

bine engine operating principles, and 3) deficiencies in

the crew's training regarding winter operations.

Since the crew did not engage engine anti-icing during

the ground operations, the snow accumulation on the wing

became more serious than it should have been. Further,

following the deicing operation, there was no visual in-

spection of the snow accumulation by either the captain or

first officer when they were about to push back. In this

case, the crew made another Task Initiation, lack error.

At 15:48:59, the first officer raised a question re-

garding an abnormal engine EPP. (engine pressure ratio)

reading, but the captain did not respond positively. At

15:59:24, the flight was cleared for takeoff. In this

flight, the first officer was the PF and the captain was

the PNF. According to the rule, however, the captain is

always reserved the authority to terminate a takeoff, no

matter who is flying the leg. About 34 seconds later, at

15:59:58, the first officer made an emphatically negative

statement about the engine EPR readings: "God, look at

that thing. That don't seem right does it?" Again, the
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captain failed to recognize the problem and did not call

for any specific action. At this time, the captain made a

Task Termination, lack error by failing to terminate the

takeoff task. One minute and one second later the airplane

crashed into the 14th street bridge.

In the takeoff phase, the first officer tried to di-

rect the captain's attention to the abnormal EPR readings.

The NTSB report pointed out that the "air traffic and the

local controller's instructions to takeoff with 'no hurry'

may have predisposed the crew to hurry." Thus, the captain

could have been reluctant to reject the takeoff even though

he was aware of the concerns of the first officer. The

Board concluded that "the failure of the captain to respond

and reject the takeoff was a direct cause of the accident."

The first officer's unassertiveness about the engine prob-

lem was also cited.

In an analysis of this accident, O'Hare and Roscoe

(1990) identified five contributing factors that increased

the probability of human failure, including: 1) inadequate

training, 2) poor judgement and decision making, 3) diffu-

sion of responsibility, 4) peer pressure, and 5) copilot

unassertiveness. These factors are largely a reflection

upon company management and operational deficiencies, given

that the company was rapidly expanding and had not devel-

oped a standard set of operating procedures. Nance (1986)

determined that similar problems were true of a number of

small computer airlines, as well as Air Florida.
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In addition, the captain was unfavorably described as

an individual with whom it was difficult to work. Nance

(1986) noted that he was "a young, extremely self-confident

former DC-3 captain Wheaton (the captain in this

accident) had passed his check rides but underwhelmed his

ground instructors as overly cocky. It was hard to tell

Wheaton anything" (p. 160). It was likely that the copil-

ot's unassertiveness was reinforced by this situation.

While these factors may reveal problems in social in-

teraction and flightcrew coordination, the inadequacy of

training the crew received also was an important contribut-

ing factor in this accident. The crew's knowledge of the

overall system (i.e., the aircraft and the environment) was

severely constrained by the limited amount of training they

had received. The lack of system knowledge is one of the

major contributing factors to human error (Rouse & Rouse,

1983). Moreover, the NTSB report stated that the crew's

management performance was influenced by the traffic situa-

tion and the local controller's instructions. Therefore, a

number of variables contributed to the degradation of CTM

functions.

In summary, the captain in this accident made two Task

Initiation, lack errors and one Task Termination, lack er-

ror. This accident resulted in the loss of 74 lives and

the destruction of the aircraft.



3.6 Case V: Comair 444 (PA31-310)

On October 8, 1979, at 1008:26, COMAIR, Inc., Flight
444, a Piper PA31-310, with a pilot and seven pas-
sengers on board, crashed on takeoff from runway 18 at
the Greater Cincinnati Airport, Covington, Kentucky.
The pilot and the seven passengers on board were
killed, and the aircraft was destroyed.

After 1,500 to 2,000 ft of takeoff roll, the aircraft
lifted off abruptly and climbed slowly to about 150 ft
above the runway. Following liftoff, the pilot re-
ported a loss of power from an engine, and the tower
controller cleared the pilot to return and land. Sec-
onds later, the aircraft rolled to the right to an
inverted position and dove, nose first, to the ground.

The National Transportation Safety Board determines
that the probable cause of the accident was the loss
of control following a partial loss of power immedi-
ately after liftoff. The accident could have been
avoided if either the pilot had rejected the takeoff
or had raised the landing gear and flaps. His failure
to take decisive action may have been due to preoc-
cupation with correcting the malfunction, and a lack
of familiarity with the aircraft and with its emergen-
cy procedures.

Contributing to the accident was the pilot's inex-
perience in multiengine aircraft, a hurried departure,
inadequate training, inexperienced company management,
and ineffective FAA certification and surveillance of
the operator. (NTSB, 1979)

The main tasks in this accident included flying and

communication. Because the aircraft was not equipped with

a CVR (cockpit voice recorder) and insufficient information

was recorded in the ATC communications, a task time-line

and chronology of agenda events have not been developed for

this accident.

According to the NTSB report, the pilot in this ac-

cident committed a Task Initiation, lack error, failing to
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either reject the takeoff or raise the landing gear as re-

corded in the appropriate emergency procedures. The NTSB

report noted that the accident could have been avoided had

the pilot either rejected the takeoff or raised the landing

gear and flaps. Even though the cause for the failure to

engage in this kind of decisive actions was cited as preoc-

cupation with clearing an engine malfunction, the pilot

behaved as if he did not know what tasks to initiate during

the 24 seconds following the engine malfunction. It ap-

peared that he was unable to conceive the necessity of

generating such tasks as "reject the takeoff" or "raise the

landing gear" during the time period in question. The dif-

fering emergency procedures employed for the accident air-

craft and a previous aircraft flown by the captain may have

contributed to this accident. However, the pilot's know-

ledge about the multiengine aircraft was severely limited

by his amount of training. The weak training program in

the company in question, a result of a rapid business ex-

pansion, was an obvious influence. Of the six pilots hired

prior to the captain of the accident aircraft, "none of the

pilots had been trained in a simulated engine failure on

takeoff or at altitude, and some were not trained to recog-

nize approaches to stalls, as required" (p. 13)

As pointed out in the discussion of the Air Florida

accident, one reason that the captain was unable to initi-

ate an adequate task was his lack of system knowledge.

There is a general pattern of this type of problem. In
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many of the accidents analyzed for this investigation, it

was frequently found that company management operations

were flawed (Nance, 1986). This observation is not limited

only to small companies operating air commuters and taxis,

but is also true of some large airlines (e.g., Air Flori-

da). These companies conformed to a pattern in which their

businesses were subject to extraordinary expansions, and in

this situation the demand for pilots often exceeded the

supply. It is a simple rule among expanding businesses

that company training programs cannot be expanded at the

same rate as business activities, and company management

products are definitely degraded due to limited training.

There are numerous behind-the-scenes stories that could be

used to exemplify the process in which unprepared pilots

were passed through inadequate training stages (Nance,

1986; Carley, 1991)

In general, air commuter pilots are not as well

trained as pilots for major air carriers, Subsequently,

some of these pilots operate aircraft with unsatisfactory

system knowledge, and are more fallible to system faults

than those who have been trained well. As a result, these

pilots are more likely to make CTM errors when confronted

with critical conditions.

In summary, the captain made a Task Initiation, lack

error. The aircraft was destroyed and all persons (8) on

board were killed.



3.7 Case VI: Lockheed JetStar

About 1840 e.s.t., on February 11, 1981, a Lockheed
JetStar J-1329-731, N520S, crashed during an instru-
ment landing system approach to runway 16 at the West-
chester County Airport, White Plains, New York. The
area weather was dominated by low obscured ceilings,
rain, fog, and reduced visibility. Winds were strong
and gusty with moderate to severe turbulence in the
lower levels. Following a recent malfunction of the
generator control circuitry, the aircraft's electrical
system had experienced several multiple generator
failures.

The National Transportation Safety Board determines
that the probable cause of this accident was a dis-
traction to the pilot at a critical time as a result
of a major electrical system malfunction which, in
combination with the adverse weather environment,
caused an undetected deviation of the aircraft's
flightpath into the terrain. (NTSB, 1981)

The main tasks in this accident included flying, com-

munications, and problem solving (i.e., the electrical sys-

tern malfunction recovery) . Because the aircraft was not

equipped with a CVR, a task time-line and a chronology of

agenda events were not used.

The NTSB analysis states that the flightcrew was dis-

tracted by the electrical system malfunction, thereby com-

mitting a Task Prioritization, low error with regard to the

flying task. Given the marginal weather conditions at the

accident airport, it is likely that this accident could

have been avoided if the crew had elected to fly to the

alternate destination airport.

In general, distractions impose an extra workload upon

the pilot. The amount of the extra workload is often de-
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termined by the time and duration as well as the context of

the working environment (i.e., the human/system resource

consumption by other concurrent tasks) within the context

of the distraction. First, the workload can be imposed by

the extra tasks that the pilot has to perform. Second, the

pilot may have to allocate some of his/her cognitive re-

sources (e.g., memory) to maintain proper priorities for

existing tasks. In either case, distractions will cause

the interruption of at least some tasks. In theory, if the

interrupted time interval is increased, information cur-

rently stored in the working memory may deteriorate. Some

experiments in forgetting have demonstrated that the effect

of interference (also called proactive inhibition) and the

retention interval significantly influence memory perfor-

mance (Peterson & Peterson, 1959; Wickens, 1972). This

phenomenon has been confirmed by a simulator study of

flight checklists and interruptions in the cockpit which

demonstrated that crews perform better when they are al-

lowed high continuity in the conduct of checklists. This

has suggested that a higher load may be imposed on the mem-

ory by one long interruption than by several short inter-

ruptions (Linde & Gouguen, 1988).

In a personal interview, a B737-400 captain mentioned

that even though his cockpit is equipped with advanced

automation technology, it continues to reflect a number of
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operational "glitches."1 He pointed out that the

principal problem with automation is the inadequacy of

workload distribution, an issue recognized by the use of

the term "workload management" by aviation researchers

(Wiener, 1989; Hart, 1989)

In summary, the flightcrew in this accident made a

Task Prioritization, low error. The aircraft was destroyed

and everyone on board was killed.

3.8 Summary

As reviewed in this chapter, a number of different

theories can be used to explain the types and causes of

human errors within single air accidents. As Sheridan

(1980) noted: "Human errors are woven into the fabric of

human behavior" (p. 24), and distinguishing between types

and causes can be a very fuzzy and at times vague area of

inquiry. Some errors may serve to lead the investigator to

trace the outcome and causation of other and related er-

rors. For this reason, the CTM approach does not attempt

to trace human errors to the lowest levels of causation.

CTM functions can be used only as a fundamental framework

'Flying as a passenger on UAL 451 from Denver, Colorado
to Eugene, Oregon on May 26, 1991, I spoke for about 10
minutes with the flight deck crew prior to takeoff. When I
asked them about a problem that Wiener (1989) had noted, to
the effect that "in the B-757 automation, there are still
things that happen that surprise me," they quickly responded
by affirming this statement. We then addressed other cockpit
"glitches," whereupon the captain pointed at his autopilot
device and mentioned the famous "altitude bust" incidents
caused by that device.
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for the development of tools for coping with CTM errors

similar to those considered in this chapter.

To summarize the evidence presented, the analyses pre-

sented in this chapter provide the following explanations

for breakdowns in CTM functions:

"Cognitive lock up" or "task-oriented" behavior

prevents humans from simultaneously attending to

parallel and high-level tasks (decision-making,

diagnosing);

Resource-limited behavior impairs human ability

to assess the priorities for sets of tasks;

Memory limitations prevent humans from integrat-

ing information that is useful for the coor-

dination of multiple and concurrent tasks, and

remembering which tasks are active;

Highly-stressed condition constrain human ability

to generate tasks that do not exist in their cur-

rent "task agenda," or to recognize when a task

should be started;

Limited operator knowledge of overall systems may

contribute to management breakdowns; and

Persistent distractions degrade human ability to

resume interrupted tasks.

From a comparatively general, even universal, point of

view, the primary factors which contribute to human errors

can be summarized as follows (Rouse & Rouse, 1983) : 1)
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inherent human limitations, 2) inherent system limitations,

3) contributing factors, and 4) contributing events.

As previously noted, the results of the current anal-

ysis can serve as a database for a catalog of CTM errors.

This analysis reflects the examination of the abstracts of

324 NTSB AARs occurring between 1960 and 1989. Review re-

vealed 98 CTM errors in 77 of these reports. Therefore,

from this evidence, 25 percent of all the NTSB-investigated

air accidents appear to reflect significant CTM errors.

The consequences of these errors are reflected in substan-

tial losses of human lives (e.g., the L-1011 crash killed

99 passengers) and substantial damages to aircraft.

The CTM errors and the percentage each represents of

the whole are shown in Table 3-5. According to this analy-

sis, Task Initiation (37.8% of all errors analyzed) was the

most significant of this group. This indicates that coun-

termeasures must address the problem with a Task Initiation

priority in view. Since air accidents are extreme in terms

of their outcomes and are also rare, the results could have

been biased by the type and number of the sampled ac-

cidents. Thus, the next chapter will apply the CTN error

taxonomy to the study of incident reports from the ASRS

database to identify similar CTN errors in aviation opera-

tions that fortunately did not result in accidents.



Table 3-5. Percentages of CTM errors in
the NTSB air accident reports.
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Error Category Number Relative
Percentage

Task Initiation 37 37.8
Task Monitoring 22 22.4
Task Prioritization 4 4.1
Resource Allocation 8 8.2
Task Interruption 5 5.1
Task Resumption 1 1.0
Task Termination 21 21.4

Total 98 100.0



4. ANALYSIS OF ASRS DATA

In this chapter, 144 incident reports obtained from

the Aviation Safety Reporting System (ASRS) are reviewed

and analyzed using the CTM error taxonomy for the iden-

tification and classification of CTM errors in real-life

operations. The purpose of this analysis is three-fold:

First, to review investigations of past ASRS studies;

second, to determine and analyze those reports that are

related to CTN errors; and third, to determine the sig-

nificance of CTM in near-accidents.

4.1 Background

The ASRS program is a voluntary, anonymous reporting

system developed and operated since 1976 by NASA for the

FAA (Reynard et al., 1986). More than one-half million re-

ports from pilots, air traffic controllers, and other in-

terested parties regarding air safety problems have been

collected, analyzed and stored in the database. Each re-

port contains a narrative of an incident, such as an in-

f light engine emergency experienced by the reporter. These

data are useful in many ways, of which the most important

for this study is that each report may be made by the oper-

átor who made the errors, thereby providing first-hand in-

formation regarding how and why the error(s) occurred.
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Two important aspects characterize the ASRS program:

confidentiality and immunity from prosecution for the re-

porter in cases other than those involving some criminal

act. Thus, the reporters have an incentive to report. It

has been shown that ASRS data have become a practical and

indispensable source of information for the aviation com-

munity (Nagel, 1988). Wiener (1989) suggested that the

data from the incident reports provides considerable infor-

mation regarding errors from the original reporter's pers-

pective, and can thus be described as a "window on the real

world."

This information can also have its drawbacks. For

example, there is a potential lack of randomness because of

the self-reporting method of collection (Nagel, 1988). The

other drawback is the lack of a consistent level of detail

describing what has happened, due to huge variations across

individual reporters. This can make analysis more dif-

ficult, simply because there may be substantial differences

in report content (e.g., terininological usage, levels of

detail in incident description) for the same types of in-

cidents.

The ASRS database is well-archived and ready for on-

line computer search. Each data record may contain more

than 300 fields describing the report contents, and related

information between different incidents may be easily

retrieved. A search can be initiated by sending the ASRS

staff a special request on a particular topic. Due to wide
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variability in the nature of incident reports (e.g., type

of aircraft, operations, flight phases, and events), the

search must be very specific. Otherwise, the output of

this search process may not contain the precise information

sought by the user. Therefore, the researcher must first

understand the database and prepare a search strategy. It

has been reported that it takes approximately one month to

gain working familiarity with this database system (Reynard

et al., 1986). Once the database system is understood, the

search can be productive and effective.

4.2 Previous ASRS Studies

After a research question has been formulated, an ASRS

study is generally performed in the following way. The re-

searcher sends a database search request specifying the in-

cident types to the ASRS program. As an example, an ini-

tial search strategy for incidents involving inf light emer-

gencies may consider all reports which contained the word

"emergency" in any phrase in any of the five following

fields: enabling factors, associated factors, recovery

factors, supplementary factors, and descriptors (Porter,

1981). The reports generated from the initial screening

can then be refined by removing those which are irrelevant.

Following the establishment of the ASRS, as of May,

1990 more than 1,800 special research requests have been

placed (ASRS, 1990). Some of the studies prepared from

these reports are related to the current research goals,
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that is, the identification of potential CTM problems in

aviation operations. For example, Degani and Wiener (1990)

utilized the ASRS data extensively to study the design,

use, and management of checklists. Performing a checklist

is a check on a procedure for a task, through which a

relevant portion of the aircraft configuration is verified

for the current flight phase. Reviewing the ASRS incident

and the NTSB accident data, Degani and Wiener (1990) noted

that the failure to initiate a checklist task may contri-

bute to an accident, which is an apparent consideration

within the realm of cockpit task management.

Monan (1979) studied 169 incidents of in-flight dis-

traction reports and their influence on flightcrew perfor-

mance. From the outset, distractions were placed in cate-

gories for non-flight operation activities and flight oper-

ation tasks. Both categories may result in the following

problems: 1) failure to accomplish an essential task and

2) serious interruption or elimination of crew coordination

or crew management. From this point of view, many of the

incident reports cited by Monan can be applied to the study

of CTM errors.

Porter (1981) studied influences upon human behavior

in 154 in-flight emergencies. Several of the incident re-

ports considered indicated patterns similar to CTM errors.

For instance, 27 low-fuel-state emergencies and 7 incidents

of excess holding time at busy terminals were reviewed.

Given the rising cost of oil, fuel management has become a



89

high priority task for many airlines. Even with modern

technologies, airplane crashes continue to occur because of

fuel starvation and the need for improvement of Task Moni-

toring functions remains apparent.

Murphy (1980) prepared one of the earlier studies of

cockpit task management. For each ASRS data record, he

applied three analytic error categories: enabling factors,

associated factors, and recovery factors. Enabling factors

were defined as "those allowing a situation or incident to

occur"; associated factors were "less directly contribu-

tory"; and recovery factors were "positive behaviors or

events leading to recovery." Murphy determined that in

many incidents the crew had failed to set priorities when

time was limited and several tasks had to be performed.

4.3 ASRS Data and CTM Errors

Based on this review, numerous incidents appear to be

related to CTM errors, but there has been no integrative

effort to bring these reports together under the CTM frame-

work. Thus, the current approach to the analysis of CTM

errors in the ASRS database is confined to review of the

available literature. Examination of this information is

based on the assumption that the hypothetical causes of

human errors considered in other systematic studies can be

integrated to obtain a useful record of CTM errors.

This section thus includes consideration of the ini-

tial screening process for the selection of the 144 mCi-
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dent reports used for the identification and classification

of CTM errors in the current study. The 144 reports in-

clude 99 inf light emergency reports generated by a special

search request (1983-1989) (ASRS, 1990), 32 reports from an

examination of distractions (Monan, 1979), and 13 reports

contributed by Porter (1981).

The request for information on the category of in-

f light emergencies was motivated by the China Airlines

incident in 1985 (NTSB, 1986a) and Porter's (1981) study of

in-flight emergencies. It was anticipated that humans tend

to make a greater number of CTM errors under emergency and

high workload situations. Specifically, this request was

directed to incidents after January, 1983 for medium-large

(NLG) transports (i.e., 60,001 to 150,000 lbs) and widebody

aircraft (WDB) . Other reports were selected on an "as

available" basis from the investigations conducted by Monan

(1979) and Porter (1981) and contributed, respectively, 32

and 13 narratives that were used in the initial screening

phase. Altogether, these narratives provided 144 ASRS

incident reports.

In the second screening phase, only those reports that

explicitly stated concerns for abnormal human behaviors or

failure to exercise management skills were selected for

further consideration. In particular, reports including

such phrases as "high workload," "confused," "failed to,"

or "too many tasks" were given specific attention since

they potentially pointed at human limitations in CTM func-
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tions. The selected phrases were chosen in that they im-

plied that the crew either forgot to perform some task or

were overloaded with tasks. Thus, the selection of CTM-

related reports was heavily dependent upon the content of

the individual narratives. It should be noted that none of

the incidents cited in this study were concerned with the

types of sudden failures in which recovery was immediately

achieved by more or less reflexive actions on the part of

the flightcrew. For example, the following narrative is

not considered to be CTM-related:

About one mile south of outer marker on runway 36L at
DFW, we lost oil pressure. Captain reported that we
had lost power in the right engine, so we feathered
the engine. The tower had already cleared us to land,
so we did not ask for an emergency to be declared. We
landed and taxied in without further problems. Main-
tenance said that an oil bypass line had broken.
(ASRS #135366)

Based upon this approach, in the final selection 22

reports were found to be CTM-related. Of this number, 11

reports were found from the special request for inf light

emergencies (ASRS, 1991), 10 reports were extracted from

the Monan (1979) study, and 1 was obtained from Porter

(1981). It should be added that the narratives cited in

the current study were not necessarily representative of

all CTM-related reports in the ASRS database. However,

within the scope of this study, it was possible to obtain

rough estimates of the relative portions for each type of

CTM error from the sources cited.
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The 10 incidents cited by Monan (1979) were largely

reflections of Task Monitoring, lack and Resource Alloca-

tion, low errors. Many of these errors created situations

in which the flightcrew was unaware of task status and

inadvertently "busted" the altitude of their aircraft.

Among those cited by Porter (1981), there was only a single

incident which appeared to be related to CTM error: Task

Termination, lack. The remaining findings of CTM errors

drawn from the summaries of 144 incident reports are pre-

sented based upon the CTM error taxonomy.

4.4 Representative Cases of CTM errors

The ASRS incident reports related to CTM errors are

considered in the category of general management problems,

and the specific areas Task Initiation, Task Monitoring,

Resource Allocation, and Task Interruption. In direct

citations, emphasis has been added to indicate language

reflecting CTM-error problem areas.

4.4.1 General Management Problems

Four reports pointed at general management difficul-

ties experienced by the flightcrews during emergencies. It

is noteworthy that in each of these cases the aircraft were

operated by two-person crews, and all of the results indi-

cated problems with prioritizing tasks. For example, one

flightcrew reported the following case:
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I felt very confused for the first 2 to 3 minutes (or
at least it seemed that long). One part of my brain
would tell me to be sure and get the checklist done
and another part would say "just fly the airplane."
It almost seemed like there was conflict going on
inside my brain. (ASRS #85640)

In the second report, the captain was obviously overloaded,

and in the absence of the other crewmember, was under a

very high workload:

At about 2000 feet MSL while climbing to 12000 feet
out of TPA runway 18R, the "A" flight attendant came
forward and said she had smoke coming from the over-
head light fixture in the forward galley. I sent the
first officer back and he confirmed [the problem]

. I submit this for your database as info to sup-
port the case in which a cabin problem exists and one
of the two pilots must go aft--the other pilot has an
extremely high workload put on him. I've never flown
a 3-man airplane, but I can now see their point.
(ASRS #55701)

In the third case, the reporter felt that he had to perform

a number of tasks simultaneously:

On takeoff from LAS VEGAS, the left EGT was signif i-
cantly above the right, but still within limits. We
discussed the fact we would write it up upon landing
in Los Angeles . . . . Passing 14,000 feet, we heard
four loud thumps (compressor stalls) with accompanying
power loss from left engine. We brought left engine
to idle and returned to Las Vegas for an uneventful
landing. Durinq the initial handling of the emergen-
cy. the flightcrew felt as if there were a million
things to do. Handle the emergency, do the checklist,
decide where to go, notify ATC, notify company, etc.
(ASRS #116911)

The final case pointed at problems that were particularly

related to the CTM Task Monitoring function:

Climbing through 11,000 feet MSL out of Charlotte en-
route to Columbia, SC. The left engine failed abrupt-
ly. Ml and N2 decayed to windmill but EGT went up to
750 deg C. Engine was shut down. Emergency was de-
clared. We returned to Charlotte for landing on l8R.
In spite of the good flying conditions, the failure
really took me by surprise and controlling the air-
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plane took a lot of concentration, allowing little ca-
pacity for monitoring the manaqement of the emerqency
procedures nor the coordination of the return to Char-
lotte. Previously I had thought I was well-trained
and ready for single engine work. (ASRS #46340)

Although the reporters did not seem to commit CTN er-

rors, they were clearly "confused about what to do," "under

extreme high workload," "doing too many things at a time,"

or "surprised by the amount of work." This may reflect the

"cost of concurrence" phenomena (Wickens, 1984), or the

effect when a human has to perform multiple tasks simul-

taneously: time or resources are consumed in determining

what to do next. The other seven CTM-related reports are

more easily classified using the CTN error taxonomy, and

are presented in the following sections with sample reports

extracted from other parallel studies.

4.4.2 Task Initiation

Four reports were classified as Task Initiation er-

rors. The first incident occurred in the climbout phase.

In this case, the captain was the pilot-not-flying (PNF).

When he saw an EICAS (engine indication and crew alerting

system) message indicating a problem with the right engine

electrical unit, without notifying the copilot who was fly-

ing the aircraft, the captain initiated a recovery task too

quickly. He mistakenly turned of f the fuel supplies and

jeopardized the airplane, resulting in a both-engine-out

critical state. The final part of this report stated:

The mistakes made by the captain were not advising the
copilot of the abnormal condition and discussing the
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action to be taken (no crew coordination), not refer-
ring to the checklist procedure in the flight opera-
tion manual, . . . not waiting until we were at a
point where we could both safely devote more attention
to the abnormal procedure and of course turning the
wrong switches off. (ASRS #70731)

Clearly, the captain committed a Task Initiation,

early error. Two other reports were classified as a Task

Initiation, lack errors. In the first case, the captain

was advised by a flight attendant about electrical problems

that had disabled the on-board public address system prior

to taxiing to the takeoff position. Possibly because the

captain was overloaded with tasks and faced a high work-

load, a diagnosis task for the auxiliary power unit sub-

system was never initiated. In this case, he simply forgot

to perform the diagnosis task:

On taxi out f or takeoff, flight attendant opened cock-
pit door and asked if cockpit public address phone was
off the hook rendering hers inoperative. Phone was
checked and found also not operating . . . . With the
workload of taxiing aircraft, performing before take-
of f checklist and confirming fuel load, MEL was not
checked and flightcrew was unaware of MEL subnotes.
(ASRS #36960)

The second case was cited by Monan (1979) as an

instance of distraction in which the crew was loaded with

the other tasks and failed to obtain runway clearance prior

to landing:

We were cleared for an ILS approach and advised to
contact the tower at the outer marker. At this time
the crew became involved with checklists and inadver-
tently forgot to contact the tower prior to our lan-
ding. (p. 10)

The final incident in this category was a Task Initia-

tion, incorrect error, occurring among a two-person crew
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operating a WDB with the captain as PNF. Upon acknowledg-

ing the copilot's command to engage the engine electrical

unit (EEC) during the initial climbout phase of the flight,

the captain cut the engine fuel control instead of acti-

vating the EEC. Later an emergency landing was performed

at the departing airport:

I was flying as first officer, performing duties of
pilot flying. The captain was performing duties of
pilot not flying from brake release until situation
got under control when we changed roles. Pushback,
start-up and taxi were all normal. Takeoff and flap
retraction were normal and sop. All engine readings
appeared normal. All systems appeared to be function-
ing normally. Leaving 3,000 feet, I called for the
EEC's to be engaged, the captain, following sop turned
the autothrottle arm switch off and the 2 EEC switches
on. Immediately we experienced simultaneous stall!
flameout of both engines. (ASRS #51754)

4.3.3 Task Monitoring

This category includes nine errors that could be clas-

sified as Task Monitoring, lack, six of which were ex-

tracted from Monan (1979) and three from the ASRS inf light

emergencies (1990). All of the incidents cited by Monan

resulted in aircraft deviating from desired altitudes, and

the primary causes were attributed to distractions from the

primary task. For example, the following incident was

somewhat similar to the L-10ll accident (Chapter 3):

We broke out in the clear at approximately FL19O
(cleared to 16,000) and immediately lowered the nose
and accelerated to about 370 knots. Our rate of sink
increased to 3,000-4,000 feet per minute. The no. 2
anti-ice light would not extinguish and therefore the
crew began to troubleshoot the light. The noise level
was high; we did not hear the altitude warning bell.
Further, the altitude warning lights are difficult to
see in daylight. The pilot at the controls was turn-



Cleared to 11,000 ft by departure control. Once the
workload diminished I started to complete the logbook
and time sheets, etc. The first officer was flying
and the aircraft leveled of f and picked up speed.
I finished the paperwork. Center called and asked our
altitude. I then noticed it was 10,000 ft. (p. 6)

In the following two incidents the flightcrew was busy

working on mechanical problems and committed Task Monitor-

ing, lack errors for the flying task (Monan, 1979):

While climbing we inadvertently exceeded the 6,000
crossing restriction at the VOR. The cause of this
incident was crew attention diverted by an engine vi-
bration problem. The first officer, who was flying,
looked down at the throttles to determine which engine
was vibrating while the captain and flight engineer
were both looking at the AVNS (Airborne Vibration Mon-
itoring System). (p. 13)
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ing on/off the anti-ice switches. Additionally the
pilot not flying at the aircraft did not make the re-
quired call out of "1,000 ft to level-off." An al-
titude overshoot of 2,000 ft occurred before the
captain noted the altimeter. (p. 14)

In two reports the flightcrew were involved with distrac-

tions from paperwork:

Climbing out of XYZ airport. The first officer was
flying. I acknowledged a 7,000 ft restriction, then
went back to my paperwork. I didn't see the first
officer set 17,000 in the altitude select window. As
we passed 12,000, Center called, wanted to know where
we were going. (p. 3)

While climbing through 270 (for FL 280) the second
officer advised no. 4 generator had tripped off the
line. I asked him to monitor the fault panel; a de-
cision was made to operate the generator isolated.
All of this took no more than a few seconds. Upon
looking back at the instrument panel, our altitude was
going through 28,000. Crossing traffic (at FL 290 was
in sight). I disconnected the autopilot and leveled
off at 28,700. (p. 13)

The last incident report cited by Monan (1979) may

have resulted from too great a reliance on automation:
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Departure requested verification of our altitude which
was reported as "out of 7,800" for 8,000 ft. We were
then advised that we were only cleared to 6,000. The
main factor contributing to this flight being at the
wrong altitude was that the wrong altitude was set
into the altitude reminder and not picked up by any of
the crew members. . . . Other factors involved: Our
increasing dependence on the altitude reminder which
gives no signal that you did not set in the proper al-
titude. Also being in VFR conditions, the crew was
looking about for other aircraft rather than keeping
their heads in the cockpit and being more aware of the
altitude. (p. 16)

The final three Task Monitorinq, lack errors were

extracted from the ASRS (1990) inf light emergencies. The

first incident involved an engine flameout due to a crew

failure to monitor a fuel systems error:

While at cruise altitude of 35,000 ft with autopilot
on I noticed the right engine spooling down. I im-
mediately told the captain of an engine failure .

The captain instantly realized the fuel quantity in
the No. 1 and 3 tanks was almost empty . . . . I will
never know why two of us did not notice the fuel quan-
tity in 1 and 3. It is so routine to have all 6 pumps
on for start and takeoff. I remember doing the after
takeoff checklist and looking at my watch, seeing the
day and thinking "even day--squeeze the No.1 and 3
boost pumps" which I remember doing. With so much
fuel in the center tank I didn't give too much thought
to turning off the center pumps! (ASRS #63554)

In the following two incidents, the captain and the second

officer failed to monitor a communication task performed by

the first officer during an emergency. The first incident

was caused by limited human memory capacity, and the second

incident was caused by a distraction from a flight atten-

dant.

After takeoff from MSY and while climbing through ap-
proximately 14,000 ft MSL, the right engine start
valve open light illuminated. This situation if not
immediately corrected requires an engine shutdown .

I instructed the first officer to advise ATC that
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we had an engine problem and wanted to return to MSY
In reviewing the situation afterwards, neither

the first officer nor I were certain that we had spe-
cifically advised ATC of the engine shutdown. (ASRS
#93897)

Engine #3 "B" system fire detection showed a fault
A safe return to Boston could be made on 3 en-

gines. The captain, I remember specifically, told the
first officer to declare an emergency. As the first
officer picked up the mike to advise ATC of our 90 de-
gree left turn, destination, and emergency, a flight
attendant walked in and asked me what was going on and
if we were returning to Boston . . . When I got
"back in the loop" the first officer had finished his
broadcast. I never heard what he said to ATC. (ASRS
#121313)

The Task Monitoring function is to provide the pilot

with up-to-date information regarding the status of a task.

This information may be used to transition this task into

the terminated state when the termination conditions are

satisfied. It can also be used to remind the pilot to pro-

vide adequate resources, for example, an altimeter reading

used to verify the need for such resources as throttle in-

put or pilot attention.

4.3.4 Resource Allocation

From Monan (1979) , three errors were found which are

related to the Resource Allocation, low category. All of

them resulted in altitude deviations from the normal flight

path and were characterized by the direction of crew atten-

tion to less contextually important cockpit tasks. For

example, in the first incident both crewmembers' attention

was directed to a warning light that was illuminated due to



a cabin pressurization problem, resulting in an altitude

deviation of approximately 1,000 feet:

During the descent to our assigned altitude (7,000 ft)
door warning light illuminated. Pilot and copilot at-
tention was diverted to depressurizing the aircraft.
My next instrument scan showed approximately 2,000 FPM
descent passing through 6,000 ft. I immediately added
full power and pitched up 25 degrees and climbed at
4,000 FPM back up to 7,000 ft. As we climbed, another
aircraft called and asked Center for our altitude.
(p. 5)

A second incident was used as an example in the Task Moni-

toring. lack error (Section 4.3.3). In that instance, the

crew also made a Resource Allocation, low error with regard

to the flying task.

The final incident in this category occurred while the

copilot was working on the public address informing the

passengers about a thunderstorm deviation, thus assigning

too low a resource to the flying task:

While climbing through FL 270, the no. 4 generator
tripped off the line. I asked the flight engineer to
monitor the fault panel: the problem turned out to be
a GCU (Generator Control Unit) and a decision was made
to operate the generator isolated.

When I looked back at the instrument panel our alti-
tude was 28,000. The autopilot was disconnected and a
normal smooth level-off accomplished. (p. 7)

4.3.5 Task Interruption

In the ASRS (1990) inf light emergencies, two incidents

could be placed in the Task Interruption, incorrect error

category. The first incident indicated that frequent ATC

inquiries interrupted the crew's primary task (flying):

Engine case broke (behind bullet No. 2 engine). Oil
entered engine causing the smoke, first indication was
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loss of Ni No. 2 engine with no other indications
Difficulty in locating emergency checklist and

call-selection. Another distraction was created by
the controller's queries about our situation even
though altitudes below us were available. (ASRS
#54070)

In the second incident the reporter failed to monitor the

coimnunication content due to an interruption by a flight

attendant. This incident (ASRS #121313) was cited above in

Section 4.3.3, wherein the second officer failed to monitor

the content of a communication due to a flight attendant

question, also resulting in a Task Interruption, incorrect

error.

4.3.6 Task Termination

Porter (1981) reported one incident which can be

placed in the Task Termination, lack category. This error

was caused by the pilot's lack of training and system know-

ledge. In this case, the pilot continued takeoff despite

abnormal engine operation:

Take off run started . . . engine became rough .

adjusted mixture 1/2 [way down the] runway. Normal
climb to approximately 100 feet . . . at end of runway
plane began to settle . . . engine became rough again

. decided to abort. No runway left . .

Normal landing on sand access road near end of runway
area.

4.4 Summary

Of 144 reports examined, 22 incident reports were

found to be involved with CTM problems, and 19 CTM errors

were identified. The relative distribution of these errors

is shown in Table 4-1.
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Table 4-1. Percentages of CTM errors in 144 ASRS
incident reports.
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The most persistent CTM errors were in the Task Moni-

toring, lack category, involved with 45 percent of the to-

tal number of CTM errors disclosed. The second largest

category was Task Initiation errors (20%). Though the set

of incidents used in this study cannot be regarded as rep-

resentative of all possible CTM errors, important conclu-

sions can nonetheless be drawn. First, the reports reveal

a persistence of CTM problems, and it is possible to infer

that a great number of CTM problems occur but go un-

reported. Second, the incidents induced at least in part

by CTM errors could easily have become accidents had the

circumstances been slightly different; certainly, lives

could have been lost. Third, it is possible that the CTM

errors identified in these reports could have been avoided

had appropriate CTM-aiding systems been available in the

cockpits in question.

The relative error distributions obtained from the

ASRS study differ from the results of the NTSB reports.

Error Category Number Relative
Percentage

Task Initiation 4 21
Task Monitoring 9 47
Resource Allocation 3 16

Task Interruption 2 11
Task Termination 1 5

Total 19 100
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Air accidents appeared to be most clearly involved with

Task Initiation errors (37%), whereas air incidents were

most clearly involved with Task Monitorinci (45%) errors.

However, both forms of error studies indicate that CTN er-

rors are significant problems in air accidents and mci-

dents.

Based upon this analysis, a CTM tool that would assist

in pilot facilitation of CTM functions may reduce the like-

lihood of hazardous developments. In particular, subject

to the influences of advanced automation technologies, mod-

ern pilots may frequently experience workload extremes

(Hart, 1989). When flight operations are largely imple-

mented through automated subsystem applications, this sys-

tem develops situations in which pilot workloads are fre-

quently too low. On the other hand, increasing aircraft

complexities and operational procedures during emergencies

place unusual overloads upon pilots. Therefore, inf light

computer aids to assist pilots in dynamic task allocation

would appear to be a useful tools for workload management

(Hart, 1989). Though the cases cited suggest that such a

tool could best be used in the event of emergencies, it is

also likely that to a certain extent practical CTM tooling

could be used to regulate workloads during normal opera-

tions.
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5. CTM ERRORS IN A SIMULATED FLIGHT MANAGEMENT EXPERIMENT

5.1 Introduction

The previous two chapters have presented some real

examples of air accidents and incidents to show the types

of CTN errors that may occur in aviation operations. Among

the four general methods for studying human errors in avia-

tion operations, excluding expensive field studies, acci-

dent data often provide information regarding the disas-

trous consequences of human errors, errors which must be

studied to develop new means of prevention and to assure

system safety. However, air accidents are very rare, thus

reducing opportunities for development of insights into the

error process. By the same token, though available inci-

dent data can provide first-hand information on abnormal

cockpit operations, they are subject to self-reporting

biases. Therefore, carefully controlled experimentation

provides a useful alternative, serving to compensate for

the drawbacks noted above. In basic terms, an experiment

allows the design of well-controlled system behavior while

providing opportunity for objective observations. An

additional advantage of the simulation method is that it

enables observation of how human operators process tasks

under normal conditions.
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This chapter describes a methodology for observing CTM

errors in a laboratory setting, presenting design methods

for experimental scenarios and introducing computer pro-

grams, written materials, and performance measurement meth-

ods as the principal methodological components. When com-

bined with the findings from the previous chapters, the re-

suits from these experiments can be used to create design

guidelines for producing effective countermeasures.

5.2 Description of Research Methodologies

One approach to the design of a flight management

mission scenario is to set up a pre-determined level of

workload for human subjects to perform. Under this gross

concept, the implementation for the design usually varies

according to specific research needs. This can be seen

from two earlier experiments of a similar nature, described

below.

Chu and Rouse (1979) utilized a queuing-theoretic

approach to model the flight management mission, focusing

upon the computer as a basic pilot aid in the event a pilot

is overloaded with tasks. Task arrival was generated inde-

pendently and randomly using the Poisson process. The ex-

perimenter varied the arrival rate for individual tasks to

increase the workload for the subjects.

In a second experiment, Ruffel-Smith (1979) incor-

porated a full-flight simulation to investigate the rela-

tionship between pilot workload and error rate. A design



106

of fixed system conditions and consequences was carefully

prepared. The structure of the study implied that tasks

seldom arrive in a random manner.

These two experiments reflect the wide spectrum of

experimental approach variability (i.e., from the totally

random to a completely deterministic arrangement of tasks)

in the set-up of levels of pre-determined workloads in a

flight management scenario. Since the objective of this

experiment is to observe potential CTM errors committed by

human subjects, the task arrangement of the desired work-

load must incorporate the most important factors that may

exercise significant influence on human performance. This

consideration was thereby reflected in the design of the

experiment conducted for the current investigation.

5.2.1 Experimental Design -

The error analysis of air accidents and incidents com-

pleted by Chou and Funk (1990) showed that it is likely

that CTM errors are dependent upon the task context. Task

context refers to the resource requirements and the number

of multiple tasks that the flightcrew must perform concur-

rently. Therefore, three factors in this experiment were

structured to place emphasis on the following task context:

resource requirements, maximum number of concurrent tasks,

and flightpath complexities. Within each factor, there

were two specific levels, as illustrated in Table 5-1.
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Each treatment is thus a combination of the three factors

at the given specific levels.

Table 5-1. Factor levels and treatment combinations
in a complete randomized design experiment.

A simple complete randomized design (CRD) could have

been utilized for this type of factorial experiment. Then,

when implementing this design, each subject would receive

one random treatment. For example, a CRD with two replica-

tions for each treatment would require 16 subjects. Since

the precision of an experiment is defined by the amount of

information provided by the experiment, that is, the recip-

rocal of the variance of a mean, when higher precision is a

requirement, more replications (and thus more subjects) are

necessary. The utilization of a CRD may appear sound from

first glance at this experiment. But in addition to the

scarcity of qualified human subjects, there is another

Flightpath
complexity

Max # of
concurrent

tasks

Resource
requirement

Abbreviation

Easy 3 Low E3L

Easy 3 High E3H

Easy 6 Low E6L

Easy 6 High E6H

Hard 3 Low H3L

Hard 3 High H3H

Hard 6 Low H6L

Hard 6 High H6H
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reason that CRD was not a good design for this inves-

tigation.

Statistically, if the task context causes significant

differences in human performance, comparisons should be

basad on per-subject observations. Thus, it is reasonable

to conjecture that these differences will be observed with-

in the same human subject. Though the use of a CRD could

lead to the same conclusion, it may be argued that the dif-

ferences generated could be attributed to individual dif-

ferences (e.g., some people always outperform others when

subjected to an identical treatment) since every subject

received a different treatment. Based on this reasoning,

the split-plot design (SPD) method (Steel & Torrie, 1980)

was adopted for this experiment.

With the use of SPD, a human subject can be viewed as

the whole unit; thus, the whole unit level treatment was

composed of four combinations of flightpath complexity and

a number of concurrent tasks. Within each whole unit, two

resource levels were assigned at random (Table 5-2)

Therefore, eight (rather than 16) subjects were required

for two replications of each treatment (Table 5-3). This

variation of the SPD, developed by Cochran and Cox (1950),

provides two major benefits. First, it requires fewer sub-

jects than would be needed for a CRD, thus reducing experi-

mental costs. Second, given that the total precision is

unchanged, the utilization of an SPD increases precision at

the subunit level, at the cost of sacrificing some preci-
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sion at the whole unit level because of the manner in which

the degrees of freedom and experimental errors are parti-

tioned (Steel & Torrie, 1980). Increased precision at the

level of the resource requirement may in fact lead to pow-

erful explanations of the causes of CTM errors.

Table 5-2. SPD treatment number and abbreviations.

Table 5-3. Subject treatment performance order.

Finally, the learning effect in this type of exper-

iment can impose a bias upon subject performance, thereby

generating unnecessary noise within the study. As shown in

Table 5-3, a subject receives the reversed order of treat-

ments used for other subjects within the same set of treat-

ments.

5.2.2 Flight Simulator

The flight simulator developed for this experiment was

composed of three 386-based personal computers linked by an

Ethernet system. The system simulated a generic, two-

engine aircraft, and it consisted of flight, navigation,

Abbrev. E3L E3H E6L E6H H3L H3H H6L H6H

Treatment
Number 2 1 5 6 3 4 8 7

Subject
Number 1 2 3 4 5 6 7 8

Treatment
Order 5,6 3,4 7,8 1,2 8,7 4,3 6,5 2,1
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and subsystem computers (Figure 5-1) . The three computers

were installed in a mockup of a flightcrew work station.

One joystick and two trackballs were used to control the

overall system, and a keyboard was used for subject inter-

actions with the subsystem computer. Detailed information

regarding the basic control and display operations of this

simulator and its components is presented in Appendix A.

5.2.2.1 Flight computer

The flight computer displayed an out-the-window view

on the head-up display (HUD) (Figure 5-2). It was updated

five times per second, demonstrating command and current

aircraft parameters (i.e., heading, speed, and altitude)

and the deviations among and within the parameters. These

flight parameters were transmitted through the Ethernet

link to the navigation computer for data collection and

analysis. The cross at the center of the HUD (Fig. 5-2)

was used to depict the nose of the aircraft, in turn align-

ed with the artificial horizon when the aircraft was in the

straight and level position. A pitch ladder was also shown

with the artificial horizon to indicate the pitch angle of

the aircraft.

A joystick was used to control aircraft pitch, roll,

and yaw. Therefore, the goal of flying was to match the

current aircraft parameters with the command parameters

provided by the navigation computer and to minimize devia-

tions. The status of the heading-hold autopilot was dis-

played at the lower right-hand side of the screen.
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Figure 5-1. Overall structure of the experimental set-up.
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To engage the autopilot, the subject flew the aircraft to

the desired heading and pushed the joystick button once.

The aircraft then flew at this desired heading until the

course was changed or a malfunction occurred. A second

push of the button toggled the autopilot to the off posi-

tion. In the case of an autopilot malfunction, its status

display disappeared from the screen. The subject was then

required to detect the condition and reset the autopilot.

5.2.2.2 Navigation computer

The cockpit displays used for this study were based

upon a simplified model of the B747-400 cockpit display

(Boeing Commercial Airplane Company, 1989). The navigation

computer (Figure 5-3), based upon pre-defined waypoint in-

formation, provided automatic guidance and drove the HUD.

This computer contained the navigation display (ND), the

map-mode control panel, and the automatic flight control

(AFC) panel. It was updated once per second, and stored

the most recent navigational data received from the flight

computer to a virtual hard disk for data collection.

The ND operated in map and plan modes. As shown in

Figure 5-3, using bit-mapped graphics, several simulated

knobs were used to access the controls of the navigation

computer. The left-hand side knob in the map control panel

was used to set the ND to the desired mode. The right-hand

side knob controlled the map scale of the ND. To control a

simulated knob, a trackball was used to position the cursor

inside the knob by pressing the corresponding trackball



FO'.[ij
i- ETA: i':c'oc

2 0

Figure 5-3. Navigation computer.



115

button. If the user wanted to turn the knob to the right,

the right trackball button had to be pressed, and vice

versa.

In the map mode, an inside-out map of the active

flightpath relative to the aircraft position (the triangle

symbol near the bottom on the ND) was displayed. The com-

pass rotated to display the current aircraft heading as the

course was changed. The buttons in the map control panel

could be switched on/off to further display some add-on

features to the ND. For example, when the DATA button was

on, the ND showed the fly-to waypoint data, including the

waypoint name and estimated time of arrival (ETA) in

seconds, as well as aircraft altitude, at the top right

corner. When the WXR (weather radar) button was on, the ND

showed the weather radar return and displayed a circle in

the event of a storm.

In case a storm imposed a dangerous condition on the

current flight, the pilot could modify the active f light-

path to avoid flying into the storm. To facilitate this

modification, the ND had to be placed in plan mode. Upon

entering this mode, the ND displayed all possible alter-

native waypoints on the map, and automatically selected the

first waypoint on the active flightpath. The pilot then

used this information to determine the best diversion way-

point (Figure 5-4). The procedure for this operation is a

simplified version of the B-757 procedure (Eastern Airlines



Figure 5-4. Navigation display (ND) and automatic flight control (AFC) panel.



117

Company, 1983) and is included in the flight operational

manual included as Appendix B.

On the AFC, five simulated knobs were used to indicate

the current mode of each of the component machines, repre-

senting machines to which the pilot could switch for in-

f light backup modes (Figure 5-4).

5.2.2.3 Subsystem computer

Subsystem computer controls included control panels

for such devices as the throttle, flaps, gear, the engine,

and other subsystems (Figure 5-5). This computer was up-

dated twice per second, and every user action was recorded

and stored on a virtual disk for data collection. A com-

plete description of these control operations can be.found

in Appendix A.

Other than the control panels indicated above, the

subsystem computer had two engine indication and crew

alerting system (EICAS) displays and a cockpit display unit

(CDU) (Figure 5-5). The primary function of the EICAS

displays was to show system status information. The CDU

was used for a pilot interface with the controls and dis-

plays of the other subsystems.

The left (main) EICAS displayed the primary engine

indicators at all times to provide the pilot with an in-

stant update for the engines. It simulated the B747-400

EICAS by displaying the messages regarding system faults at

its top right-hand corner as they occurred. It also pro-

vided proper prioritization and indentation in accordance
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with the seriousness of the message (Eastern Airlines Com-

pany, 1983)

The right (auxiliary) EICAS was used to access subsys-

tem status using a set of simplified display formats ex-

tracted from the B747-400 displays. These included engine

secondary indicators, fuel, hydraulics, electricity, gear,

and temperature control subsystems. Once a subsystem fault

occurred, the subject had to bring up the corresponding

subsystem display format on the auxiliary EICAS to observe

the conditions in question. For this experiment, a red

color change in the subsystem display format indicated the

existence of a real problem, whereas a yellow color change

showed a system status checkup. The subject utilized this

information to perform appropriate CDU actions to remove

the message.

The CDU was a menu-driven device, with nine display

pages used for different purposes. Figure 5-6 shows the

hierarchical structure of the menu tree. To remove a fault

message, the subject had to undertake a sequence of steps

to obtain the desired display page. Since the current ex-

periment did not intend to simulate the full complexity of

a realistic flight mission, the extra steps involved in

removing the problems were designed to impose an extra

workload on the subject, but not to be necessarily realis-

tic. Similar techniques have been used in other experi-

ments (Chu & Rouse, 1979).
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In the experimental set-up, fault messages could be

subject to three interpretations, respectively, a real sys-

tem problem, a system status checkup, or a false alarm. If

it was a real system problem (a red message and red color

in the subsystem display format), after the subject had ob-

served the subsystem status, he or she had to navigate

through the CDU display pages, obtain the appropriate page,

and then push the RESET button for that system. A delay of

10 s was incorporated into the fault message to clear the

EICAS display if the subject pushed the correct button.

Otherwise the fault message was not canceled. If the fault

message indicated a system status checkup (a yellow message

and/or yellow color in the subsystem display format), the

subject then had to press the ACK (ACKnowledge) button on

the correct CDU page. The message disappeared after a 7 S

delay if the subject had pushed the correct button. In the

case of a false alarm (red message, without red or yellow

color in the subsystem display format), the subject was
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required to push the CANCEL button from the correct CDU

display page.

5.2.2.4 Software

The flight simulation program was based on an original

simulator (Adams, 1988), modified to suit the needs of this

experiment. The navigation and subsystem computer programs

were developed using Smalltalk/V 286 (Digitalk Inc., 1986).

The Sinalltalk/V 286 system provides an environment for

object-oriented programming (OOP), featuring rapid proto-

typing and a window-based user interface (Deutsch & Gold-

berg, 1991)

The synchronization between the three computers was

established by Ethernet communication using callable PC/TCP

C library functions. For this purpose, an assembly routine

and a C function, for the conversion of characters into

string objects in Smalitalk and to call the PC/TCP library

functions, were developed as user primitive functions in

the navigation and subsystem computers.

5.2.2.5 Other experimental materials

In addition to the aforementioned materials, the

flight simulator also combined other material to provide a

reasonably complete testbed, including: a training tape,

an information packet, a flight manual, a checklist, and

consent documentation to meet the requirements of the Human

Subjects Board at Oregon State University. The training

tape and the information packet were used to familiarize

the subjects with the simulator features and operations



122

prior to the experiment. The checklist and flight opera-

tional manual were used as on-line references during exper-

imental sessions. The written materials can be found in

Appendices B and C.

5.2.3 Test Scenario

In conformance with queuing theory, Chu and Rouse

(1979) have shown that as the rate of task arrival increas-

es, the average time to respond to a task will also in-

crease. But this model has fallen short upon the issue of

resource theory (Wickens, 1984), as applied to multiple and

concurrent task environments. The utility of Wickens' di-

chotomization of the resources in the modality, processing,

and responding dimensions has been verified in similar

studies (Rouse et al., 1987; Rouse, 1988). One of the ap-

plications of this MRT for multitask environments is that

tasks that compete for the same resources tend to create

higher degrees of conflict than tasks that require dif-

ferent resources. This phenomena may explain the task

monitoring error in the L-1011 accident (failure to detect

a drop in altitude) in which the gear diagnosis required

the same resource used for monitoring flight instruments

(i.e., spatial and central processing) (NTSB, 1973). Based

on this reasoning, the scenarios in this experiment incor-

porated MRT considerations, described as follows.

The resource requirement for the scenario was deter-

mined by the task-resource matrix as shown in Table 5-4.



Table 5-4. Matrix representation of the resource re-
quirement.
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The components on the left-hand side column of this matrix

are the potential tasks associated with this experiment,

and the components on the top row designate system and

human resources. This table was generated based upon con-

cepts introduced in the WINDEX (Riley & Mccarthy, 1990)

program developed by Honeywell, Inc. Each element in the

matrix represents a qualitative assessment of the resource

requirement for a particular task. For example, to reset

an autopilot malfunction requires 100 percent of the cDU

(high requirement), and a medium portion of the visual,

manual, and mental resources. Therefore, for a very high

Tasks

System
resources,
displays &
controls

Human resources

CDU Aux
EICAS

Visual Manual Mental

Flying L L H M M

Engine recovery L H H M M

Autopilot H L M M M

Fuel management L H H M H

Subsystems H H M N M

AFC checkup H L L L L

AFCfaults L L L L L

Replan H L H M H

Geardown L H M L L

Flap setting N/A N/A N H N
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level of visual resource requirement, a combination of

engine restart, fuel management, and replan task could be

used. On the other hand, a combination of several AFC

acknowledgement tasks would require less visual and fewer

system resources (i.e., all could be processed in one CDU

display page).

In addition to the inclusion of the concepts of re-

source theory, the scenario was designed so that tasks

arrived in batches. The purpose was threefold. First,

since the main objective of this experiment was to observe

pilot behavior under multiple and concurrent tasks, isolat-

ing and allowing tasks to randomly arrive within the system

would have reduced the controllability of the experiment.

Second, the type of design adopted is more likely to create

low alertness situations for those time intervals in which

no tasks arrive, thus resembling realistic situations. Fi-

nally, the effect of high resource requirement is rein-

forced when the tasks occur while the aircraft is approach-

ing a waypoint, thus increasing the workload.

5.2.3.1 Task and priority list

One of the high workload scenarios that was used in

the experiment is provided to illustrate the set of tasks

that subjects were required to perform. Figure 5-7 shows

the map of the flightpath and the set of tasks. The acti-

vation conditions for each batch of tasks are shown above

the task descriptions. The simulation started at a cruise

altitude of 41,000 feet at a 30 percent throttle setting
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Figure 5-7. Example flight scenario and associated tasks.
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and finished after arriving at waypoint 6 (representing the

final approach waypoint) with gear lowered and locked.

In addition to controlling the aircraft to minimize

its deviation from the flightpath, subjects had to change

altitude and speed as indicated in Figure 5-7. Therefore,

the goal of flying was to monitor and to control the air-

craft in a manner which maintained the desired heading,

speed, and altitude. Since the subjects were encouraged to

use the autopilot at all times, it also included the util-

ization and monitoring of the autopilot.

During the flight, several system faults were simu-

lated, dependent upon independent experimental variables.

The subjects had to detect and compensate for the system

faults by responding to the system status display and/or

setting up the backup mode for certain devices. For exam-

ple, as shown in Figure 5-7, an autopilot failure was

scheduled to occur when system time reached 100 s. When

the subjects detected this condition, they had to navigate

to the CDU autopilot display page to press the RESET

button. While resetting an autopilot includes only a few

button pushes, the restart of an engine flameout takes a

greater number of steps.

In addition to these tasks, two other types of tasks

are not shown in Figure 5-7: the fuel management and re-

plan tasks. For the fuel management task, the goals were

to keep fuel flowing and to balance the wing tanks if the

difference between the two wing tankst quantities exceeded
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3,000 lbs. For the replan task, subjects were asked to

modify the active flightpath in the case of bad weather

conditions. As noted above, this was completed by inser-

ting and/or deleting one or more waypoints from the way-

point database into the active flightpath. As shown on the

map, the storm from the weather radar return encompassed

waypoint 4 (EDT), thus the diversion waypoint ADA could be

inserted after waypoint CAN to avoid the storm, as shown by

the dashed line. In these types of tasks, the designated

tasks would be carried over to the updated flightpath to

maintain a similar level of workload. For all treatments,

the subjects were asked to perform the replan task prior to

arriving at the first fly-to waypoint (i.e., waypoint CAN).

Upon arriving at waypoint 5 (i.e., KBS), subjects had

to configure the aircraft for a final approach. This in-

volved extending the flaps and lowering the gear at desig-

nated aircraft speeds. Subjects were not only asked to

perform the aforementioned tasks, they were also asked to

manage them. Therefore, a priority list for these tasks

was designed. From highest to lowest, these were as fol-

lows: flying, engine problem, fuel management, diagnosis,

replanning, and cockpit configuration. Table 5-5 presents

all of the tasks and their priority attributes used in this

experiment for the two different resource requirement

scenarios.

Though this scenario is purely hypothetical, it can be

seen that the difficulty levels incorporated in this
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High Resource Requirement Tasks

Task number(s) Content Priority

1,2 Right engine flameout 6

3-7,21 Autopilot fault 5

8,10,23 Hydraulics right valve 3

9 Hydraulics left pressure 3

12 ECSAPU2 3

11,13,14,16 ECS left bus fault 3

15,20,27 EES temperature high 3

17,18,24,28 Engine oil low 3

19 Fuel system right tank fault 4

22 IRS left mode fault 2

25 EES on backup 2

26 Engine EGT high 3

29 FMS left mode fault 3

Low Resource Requirement Tasks

1,7,11,22,24,30 Autopilot fault 5

2 IRS left mode on DC 1

3,4 Engine oil low 3

5,26 EIU status checkup 1

1,17,29 AD status checkup 1

8 FD fault 3

9,20,27,31 ECS left bus fault 3

10,13,23 IRS status checkup 1

12 EES temperature high 3

14,16 FMS fault 2

15 IRS fault 2

18 FD left mode on backup 1

19 AD on backup 1

21,25,28,32 Hydraulics left pressure high 3
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experiment are placed between the studies of Chu and Rouse

(1979) and Ruffel-Smith (1979) in terms of task structure

and complexity.

5.2.3.2 Performance measurement

Based upon the sampled data, the following performance

measures were evaluated for each experimental run:

Average response time to system faults;

The root-mean-squares (RNS) of the flight perf or-

mance (heading, distance from projected f light-

path, altitude);

Prioritization score for the tasks; and

Number of tasks that were initiated late.

The response time for a system fault was defined as

the time from the activation of the fault until a compen-

sating response was initiated, corresponding to Task Ini-

tiation performance. The prioritization score was defined

by the paired comparison between any two tasks, and was

used for measuring Task Prioritization performance. The

tasks were selected in such a manner that the difference in

activation times was within 60 seconds and the response

time for one task was larger than the activation time for

the other one. Only one comparison between any two tasks

that satisfied the above conditions was included in the re-

sults. A score of one was assigned when a correct prior-

itization was found (i.e., the response was first given to

the high priority task) , otherwise a minus one was as-

signed. Scores for the remaining tasks were set to zero.
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Finally, a task was said to be initiated late if the sub-

ject did not respond to the task 60 seconds after it had

been activated. This was used to measure Task Initiation

performance.

The subject behavior regarding engine restart, the

replan, and the fuel management tasks were evaluated for

descriptions of other general and specific CTN errors,

using both sampled data and a video tape record of the

experiments.

5.2.4 Procedure

Twenty-four unpaid subjects, of which two were female,

participated in this experiment. All subjects are affil-

iated with the College of Engineering at Oregon State Uni-

versity (2 faculty members, 3 undergraduate students, and

19 graduate students). The first 16 subjects participated

in the pilot study, and the remaining eight subjects were

used for the data collection test runs. Two of the eight

subjects in the test runs reported that they had 120 to 150

hours of pilot experience.

5.1.4.1 Training

To begin the training session, each subject was pro-

vided with an information packet and screen display output

from the flight simulator. Then the subject and the evalu-

ator watched a training video tape. In approximately 60

minutes, the training tape introduced information on the

three computers, their operations, and the list of tasks.
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The test subject was then seated in front of the

flight simulator to become familiar with the flying task.

The training scenario was not initiated until the subject

felt that he or she could handle the basic controls and

understood all of the displays. During the training scen-

ario, sample tasks arrived before the subject each 10 to 60

seconds, a pace designed so that the subject had an oppor-

tunity to practice on all possible tasks. Because of the

relatively high complexity associated with the tasks, each

subject practiced the same training scenario twice.

After training, the evaluator confirmed that the sub-

ject understood the operation of every task and the objec-

tive of the mission. At this point, the two test runs

could be started.

5.1.4.2 Performance of test runs

Prior to the start of each test run, the evaluator

gave the subject a map with the pre-determined flightpath.

A short discussion regarding the flightpath followed. The

subject was told precisely which alternative waypoint on

the map to divert to in case of a storm on the flightpath.

Following this discussion, the evaluator and the subject

jointly reviewed the checklist to assure subject comprehen-

sion of all procedures and requirements. A copy of the

checklist is included in Appendix C.

After the evaluator challenged the subject with all of

the checklist items, the subject was reminded to keep talk-

ing throughout the entire experiment so that verbal proto-
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col data could be collected. The test run was then initia-

ted for the subject and the video-tape was started. The

two test runs took approximately 60 to 70 minutes, depen-

ding upon the performance level of individual subjects.

While the subject was performing the experiment, the evalu-

ator monitored progress through a remote television and

took notes recording subject behaviors.

Following the two test runs, the evaluator asked the

subject to complete a questionnaire regarding the conduct

and content of this experiment. This questionnaire was

stimulated by an example used by Wiener (1989) of a pilot

transitioning between old and new generations of aircraft.

It was anticipated that the answers to this questionnaire

would provide useful insights into the subjects' management

skills. An analysis of the responses to the questionnaire

is presented in Chapter 6. The questionnaire included

three short questions about how the subjects felt about

improving their performances. This was the conclusion of

all experimental procedures. A copy of the questionnaire

is included in Appendix D.



6. EXPERIMENTAL RESULTS

In this chapter, experimental results are presented,

organized as follows. First, the analysis of variance

(ANOVA) results of the aggregated statistics for the quan-

tifiable variables are considered. Second, an overview of

overall performance is presented, using time-lines for task

distributions and flight parameters. Third, the descrip-

tion of other CTM errors, as drawn from the video output as

well as sampled data, are presented. Fourth, the subjec-

tive ratings from responses to the questionnaires are dis-

cussed. Finally, a summary of CTM errors from the ex-

perimental results is presented.

6.1 Aggregate Statistics

A program was written in the C language to obtain

ANOVA tables for each of the aggregate statistics. Data

tables can be found in Appendix E.

6.1.1 Average Task Response Time

The resource requirement level was found to have

significant effect on the average task responding time (p =

0.021), that is, higher resource requirements increased

delays in responding to a task (Figure 6-1). It should be

noted that the delay in responding to a task includes de-
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tection time. The subject would not perform the procedures

to achieve task goals if he or she had not detected task

activation. This observation conforms with previous f in-

dings which demonstrate that in the majority of air ac-

cidents CTM errors fall into the Task Initiation category

(Chou & Funk, 1990). However, the combination of f light-

path complexity and maximum number of concurrent tasks

failed to generate consistent results.

Mean response time (seconds)

LOW HIGH

- H3

LH6
E3
oE6

Figure 6-1. Average response time.

Resource
Requirement
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6.1.2 RMS of Flight Deviations

The RNS of the deviations in flight parameters were

calculated using data obtained from whole mission infor-

mation. Heading deviations were significantly affected by

the combination of flightpath complexity and the number of

tasks; changes in resource requirements were significant to

the altitude deviation. None of the other RMS deviations

were found to be significantly affected by either the re-

source requirement or the combination of flightpath com-

plexity and the number of concurrent tasks. Though the

patterns demonstrated wide variations between different

flight scenarios, the large sample size used to obtain the

RNS may have affected their values.

6.1.3 Task Prioritization

Prioritization scores are shown in Figure 6-2. Re-

sults from the ANOVA show that both the resource require-

ment (F = 34.13, p < 0.005) and the combination of f light-

path complexity and number of concurrent tasks (F = 32.08,

p < 0.01) created significant effects. Therefore, task

prioritization degrades when either one of these factors is

at a higher level.
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Figure 6-2. Results of task prioritization.

6.1.4 Late Task Initiation

During conduct of the experiments, subjects were

warned if 60 seconds passed after activation of a system

fault and no actions were taken. Thus, for these exper-

iments the definition of a late initiation is failure to

initiate the task within one minute following activation.

The ANOVA results again show that resource requirements had

a significant effect (F = 27.00, p < 0.01), which was not

equalled by the other factors. The distribution for this

analysis is shown in Figure 6-3.
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Figure 6-3. Results of late task initiation.

6.2 Overall Performance

The flight parameters and user actions recorded in the

experiment were processed and plotted using a combination

of C language and LISP programs in the Aut0CAD environment.

Figures 6-4 to 6-7 demonstrate results from two subjects

performing two different scenarios. These plots provide an

integrated view of the overall process, as well as present

useful information for accident analysis (Chou & Funk,

1991). The principal importance of this approach was that

it was expected that specific patterns for subject per-
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formance for multiple and concurrent tasks could be de-

rived.

System Time (minutes)

Figure 6-4. Treatment 7 subject performance.
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Figure 6-5. Treatment 8 subject performance.
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Figure 6-7. Treatment 4 subject performance.
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In Figures 6-4 through 6-7, the x-axes display the

system time in minutes, and the y-axes show task distribu-

tion and flight parameter deviations from the command in-

struction. Three types of information are displayed on

these figures: task status, deviations from flight para-

meters, and waypoint arrival status. The boxes at the top

of the figures depict experimental tasks, with task dura-

tion time (activation to completion) represented by box

length and the time the subject actually began the task

indicated by the line inside the box. The numbers as-

sociated with each task can be obtained from Table 5-4.

For example, the box labeled h1tt in Figure 6-4 shows that

the right engine flameout event was activated at approx-

imately two minutes of system time, but that the subject

did not respond to the event until close to 11 minutes of

system time had elapsed.

The flight parameter deviations, from top to bottom,

include the flightpath (distance), altitude, heading, and

speed deviations, each plotted within the designated ranges

indicated in Figures 6-4 through 6-7. The fluctuations in

deviation trends may indicate how each subject allocated

his or her attention to the flying task. For example, a

large deviation from the flightpath during the first leg of

the flight, as shown in Figure 6-4, may imply that the

subject failed to allocate an adequate portion of his or

her resources to aircraft control.
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Waypoint arrival status is shown by the use of the

vertical lines. Performance for this criterion was largely

determined by how the subject controlled the aircraft. If

all the deviations were too large, arrival status would

have been negatively affected. As shown in Figures 6-4 and

6-5, waypoint arrival status performance during the first

four legs were worse than performance in the other scen-

arios.

6.2.1 Pattern Analysis

Though this section is based upon qualitative analysis

of the results, the results may be useful to future quan-

titative studies. From the patterns shown in Figures 6-4

through 6-7, information can be obtained for task execution

and task management performance with regard to resource al-

location.

For task execution, flying performance (i.e., controls

of heading, speed, and altitude) seemed to degrade as addi-

tional tasks and high resource requirements were imposed

upon the subjects. For example, the patterns in Figures

6-4 and 6-5, which reflect results obtained from the same

subject, can be used in illustration. For treatment 7

(Figure 6-4), the subject received a maximum number of con-

current tasks (6) and a high level resource requirement.

The performance of the same subject given the same flight-

path and an equal number of concurrent tasks, but with a

low resource requirement (treatment 8) , is shown in Figure
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6-5. In the first situation, flight parameter deviations

show larger fluctuations than in the second situation.

Thus, in terms of aircraft control, the subject's perfor-

mance was definitely improved in the latter situation.

For task management, subjects were inclined to first

perform salient tasks, indicated in these experiments when

the EICAS displayed a message to the subjects following

task activation. For example, during treatment 7 (Figure

6-4) the average time to respond to non-salient tasks was

176 seconds, in contrast to an average response time of 87

seconds for salient tasks. This is in conformity with the

conclusion reached by Norman (1989) that lack of feedback

can be regarded as a contributing cause to many air acci-

dents.

6.3 Other CTM Errors

Subject performance video taping was used to facili-

tate the analysis of other CTM errors. However, to under-

stand the following discussion fully, it should first be

noted that execution errors were prevalent in a number of

experimental situations. These types of errors are listed

in Table 6-1. Some of the examples include pressing the

wrong button(s) on the CDU page, switching to the incorrect

ND mode for replanning, and the inadvertent removal of a

display format from the auxiliary EICAS. These types of

errors have been excluded from consideration of CTM errors,

which are discussed in the following sections.



Table 6-1. Task execution errors.
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6.3.1 Task Initiation

From analysis of the test results, with the exception

of "late," the remaining specific areas of "early," "lack,"

and "incorrect" were applicable to this category. The eng-

ine restart task was used for this analysis.

Three subjects initiated engine restart before meeting

the required conditions in all 13 engine restart tasks.

These errors included: 1) configuring the engine panel be-

fore descending to the restart envelope, 2) increasing the

throttle before entering the restart envelope, and 3) turn-

ing on the fuel at too high an altitude. All of these Task

System Unit Error Description

1. Operate in the wrong CDU page.
CDU 2. Press the wrong button.

3. Neglect the optimal button sequence.

1. Inadvertently remove a subsystem dis-
EICAS play format.

2. Bring up the undesired display for-
mat.

3. Misinterpret the displayed informa-
tion.

ENGINE 1. Turning the knob to the wrong mode.
PANEL 2. Press the designated button twice and

disable it.

1. Stay in the plan mode after replan-
ND fling is terminated.

2. During planning for flightpath, add!
delete the wrong waypoint.

3. Switch to the wrong map mode.

AFC 1. Switch the component into the failed
mode.

FUEL SYSTEM 1. Try to activate the component more
than one time.
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Initiation, early errors were similar to those committed

during the China B747-SP incident (NTSB, 1986a), in which

the captain ordered the flight engineer to restart the eng-

ine at too high an altitude (Section 3.3).

Two subjects made Task Initiation, incorrect errors.

The first subject inadvertently shut down the throttle on

the left (good) engine, and the second subject configured

the engine panel for starting the left (good) engine.

Though the engine restart task in this experiment was not

wholly realistic, these results have also been indicated in

the relevant literature. For example, Wiener and Curry

(1980) recorded an event in which the flightcrew in the

Swift Aire Lines Nord 262 accident shut down the good

(left) engine when the right engine had been autofeathered.

Prior to the start of the experiments, the subjects

were reminded by the evaluator that they should increase

the throttle setting when they needed to catch up on way-

point arrival times. One subject did not recall this

instruction and let the aircraft fly at a very low speed,

hence degrading waypoint arrival performance.

6.3.2 Task Monitoring

During the engine restart task, one subject failed to

monitor the flying task and crashed. Apparently, the sub-

ject made a Task Monitoring, lack error. Subject four also

made a Task Monitoring, lack error by allowing depletion of

the fuel in the center tank.
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6.3.3 Task Termination

One subject committed a Task Termination, early error

by terminating the engine restart task too quickly. At the

beginning of this task, the subject had increased the other

throttle to make up for the speed loss. All the remaining

procedural steps were carried out correctly, with the ex-

ception that the throttle setting was not increased to 50

percent (i.e., the next to last procedural step). After

some time, the subject determined the task goal to be

achieved and terminated the task since aircraft speed was

in conformity to the command instruction.

One subject committed a Task Termination, late error

by not restoring the engine control panel until 10 minutes

into the mission (i.e., leaving the start button on, and

all other buttons turned to the affected engine).

6.3.4 Task Interruption and Resumption

The replan task was used to classify all task inter-

ruption and resumption errors. This task should have been

initiated once the experimental test started. In the re-

planning process, other tasks were scheduled to interrupt

replanning, thus providing situations where the subject had

to divert his or her attention to more than one task. With

one exception, all subjects were able to time-share their

attention between tasks satisfactorily. The subject who

failed to resume the replan task chose an incorrect diver-

sion waypoint, and was forced to spend extra time correc-



ting this error, resulting in a Task Resumption, lack

error.

6.4 Ouestionnaire Analysis

In this section, selected subjects' questionnaire

ratings are presented. The questions were designed to

investigate subjects' opinions of the task management

issues and the experimental design. Because of the small

sample size (eight subjects) , statistical analysis could

not be performed for the effect of subject bias. The

results of response to selected questions are shown in

Figure 6-8.

With regard to experimental design, seven of the eight

subjects felt that the high resource requirement scenarios

were more difficult than the low resource requirement scen-

arios. In addition, the training procedures were attri-

buted a favorable rating (questions 2 and 3). A finding of

interest was that when the subjects were asked whether they

consciously reminded themselves about weather status, fuel

systems, and engine performance (question 6), all eight

subjects responded positively. In contrast to this re-

sponse, Figure 6-3 clearly indicates that the subjects

failed to initiate all necessary tasks within one minute.

This demonstrates that human monitoring abilities may de-

grade in the face of high workloads. When subjects were

asked whether they checked aircraft parameters before com-

pensating for system faults, the responses were nearly
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2. I felt that the evaluator gave me enough 3. I think the training session should take
information to do the experiment, more time.

SA A N 0 SO

5. I like to have a fully prioritized list for
the tasks I had to do. I think it would
be much helpful to my performance.

SA A N 0 SO

14. I tried to stay with the prioritized
list of tasks in the experiment.

6. I consiously reminded myself to check
for the weather, fuel system, and engine
conditions.

Figure 6-8. Results of subjective opinions.
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uniformly distributed. Therefore, no consistent results

could be obtained with respect to monitoring behaviors.

For the management questions, 87.5 percent of the

subjects reported that they had tried to follow the pre-

defined priority list in completing their work (question

14). At the same time, they also expressed different

attitudes about the availability of a fully prioritized

task list (question 5). Finally, three subjects reported

that they did try to time-share tasks, but the remaining

five reported just the reverse.

6.5 Summary

Overall, the experimental design provided opportuni-

ties to observe a realistic simulation of the commission of

CTM errors. A summary table of these results is presented

in Table 6-2.

It has also been shown that the resource requirement,

or workload, plays an important role in the type of mission

reflected by the experimental tests. The limitations of

human memory, and perhaps human perceptual resources as

well, may have influenced subject CTM performances. How-

ever, it may be argued that these errors are the natural

consequences of short training periods. This possibility

is discussed in the following chapter.



Table 6-2. Summary table for the results.

S* = significant at 0.05 level
S** = significant at 0.01 level
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Response Variables

Experimental Factors

Number of tasks
& flightpath
complexity

Resource
requirement

Task Initiation:
Mean Response Time

NS S'

RMS (f lightpath,
altitude, heading)

NS NS

Task Initiation:
Avg. number of late
task initiations

NS S**

Task Prioritization
Score

S S**



7. DISCUSSION AND RECOMNENDATIONS

This chapter presents a discussion of the limitations

of the overall study, as well as consideration of the prob-

able causes that may contribute to CTM errors. In addi-

tion, based on the results of error studies, a set of de-

sign guidelines for a CTM-oriented PVI is proposed.

7.1 Limitations of the Study

If the results from the current study are to be use-

ful, they should serve as a base for the generation of de-

sign guidelines for the development of countermeasures to

human error at the task management level. Design guide-

lines of this nature must be based on valid results. De-

spite the short-term observations obtained from the ex-

perimental tests, at least two kinds of limitations in the

overall study must be acknowledged: 1) reservations based

on the use of the cited accident and incident reports and

2) common laboratory drawbacks. These limitations circum-

scribe the boundaries within which the proposed guidelines

can be applied.

The chief limitations of the accident and incident

reports arise from the validity of the information pro-

vided. As Nagel (1988) has noted, what is typically mis-
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sing from analyses of air accidents, since they generally

produce disastrous results, are indications of why the er-

rors were made in the first place. In many if not most of

these accidents, crewmembers are no longer present to pro-

vide an explanation. Thus, the data often appears to be

inexplicable. This drawback of air accident reports may be

complemented by incident reports that are usually concerned

with the "how" and "why" of human errors. In this regard,

the problem is that the reports are not submitted and re-

corded on a random basis. That is, certain individuals may

report more often than others, and certain operational con-

ditions may induce people to report more frequently. These

sampling characteristics make quantitative analysis of the

incident record difficult, resulting in a situation in

which it is known that errors occur, but without the cor-

responding ability to determine how often they occur (Na-

gel, 1988)

As an alternative approach to the study of human er-

rors, experimental investigations are subject to common

laboratory drawbacks. These are centered on the equipment

used, the experimental set-up and subject selection and

training. For example, the relative low-fidelity of the

PC-based simulator may not be representative of real-time

commercial aircraft activities. Further, using college

students in place of line pilots for experimental subjects

may create biased output, as noted by Rouse and Rouse

(1983)
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The other limitation of the experiment undertaken in

this investigation was the brief total training time (90

minutes). This is a rather limited training period in

which to ask subjects to absorb all of the experimental in-

formation, a factor which may or may not be related to the

primary reason for the observed errors. This limitation

was mitigated by the simplification of the simulation.

Further, every effort was undertaken in this study to make

the training sessions as uniform and informative as pos-

sible for every subject. This included the use of iden-

tical documentation, training video tape, training scenar-

io, and training times. Therefore, some of the performance

variability may be attributed to intrinsic differences bet-

ween individuals. Yet another limitation of the experiment

for this study is that the results were obtained from the

performance of single human operators, with no effort to

include coordination between crewmembers. In recent years,

the modern commercial aircraft industry has been institut-

ing the two-pilot model, and it is likely that within 20

years single-pilot model implementations will no longer

exist.

Despite these limitations, this research has provided

valid and useful results. First, it has confirmed the hy-

pothesis that CTM errors are significant factors in a large

number of accidents and incidents. Second, it has estab-

lished the relative proportionality that may be attributed

to each type of CTM error. Third, review of the accident
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studies and incident reports provided useful information

for arrangement of a simulated environment for the obser-

vation of CTM problems. In addition, the results of the

experiment contributed insights with regard to how single

human operators manage multiple and concurrent tasks.

Further, an expansion of the current experimental settings

could in the future provide a starting point for the study

of more complex human behaviors, including such factors as

crew coordination.

7.2 Probable Causes

The probable causes of human errors must be sought to

enable the design of improved systems for the prevention

and reduction of human errors, and to some extent to miti-

gate their consequences when they do occur. For example,

Rouse and Rouse (1983) proposed four general classes of

factors that can cause human errors: 1) inherent human

limitations (e.g., the knowledge and attitudes of the op-

erator), 2) inherent system limitations (e.g., the design

of controls, displays, procedures, and levels of simulator

fidelity), 3) contributing conditions (e.g., excessive

workloads and confusion), and 4) contributing events (e.g.,

distractions and improper communications)

From the experimental results of this investigation,

it appears that the primary causes of error are inherent

human and system limitations. The most significant of

these is the fallibility of human memory. This limitation
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prevented subjects from managing their tasks (i.e., they

forgot the initiation conditions for an engine restart, or

even forgot to perform the task) . Also, when numerous

tasks were indicated on the EICAS display, non-salient

active tasks (e.g., monitoring the flying task or fuel

consumption) tended to be forgotten. In other words, their

mental model of the task environment may have been reduced

because of memory limitations. This usually resulted in

Task Initiation, lack, late errors for those tasks not pre-

sent in the subjects' mental model.

Using findings in the study of NTSB air accident

reports, the 144 ASRS incident reports studies, and the ex-

perimental results, human limitations in CTM can be summar-

ized as follows:

In multitasking situations, humans tend to per-

form salient tasks first and exhibit "cognitive

lock_upti behaviors in which some variables are

concentrated upon to the exclusion of others

(Moray, 1981). This limitation can be observed

from the L-1011 accident (NTSB, 1973) and the ex-

perimental results. In this sense, the operator

is prevented from attending to parallel and high-

level (decision-making, diagnosing) tasks simul-

taneously.

Resource-limited behavior impairs human ability

to assess the priorities of a set of tasks. This

limitation is clearly demonstrated in the China
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Airlines incident (NTSB, 1986a) and by the prior-

itization scores from the experimental results.

Memory limitations prevent humans from integrat-

ing information that is useful for coordinating

multiple and concurrent tasks, and remembering

which tasks are active. Again, this limitation

can be observed from the experiment results.

Highly-stressed conditions constrain human abil-

ity to generate tasks that do not exist in their

current "task agenda," or to recognize that a

task should be initiated. This limitation can be

observed from the ComAir accident presented in

Section 3.6.

Limits upon operator knowledge of the overall

system may contribute to management breakdowns.

This limitation can be observed from the Air

Florida (NTSB, 1982) accident as well as the ex-

perimental results.

Persistent distractions degrade human ability to

resume interrupted tasks and/or monitor behavior.

This limitation can be observed generally from

the ASRS incident reports cited in Chapter 4.

7.3 Design Guidelines

A number of guidelines for the improvement of human

performance in aviation operations have been proposed. For

example, Wiener and Curry (1980) proposed a set of general
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guidelines directed at the use of automation in the cock-

pit. The findings of Rouse et al. (1987) can also serve as

guidelines for the design of intelligent interfaces. How-

ever, it would seem that design guidelines for building a

task management tool using results from an intuitive veri-

fication approach have not been proposed previously (Funk,

1991)

The results of this study verify the need to design a

cockpit task management system (CTMS) for the prevention

and reduction of human errors, or to some degree the con-

struction of the means to build error tolerance into sys-

tems. Based upon the results of this investigation, as

well as review of the appropriate literature, the following

set of guidelines should be considered in the design of a

CTMS for the prevention of management errors or mitigation

of their consequences. Just as for the guidelines proposed

by Wiener and Curry (1980), from a system perspective some

of the following guidelines may appear to be obvious. How-

ever, other than the rationale that all possible considera-

tions must be covered, the proposed guidelines originate

from a task-oriented point of view. Note that some of the

proposals serve to complement prior research by Funk

(1991), and that some concepts were originally developed by

Wiener (l987a) and by Rouse et al. (1987) .

The following five guidelines for the design of a CTMS

should be considered as a basis for the design phase:
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Maintain a model of the pilot's task environment

and the systems state.

Many of the causes of CTM errors were derived from the

results of the reported error studies and the experimental

part of this investigation. One of the primary causes was

associated with subject memory limitations. For example,

the performance of engine recovery tasks in the experiments

indicated that the subjects who failed to use the flight

manual as a memory aid often failed to recognize the initi-

ation or termination conditions. They may have forgotten

the re-start envelope or the conditions for increasing

thrust. Therefore, this internal model represents CTMS

knowledge about the outside world, and may be considered as

an approach to the augmentation of pilot memory within the

context of the current task. This model can be implemented

using an agenda or a blackboard architecture (Rich, 1983),

and it is important to coordinate the overall interactions

of the tasks and system/human states.

Recognize the conditions for the initiation and

termination of a task, and inform the pilot to so

engage in the absence of initiation or termina-

tion action.

From the findings of the reported error studies as

well as the experimental results, a significant number of

CTM errors fell into Task Initiation and Termination error

categories. Examination of the accident and incident re-

ports indicated that these CTM errors were usually the
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result of the following human limitations and/or behaviors:

"cognitive lock-up," "resource-limits," "limited memory,"

"high-stress," and "lack of system knowledge." The ex-

perilnent results indicated that as the workload was in-

creased, the number of Task Initiation, late errors and

their initiation times increased significantly. These

results indicated that the subjects had not satisfactorily

updated their task agenda. Therefore, this guideline can

serve to help pilots update task agendas. Given satisfac-

tory implementation of this guideline, according to the

NTSB report study results considered in Chapter 3, more

than 50 percent of CTN errors could be either be avoided or

their consequences could be ameliorated.

Basically, this approach involves an event-detection

function. If a pilot reflects "cognitive lock-up," then

the detection of other tasks that have met their initiation

conditions is not likely to occur. By the same token, when

some tasks in multitasking situations demand a greater

share of pilot resources, it is not likely that the pilot

will detect the tasks for which the initiation conditions

have been met since the pilot is overloaded with the other

tasks. In such a case, the pilot may want to relegate some

tasks to CTMS performance. Therefore, the detection of

these types of task conditions becomes an important func-

tion.

There is also the third case in which a pilot, for

reason of memory limitations, may forget to perform one or
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more tasks. Thus, this guideline provides a means to as-

sure that all tasks are initiated and terminated satisfac-

torily. In a fourth possible case, a pilot may not be able

to mentally generate "new tasks in the time required to

cope with a high-stress situation. In this situation, the

proposed guideline can serve to prompt the pilot to perform

the necessary tasks in a timely manner. Finally, when a

pilot faces the constraint of limited system knowledge, the

proposed guideline may play the role of an "on-line" in-

structor, providing timely next-step information.

This function should not only aid pilots in the

initiation or termination of tasks, it should also help

them monitor task progress since it must recognize the con-

ditions that may include both the human and system states.

If a pilot attempts to initiate a task too early (e.g.,

restart an engine), the CTMS could provide the pilot with

the required information. To facilitate such functions,

the implementation of error monitoring based upon intent

inferencing (Geddes, 1985) or the concept of "management by

exception" (Wiener, 1987a) can be used.

In some cases, this function should include the recom-

mendations of alternative tasks to the pilot that may not

exist in his or her mental model. To facilitate this func-

tion, the CTMS can also provide the likelihood of the re-

sults for each alternative task selected by the pilot.
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3) Assess task status and priorities and present

them to the pilot.

The Task Prioritization function can be correctly

assessed only when a pilot has the correct set of tasks

indicated in the task agenda. From the reported studies,

Task Prioritization errors, and their relative percentages

of the total number of errors, were few in number. How-

ever, the experimental results indicated that this type of

error was significant.

Results from the accident and incident reports showed

that "cognitive lockup" and "resource-limits" behaviors

hindered the performance of this function. In the exper-

iments, due to human memory limitations, subjects failed to

monitor the system to the degree that not all of the tasks

were evaluated with regard to their priorities. Further,

experimental Task Prioritization performances indicated

that this function was affected significantly by the level

of workload.

Therefore, this proposed guideline assures that the

degree to which task performance is subject to human "co-

gnitive lock-up," "resource-limits," and "memory limita-

tions" will be limited. In a "cognitive lock-up" situa-

tion, a pilot is less likely to be aware of the overall

system situation. In a "resource-limits" situation, a

pilot may not be able to allocate resources to evaluate the

required values. Similarly, a pilot may simply forget to

assess task status. This guideline should help pilots
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reduce these limitations. Though some aspects of this

function have already been implemented in modern cockpits

(e.g., the EICAS in the B747-400), it is clear that a fully

integrated CTNS version has not been brought to the imple-

mentation stage.

Assignment of a priority to a task is dependent upon

the context of the flight phase. For example, a task pri-

ority to maintain altitude within 250 feet of a projected

altitude may not be as high as the need for landing gear

diagnosis if the current altitude is above 5,000 feet. In

contrast, if the aircraft is below 1,000 feet in altitude,

then the. priorities for the two tasks would have to be re-

calculated. The construction of this type a priority list

may relieve the burden upon pilots to memorize and access

task priorities, thus reducing overall pilot workload.

When a pilot is in full control of a flight and all

operational conditions appear to be normal, this feature

may offer only marginal utility. In other cases, the pilot

may want to personally prioritize required tasks. In nor-

mal operating situations, the CTMS may retain this feature,

assuming the role of performing covert interactions with

the pilot so long as projected system behaviors do not ex-

ceed their established boundaries. Thus, the pilot is in

control. This concept may be implemented by using the

adaptive aiding method (Rouse et al., 1987; Chu & Rouse,

1979)
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4) Allocate system resources (controls and displays)

to tasks.

Given that a pilot knows which tasks must be per-

formed, this guideline can also serve as a memory aid since

the pilot may forget which resources to allocate to certain

tasks within the context of the flight. For example, the

consumption of time and human attention required to compen-

sate for a secondary system fault in conjunction with a

primary fault (e.g., resetting the ECS on the ECS diagnosis

CDU page when recovering an engine) may be reduced if the

CTMS automatically allocates the auxiliary EICAS, thus dis-

playing ECS status upon the activation of the system fault.

Once tasks are properly prioritized, the CTMS should

allocate system resources to active tasks. However, to

avoid possible confusion, a word of caution should be

sounded regarding human/computer communications. Since

pilots should be in control of their flights at all times,

they must also be aware of CTMS intentions at all times,

otherwise confusion between the two partners will likely

occur (Rouse, 1980). In Funk's (1989) task support system

(TSS), two factors work to avoid this type of confusion.

The first is that the small number of TSS tasks facilitates

pilot recognition of the task to which the system is cur-

rently allocating resources. The second is that all of the

resource allocation responsibilities are predetermined by

the pilot prior to the flight mission.
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5) Help the pilot resume interrupted tasks.

This guideline is designed to aid the pilot faced with

persistent distractions, and it can also serve as a memory

aid. In case a low-priority task is interrupted by a high-

priority task because they both require the same resources,

the likelihood of forgetting the low-priority task will be

high if there is either a high workload or a long period of

time has passed since the interruption. Therefore, the

CTMS should remind the pilot about the interrupted task to

be resumed.

This resumption does not have to occur after the high-

priority task has been terminated. In some cases, the low-

priority task may increase its priority as the context of

the flight phase changes. For example, the crew in the

Eastern 401 L-1011 crash (NTSB, 1973) engaged the autopilot

when they started to diagnose the landing gear problem.

Initially, they assigned the flying task to the automated

system and gave it a lower priority than the gear diagnosis

task. At 2,000 feet it may be safe to set the priorities

as the crew did. But as the aircraft descended below 1,000

feet after the autopilot was disengaged inadvertently, the

crew failed to resume the flying task. Since the crew was

already taxed with the high workload gear diagnosis task,

they did not hear the altitude deviation warning. This

flying task then developed into a dangerous situation that

went beyond the bounds of safety.
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In summary, the implementation of a CTMS could make

use of the concept of the "electronic cocoon" suggested by

Wiener (l987a)

As long as the plane stays within the cocoon, let the
pilot select his equipment and style of flight as he
sees fit. If he punctures the cocoon, the system will
warn him (possibly gently at first, with increasing
stridency if he fails to respond). (p. 167)



8. SUNNARY AND CONCLUSIONS

This experimental investigation has been designed for

the study of CTM errors in aviation operations. The over-

all methodology consists of three approaches: 1) study of

the NTSB air accident reports, 2) study of the ASRS in-

cident reports, and 3) laboratory experimentation using a

low-to-moderate fidelity flight simulator.

The study of NTSB reports indicated that about 25

percent of the air accidents reviewed or surveyed were

related to CTM errors; in the study of 144 ASRS incident

reports, the corresponding proportion was 15 percent. Lab-

oratory experimentation was used to determine that CTM

errors increased as more human and system resources were

required for task performance. In addition to CTM errors,

the human subjects were found to process the salient tasks

first in a serial manner. In combination, these results

indicated that CTM errors appear to have been significant

contributing factors to past air accidents and incidents.

To implement the knowledge gained from these error studies,

the means to facilitate CTM were recommended in the form of

a set of design guidelines for development of a cockpit

task management system. In summary, this investigation

includes the following research contributions:

167
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Proposed a CTM error taxonomy and implemented a

methodology for the examination of CTM errors in

aviation operations.

Reviewed NTSB air accident reports and 144 ASRS

incident reports to determine the number and sig-

nificance of CTM errors.

Developed and implemented a PC-based flight simu-

lator and performed experiments with human sub-

jects to observe CTM errors.

Identified the human limitations in CTM, based

upon the results of error report studies and the

experimental results.

Proposed design guidelines for the construction

of a CTM-based PVI directed at coping with the

human limitations found in this error study.

Recommended future work includes the refinement of the

ASRS incident report study to incorporate a systematic

database search directed at obtaining a valid and represen-

tative set of CTM-based incident reports. Regarding the

simulation testbed, the following functional additions or

amendments are recommended: 1) More complex diagnostic

procedures which are not confined to abstract objects

(i.e., color changes); (2) establishment of logical depen-

dencies between elements in a fault situation (for example,

Rouse's (1980) fault diagnosis model may provide a starting

point); 3) higher fidelity of the task representation,

which should be a natural consequence of 1 and 2, above;
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4) development of increased graphics capabilities to enable

simulation of the final approach to the touch-down phase of

the flight mission; and 5) building a CTMS to evaluate the

effectiveness of the proposed design guidelines, measured

with respect to potential for error reduction.

In addition, to better evaluate human performance,

additional system parameters should be recorded in the data

collection. Examples include fuel consumption, fuel tank

quantities, and joystick input for the control of bank

angles.

Some general concepts for the implementation of a CTMS

for modern cockpits are presented in conclusion of this in-

vestigation. In modern industrial society, a human may

spend years in training and in service to gain all of the

experiences required to become a successful and safe com-

mercial pilot. Whether a computer-aided system that is

built in 5 to 10 years can "learn" enough to reflect all of

a pilot's tasks, as well as knowledge and experience, to

assist pilots with management functions is not a simple is-

sue. One can appreciate the human dimensions of this prob-

lem by reference to the high false alarm rate of the Ground

Proximity Warning.System (GPWS) in its early stages of use,

denounced by flightcrews even though it had potentially

saved many lives (Wiener & Curry, 1980) . As a second exam-

ple, and despite high development and installation costs,

Curry (1985) even suggested the "turn it off" program to

those pilots who work too hard to program the flight com-
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puter for landing configurations. Rather, they should

revert to the old system of looking around for other air-

planes that could create dangerous mid-air collisions. Yet

another example is the use of the TCAS that suddenly gener-

ates a very loud warning voice, distracting the pilot to

the degree that an aircraft can enter an unsafe state

(CALLBACK, 1991).

Thus it would seem that the design of a useful com-

puter "copilot" will not be a simple matter. However,

existing techniques of artificial intelligence (Al) offer

many opportunities to overcome these problems (Funk, 1989;

Rouse et al., 1987; Chamber & Nagel, 1985). It is antici-

pated that considerable new research will deal with the use

of Al techniques in the cockpit.

Given that all the above problems can be solved, the

issue then becomes that of a user-centered philosophical

question--who is in control--as raised by Rouse (1987).

There are already complaints from pilots concerning "being

along for the ride" in modern cockpits such as those of the

B767s where many control functions have been absorbed by

computers (Wiener, 1985). To the extent that pilots regard

the aids currently provided as a mixed blessing, a system

that deserves the full trust of future should be con-

structed. And the questions raised above must be main-

tained in the minds of designers if we are to continue to

strive to make practical use of computer technology to

improve cockpit task management functions.
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Appendix A. Introduction to Basic Control and Displays

Basic Controls and Displays
Screen one

From right to left, top to bottom, the controls and
displays are as follows:

Throttle controls: The aircraft speed depends on
the thrust setting. As is shown in the display,
90% thrust on both engines will produce maximum
air speed of 600 mi/hour. At this speed, higher
thrust level will not increase the airspeed but
will increase the fuel consumption. To change
the thrust on any one engine, move the cursor to
the desired thrust level (the hot point of the
cursor must be placed in the projected area of
the designated control column) and click the left
button on the trackball.

Subsystem displays control panel: This panel has
six buttons that are used to access the status of
subsystems. These subsystems include engine
(ENG) secondary indicators display, fuel (FUE)
system displays, hydraulics (HYD) display, elect-
ricity power (ECS) system display, landing gear
(GER) display, and other electrical control (EES)
displays. When you click on any one button, the
associated synopsis display page will be shown on
the auxiliary EICAS (discussed later) display
surface. Clicking the same button a second time
will toggle the display status for that subsys-
tem. The contents of each subsystem display are
explained below.

ENG - shows the secondary engine parameters,
e.g., N2, fuel flow rate, and oil quantity, etc.

FUE - shows the status of the three booster pumps
for each tank (inaini, center, and main2) and the
valves to control the fuel flow. It also in-
dicates the total and current amount of fuel in
each tank. To toggle any one of the component,
place the cursor on top of the desired icon and
click the left button once. Once the transition
is activated, the color of the icon will change
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to magenta indicating the transition has begun.
It takes five seconds to complete the transition
between modes.

HID - shows the hydraulic system. It displays
the status of each control valve and the quan-
tity, pressure, and temperature of the hydraulic
fluid. There is currently no direct manipulation
for these components.

ECS - shows the electrical power system of the
aircraft. It indicates the circuit of the power
system and status information of each control
device.

GER - shows the gear status synopsis. It shows
the status of gear doors, tire pressure, and
break temperature of each compartment. When the
gear is transitioning between modes, the gear
door status will change to a magenta color in-
dicating the gear transitioning.

EES - shows the extra electrical systems. It
shows the temperature in the aircraft system and
the status of other devices such as anti-ice
devices.

Flap control panel: This panel provides the
function to change flap settings. The flaps are
set by discrete degrees: 0, 1, 5, 10, 20, 25, and
30 degrees. They have to be set according to
current air speed, and the rule is described in
the flight operation manual.

To change the flap setting, place the cursor on
one of the two buttons in this panel and click
the left button. The up-arrow button will de-
crease the flap degree and the down-arrow button
will increase the flap degree. Once clicked, the
flap will complete its transition in five sec-
onds. When the flap is deployed, its graphical
representation will be shown on the lower right
area of the main EICAS (described later).

Gear control panel: This panel provides the
control of the landing gear. It shows two modes
that the landing gear can be in: up and down. To
change it to the desired mode, place the cursor
in any place at the half region where the desired
goal state is. For example, to lower the gear,
simply place the cursor near to the 'DN' label
and click. It takes ten seconds to transition
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the gear, and the gear display format will dis-
play the transition using magenta color.

Engine control panel: There are three types of
buttons in this panel. The toggle buttons on the
first row (labeled 'OFF' now) are the start but-
tons. The rectangle button in the center part of
this panel is to toggle the continuous ignition.
The two knobs are designed for starting the spe-
cific engine in-flight.

For example, when an in-flight engine restart is
needed, following necessary shutdown procedure,
the two knobs must be turned to the side of the
affected engine. Then the continuous ignition
button should be activated, and the start button
pushed, etc.

Cockpit Display Unit (CDU): The CDU provides
basic interface functions between the pilot and
the flight management controls other than the
aforementioned special control panels. It has
ten surrounding buttons that provide ways to
activate certain functions. It also has a
scratch pad at the bottom portion of the CDU
display. To type in data in the scratch pad,
place the cursor at the CDU screen area and start
typing. When the data entry is finished, you
need to press return.

A button may or may not carry out a pre-deter-
mined function. If the button is not labeled,
then it doesn't carry out any function. If it is
labeled with a '<' mark, it will activate another
layer of display page when pushed. If it is
labeled with plain text, it will actually carry
out a function according to the current system
configuration.

For the current experiment, the main purpose of
each display page is to compensate the system
faults. It works as follows. When there is a
fault (or an informative message) occurs, the
pilot must first bring up the associated display
format of the affected subsystem on the auxiliary
EICAS, then bring up the display page on the CDU
with regard to the same subsystem and press the
correct button to fix the fault.

The other important function of the CDU is to
update the navigational data using the Navigation
Page. The operation is described in the flight
operational manual.
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Main EICAS: This display will display the pri-
mary engine indicators (EPR, Nl, and EGT) all the
time. It will also post messages regarding the
system status (fault conditions). A red message
indicates a system fault and should be dealt
immediately. A yellow message shows an infor-
mative advice on system status. Red (alert)
messages have higher priority over the yellow
(informative) messages. Within the same level of
priority, messages will be placed on the main
EICAS on a first-come-first-display order. You
are required to remember the priority of dif-
ferent tasks that is stated in the flight opera-
tional manual.

Auxiliary EICAS: This display will show the
desired subsystem display format if so desired.
If a subsystem is malfunctioned, the display will
indicate its severity. If it is a serious fault,
red color will be used, otherwise, a yellow color
will be used.

Basic Controls and Displays
Screen two

This screen shows some updates on the displays and
controls. The CDU is displaying the subsystem menu
page. The main EICAS is showing two messages, one of
the ECS fault, and the other one an informative mes-
sage of IRS power supply status.

Basic Controls and Displays
Screen three

This screen shows the gear is transitioning to lower
position. The CDU is displaying the navigational
data, with its scratch pad filled with a waypoint name
(KOA). And the flap is set to five degrees.

Basic Controls and Displays
Screen four

This screen shows the changes upon landing. Throttle
is changed to 40%. The gear has been lowered and
locked. The CDU is displaying the hydraulics page.
The flap is set to five degrees. The fuel valve
between right engine and the center tank is closed.



Basic Controls and Displays
Screen five

From right to left, top to bottom, the controls and
displays are as follows:

Horizontal Situation Indicator (HSI) - This is an
inside-out display that shows the map of the
active flightpath and waypoints in the map mode.
It also displays the current aircraft position
and heading.

Map mode control panel - controls the display
mode of the HSI. The left-hand-side knob con-
trols which mode the HSI is to be in. Currently
there are only map mode and plan mode been imple-
mented. The right-hand-side knob adjusts the map
scale. This screen is using a range of 80 nauti-
cal miles.

In order to change the active flightpath, the HSI
must be in plan mode (PLN) to be functioning
correctly. The operations of changing the active
flightpath is described in the flight operational
manual.

The buttons at the bottom row change the submodes
of the HSI display. If the data button is push-
ed, the HSI display will show the data regarding
current fly-to waypoint on the top-right corner.
If the weather radar submode is turned on, the
radar return will be shown on the map.

Automatic Flight Control (AFC) panel - controls
the mode each AFC component is in. There are
five components in this panel: from right to
left, top to bottom: Navigation Computer, Flight
Director, Inertial Reference System, Electrical
Input Unit, and Air Data. The labels surrounding
the knobs indicate their modes. You will be
adjusting these modes periodically in the ex-
periment.

Basic Controls and Displays
Screen six

This screen shows the HSI is in its plan mode, and the
first waypoint (NEC) is the selected waypoint. When
the HSI is in the plan mode, all waypoints in the
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vicinity of the aircraft are also displayed for the
pilot to evaluate the alternative flight waypoint. In
this mode, the map is north-up (the aircraft symbol is
removed).

Basic Controls and Displays
Screen seven

This screen shows a snapshot of the HUD. It displays
the aircraft's heading, speed, and altitude. The
numbers on the outer rim are the command heading,
speed, and altitude.

The pitch ladder indicates the pitch, roll, and yaw
angle with respect to the aircraft.

The other information displayed on this screen in-
cludes the system time (3), the communication status
between experiment computers, the aircraft's position,
and the autopilot status. When an autopilot fault
occurs, the autopilot status message will disappear
from the screen, and the pilot must take action to fix
this problem.



Appendix B. Flight Manual

Tasks you will be performing in order of importance:

(1) Flying - control the aircraft to maintain the
correct heading, speed, and altitude.

Controls:
Joystick controls the pitch, yaw, and roll
of the airplane.
Top trigger activates the heading-hold auto-
pilot. A second push will disengage the
autopilot.
Throttle controls the speed (not exact).
The relationship between percent throttle
and airspeed is shown in the table below:

Percent Throttle
Airspeed

30%
222

80%
600

Note: Autopilot status will be displayed at the
lower right corner of the MUD display. When it
has malfunctioned, the status message will disap-
pear from the HUD display. To fix it, click the
reset button on the CDU in the Autopilot Page.

(2) Engine recovery - restart the engine in-flight.

Symptom:
All primary engine indicator readings drop
and stay stationary. Moving the throttle of
a failed engine will not affect it.

Procedure:
Shut down throttle for the affected engine.
Shut down the fuel supply for the affected
engine.
Fly to in-flight restart envelope (altitude
< 30000). Stay at that altitude until en-
gine is re-started.
Check for the correct configuration.
STBY button -> affected engine.
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AUTO button -> affected engine.
CON button -> on.
Start button on the affected engine -> on.
Turn on the fuel supply for the affected
engine.
Open throttle to 50% on the affected engine.

Bring up the ENG display format on the aux
EICAS and observe N2 to 50%.
Start button on the affected engine -> off.
Con button -> off.

10 Restore STBY and AUTO button. End of proce-
dure.

(3) Fuel management - manage the amount of fuel by
operating on the tank pumps and pipe valves to:

Maintain fuel flow.
Keep balance of the main (wing) tanks.

The components will show their transitions using
a magenta color display once they are activated
by clicking the cursor on top of them. Make sure
that the fuel supply for both engines under nor-
mal operations.

(4) Diagnosing - when a subsystem malfunction occurs,
a message will appear at the main EICAS display
if the fault is from ECS, EES, GEAR, and HYD. To
compensate this situation, follow the procedure
below:

Bring up the display format associated with
the fault message on the Aux EICAS display
surface.
Bring up the corresponding display page on
the CDU.
Assess the condition of the subsystem from
the display format.
If alert condition (red), push the reset
button on the CDU. It will take 10 seconds
to restore. Make sure alert goes away. If
not, push it again. Otherwise, perform next
step.
If inform condition (yellow), push the ack-
nowledge button in the associated button on
the CDU. It will take 10 seconds for the
system to acknowledge. Make sure the inform
message goes away. If not, push it again.
If normal condition (no color changes - red
or yellow on the display), push the cancel
button.
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(5) Mode setting - the mode on the AFC has to be
adjusted periodically when problems occur. Fol-

low the procedure below:

Observe the fault message type.
If inform condition (yellow message), bring
up the AFC ACK Page on the CDU and push the
appropriate button. It will take 7 seconds
to acknowledge. End of procedure.

Otherwise, perform next step.

Turn the problematic component 1 "c:Lick"
clockwise to set its mode to the next one.
It will take 10 seconds to reset (for the
message to disappear) . End of procedure.

(6) Replan flightpath - weather may be a problem.
Use the WXR button to check for bad weather con-
dition. Use the plan mode on the HSI to plan for
a safe flight route.

Procedure:
Bring up the NAV Page on the CDU.
change the HSI to plan mode.
To add a waypoint:
3-1.
Type in the name of the waypoint to add.
3-2.

Step through the waypoint prior to the added waypoint.

3-3.
Push the ADD. A. (add after) button.
3-4.

Repeat step c if there are more waypoints to add.
To delete a waypoint:
4-1.
Step through the waypoint to the one to be
deleted.
4-2.
Push the delete button.
change the HSI to map mode. Procedure over.

(7) Final approach - during the final approach phase
of the flight (when your fly-to waypoint is the
last waypoint on your map) , you will need to con-
figure the cockpit for landing. Follow the pro-
cedure below:

Reduce the thrust to 40%
Extend flaps using the following table:



Aircraft thrust
Flap degree
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(8) Lower gear - at landing phase, you need to have
the gear lowed and locked. To lower the gear,
click the mouse on any point in the lower half of
the region on the screen that labels 'GEAR'. The
main EICAS will display any malfunction message
if the gear does not go to the desired state.
Repeat the same action (click on the lower por-
tion of that region) after each indication of the
gear state.

35% 5

30% 10
25% 20
20% 25
15% 30



Appendix C. Information Packet, Checklist, and
Consent Documentation

INFORMATION PACKET

The purpose of this information packet is to:

introduce the purpose of this experiment
demonstrate the simulator
describe your tasks

INTRODUCT ION

Cockpit Task Management (CTM) is the management of
multiple, concurrent tasks. The tasks in this experiment
include flying, fault diagnosing and compensating, cockpit
configuration, and in-flight planning. A primary purpose
of this project is to identify and demonstrate potential
management problems that can occur in a computerized,
highly automated cockpit. The management skills of inter-
est include: task initiation/termination, task prioritiza-
tion, and resource allocation.

SIMULATOR

Our simulator models a generic, two-engine commercial
aircraft. The displays and controls consist of five major
categories. They are as follows:

Navigation Display (ND): helps the pilot visualize
the geographical position of the aircraft relative to the
world. It has two main operation modes: the map mode and
plan mode. In the map mode, it displays a dynamic view of
the flightpath and waypoint positions along the flightpath
with reference to the aircraft position and heading, and
the fly-to waypoint information. In the plan mode, it
displays a northward static fl±ghtpath and enables the user
for in-flight flightpath replan in case of emergencies.

Engine Indicating & Crew Alerting Systems (EICAS):
integrates the warning messages from all other subsystems
such as autopilot, powerplants, fuel systems, hydraulic
systems, electricity systems, gear systems, flaps, and
others. There are two EICAS displays. The left EICAS is
the main display. It displays the primary engine paramet-
ers (EPR, Ni, and EGT) at all time. It also displays the
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warning messages. Flaps are shown when not in the zero
degree and when malfunctioned. The right EICAS is the
auxiliary display. It shows the various subsystem displays
that include everything else the main EICAS doesn't dis-
play.

Cockpit Display Unit (CDU): is the main interface
that the pilot uses to interact with the avionics controls.
It has a screen surrounded by ten pushbuttons. It contains
a set of display pages which are menu-driven by pushing the
buttons.

Head Up Display (HUD): displays the primary air-
craft parameters including aircraft heading, speed, and
altitude. It also displays the command heading, command
speed, and command altitude for the fly-to waypoint.

Misc Controls: includes the engine control panel,
flaps control panel, gear control panel, thrust control
column, flight control panel, and a host of miscellaneous
controls.

OPERATIONS REQUIRED OF SUBJECTS

You will be required to perform the following opera-
tions during the CTM evaluation.

1. Complete a training segment to include:
Orientation on the simulator
Instructions for completion of a question-
naire relative to contribution of CTM in
aiding performance
Orientation on use of trial videotape for
use in determining situation awareness and
workload assessment
Orientation on methods/use of verbaL proto-
col in the evaluation

2. Conduct two record trials consisting of a rela-
tively high workload commercial flight operation.

3. Complete data collection/debrief/questionnaire
process after each record trial to include situa-
tion awareness, task load assessment, and overall
participant's subjective evaluation.



Checklist

What is AFC?

What is FD?

Where is L FMC, which category does it belong (AFC - NAy)?

Where is EIU?

What do you do if you see a yellow message on the EICAS?
(acknowledge it on the Ct)U, with the corresponding DF up)

How do you turn off the center tank pump?

Where is ECS?

How do you see the EES status?

How do you turn on the data button to see the fly-to way-
point information?

How do you look for weather problem?

What is a false alarm? How do you deal with it?
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Most important thing - try to work on the more impor-
tant tasks first: flying, engine problem, autopilot,
fuel system, diagnosis, mode setting, replan, flaps,
and gear. Performance measurements are: speed and
accuracy.

In case an engine fails, update the speed to catch up
waypoint arrival (to line up the A/C speed with the
command speed).

Change the A/C speed according to the command speed
along the flightpath.

Upon descending/ascending, do not go over the second
marked line on your HUD.

There is only a one-time replan. Once you've done it,
do not try to replan for another time.

Do your replan ASAP (i.e., do it on the first leg) if
necessary. If you already pass the first fly-to way-
point. DON'T DO IT ANYMORE.

Failures of three subsystems won't provide any visible
feedback on the EICAS: fuel system (balancing), engine
flame out (primary indicators all drop), and autopilot
failure (status disappears). Keep an eye on their
status from time to time.

Turn off the center fuel tank pump when its quantity
drops below 10 (xl,000 ibs) for reserve. Follow the
correct procedure, i.e, you must keep fuel flow.
Balance means that the two wing tanks' quantity dif-
ference shouldn't exceed 3 (xl,000 ibs).

Judge the flightpath deviation and A/C heading using
the MAP display. Keep the A/C on the projected path
as close as possible.

Final point - use these decision conditions:
IF Msg color = red (action => reset)

IF
Msg regarding AFC
THEN
=> switch the knob for one click
IF
Msg regarding Subsystems
THEN => Perform action on CDU (the cor-
responding DF must be displayed for diag-
nosis)

IF Msg color = yellow (action => acknowledge)
IF
Msg regarding AFC



THEN
=> perform action on CDU (AFC ACK Page)
IF
Msg regarding Subsystems
THEN => perform action on CDU (the cor-
responding DF must be displayed for diag-
nosis)
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Informed consent documentation

I understand this study will test my skills for flight
management. After a one-hour training, I will fly two
simulated test scenarios starting at cruise altitude. The
whole flight will run for approximately 50 to 60 minutes.

I am aware that this is an unpaid experiment. Though the
chances of risks are minimized, there will be some dif-
ferent levels of psychological stress during this ex-
periment. While I am performing, the evaluator will video
tape the computer screens ( my visual appearance will not
be recorded in the tape). And these tapes will never be
used for anything other than the research in question.

My identification (name, sex, age, etc.. )
will not be

recorded or released to any other persons or publications.
All reference to the subjects of this experiment will be
number coded, and any identity-related information will be
discarded after this research by the evaluator.

Questions about the research or any aspects of my par-
ticipation in it should be directed to Ken Funk or Chung-Di
Chou. I understand the University does not provide a
research subject with compensation or medical treatment in

the event the subject is injured as a result of par-
ticipation in the research project.

I, , understand this participation is
voluntary, my refusal to participate will involve no penal-
ty or loss of benefits to which I am otherwise entitled.

Signature: Date:
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Appendix D. Questionnaire

Questionnaire

Subject #: Treatment order:

Please circle (only one of) your response as indicated in
the following questions. Answer them with the first
thought that comes to your mind, i.e., answer them as soon
as possible.

I think the first test was more difficult than the
second one.

Strongly Agree No Disagree Strongly
Agree Opinion Disagree

I felt that the evaluator gave me enough information
to do the experiment.

Strongly Agree No Disagree Strongly
Agree Opinion Disagree

I think the training session should take more time.

Strongly Agree No Disagree Strongly
Agree Opinion Disagree

I really had a lot of trouble trying to figure out
what the messages were referring to (i.e. what they
meant).

Strongly Agree No Disagree Strongly
Agree Opinion Disagree

I like to have a fully prioritized list for the tasks
I had to do. I think it would be much helpful to my
performance.

Strongly Agree No Disagree Strongly
Agree Opinion Disagree



I consciously reminded myself to check for the
weather, fuel system, and engine conditions.

Strongly Agree No Disagree Strongly
Agree Opinion Disagree

I think the most difficult task for me was to remember
all the procedures.

Strongly Agree No Disagree Strongly
Agree Opinion Disagree

I always checked the aircraft parameters before I
performed the action for compensating system faults.

Strongly Agree No Disagree Strongly
Agree Opinion Disagree

I think that the malfunction of autopilot, engine, and
fuel system were more difficult to detect than the
other type of system faults.

Strongly Agree No Disagree Strongly
Agree Opinion Disagree

In general, the bell warning reminded me to check f or
something that I forgot to do.

Strongly Agree No Disagree Strongly
Agree Opinion Disagree

I think if the warning could help me more if they were
designed to remind me at a more specific level, e.g.,
different warning sounds for different system faults.

Strongly Agree No Disagree Strongly
Agree Opinion Disagree

In general, I tried to finish up one task before I
started another one.

Strongly Agree No Disagree Strongly
Agree Opinion Disagree

I felt that the tasks came in a batch that overloaded
me.

Strongly Agree No Disagree Strongly
Agree Opinion Disagree
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I tried to stay with the prioritized list of tasks in
the experiment.

Strongly Agree No Disagree Strongly
Agree Opinion Disagree

If I do the tests again, I will perform much better.

Strongly Agree No Disagree Strongly
Agree Opinion Disagree

I am willing to participate another similar follow-up
experiment if I have time.

Strongly Agree No Disagree Strongly
Agree Opinion Disagree

Please provide the following information based on your best
knowledge:

I did not finish the following tasks in the two runs:
First run:

Second run:

Please describe in detail why didn't you finish these
tasks.
First run:

Second run:

Do you think you need some type of aids to improve
your performance? What are they? (e.g., more train-
ing, a full list of all the faults in the flight
operation manual, and automatic diagnosis, etc.)



Appendix E. ANOVA Tables

In the following tables, factor A represents the combina-
tion of flight path complexity (easy, hard) and maximum
number of concurrent tasks (3, 6), and factor B is the
resource requirement (low, high).

ANOVA Table for the test: the average time delay f or re-
sponding to a task is independent on either combination of
flightpath complexity and maximum number of concurrent
tasks or resource requirement of the tasks. Conclusion -
the resource requirement of tasks significantly affect the
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* significant at alpha = 0.05, where F(l, 4; 0.05) = 7.71.
p-value = 0.021.

ANOVA for testing the time in system is same across the
factor levels. It turned out this was not rejected.

SOy df SS MS F

Rep. 1 1356.26 1356.26
Factor A 3 6471.59 2157.20 1.75
Error A 3 3697.78 1232.59
Factor B 1 6034.57 6034.57 4.27
A x B 3 7375.75 2458.58 1.74
Error B 4 5658.62 1414.65

15 30594.57

average time delay to respond to the tasks. But not for
the combination (factor A).

Soy df SS MS F

Rep. 1 1031.21 1031.21
Factor A 3 3736.81 1245.60 5.85
Error A 3 638.90 212.97
Factor B 1 6458.94 6458.94 14.65*
A x B 3 127.73 42.58 0. 10

Error B 4 1763.53 440.88

15 13757.12



ANOVA for testing the priority score. This score was
significant with regard to both factor A and B.

Rep. 1 7445.20 7445.20
Factor A 3 13043.15 4347.72 1.26
Error A 3 10369.03 3456.34
Factor B 1 14414.10 14414.10 3.04
A x B 3 7371.47 2457.16 0.52
Error B 4 18975.87 4743.97

15 3285.94

ANOVA for testing that the distance deviation to flightpath
was unaffected by the factor levels. This was not
rejected.

Soy df SS MS F

15 71618.83
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ANOVA for testing the speed deviation was unaffected by the
factor levels. This was not rejected at 0.05, but was
rejected at 0.10.

Soy df SS MS F

Rep. 1 4479554.99 4479554.99
Factor A 3 3456440.19 1152146.73 0.60
Error A 3 5758217.26 1919405.75
Factor B 1 12310400.08 12310400.08 7.66
A x B 3 764548.25 254849.42 0.16
Error B 4 6425448.97 1606362.24

15 33194609.73

SOy df SS MS F

Rep. 1 3.06 3.06
Factor A 3 840.19 280.06 32. 08**

Error A 3 26.19 8.73
Factor B 1 1870.56 1870.56 34. 13*

A x B 3 326.69 108.90 1.99
Error B 4 219.25 54.81



Rep.
Factor A
Error A
Factor B
AxB
Error B

Rep.
Factor A
Error A
Factor B
AxB
Error B

1 56421776304.35
3 51829102864.47
3 25092913510.96
1 119087790090.27
3 82129845155.51
4 55828548735.16

15 390389976660.72

ANOVA for testing the heading. Heading is significantly
affected by the combination of flightpath complexities and
number of tasks.

df SS

1 1281388.66
3 42892004.22
3 4510979.25
1 7973562.10
3 5835364.34
4 9388052.61

15 71881351.18

1 46405.78
3 77833.46
3 25242.53
1 4725.88
3 52828.69
4 124494.52

15 331530.84

56421776304.35
17276367621.49
8364304503.65

119087790090.27
27376615051.84
13957137183.79

MS

1281388.66
14297334.74
1503659.75
7973562.10
1945121.45
2347013.15

46405.78
25944.49
8414.18
4725.88

17609.56
31123.63

F

9.51*

3.40
0.83

ANOVA for testing the perpendicular distance deviation to
the flightpath. This test failed to reject the null
hypothesis.
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ANOVA for testing the altitude deviation was unaffected by
the factor levels. This was rejected.

soy df SS MS F

Soy df SS MS F

2 . 07

8.53*
1.96

soy

Rep.
Factor A
Error A
Factor B
AxB
Error B

3 . 08

0.15
0.57


