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Executive Summary

Chapter One
Executive Summary

1.0 SUMMARY

This report details the second phase of the Office of Aviation Medicine (AAM) research program on
Human Factors in Aviation Mainienance. This on-going research program enhances human performance
in the aviation maintenance svstem to ensure continuing flight safety and operational efficiency. The
research program, a< reportes in the Phase I report (Shepherd, et al., 1591) was initially planned 0 have
4 steps, with feedback mechanisms as shown in Figore 1.1, Phase | focused on prefiminary investigation
and problem definition of twuman performance in airline maintenance enviropments This Phase U repont
describes research that centers on the development of hardware and softwere prototypes with potential to
enhance human performance in aircrait mainiemance. {In this report the activities subsumed under
"inspection” are considered o be part of "aircrafi maintenance™). :

The research reported here has been
conducted by a muld-disciplinary team
of scientists and engineers from
industry and academia. The research
team has worked in very close
cooperation with the internationsl
aviation industry, mostly with US
airtines and aviaticn manufacturers.

An Ongoing Research &
Development Program

{ Investigation/Problem Definition §

¥
{PrototypesDemonstrations Ew————

‘ | ) :

‘mplomentation / Evaluation i
) }

This report inciudes seven chapters and
can be considered as an edited volume
in that each chapter is writtea to stand

2lone as the work of each research t
2roup. l industry Adoption of

Research Producis

Figure 1.1 The Research Program
L1 CONTINUING RATIONALE

Shepherd et al. (1991) and Shepherd & Johnson (19913, offered an exieasive description of the rationale
for the research program. These reports described the complexity of the total aviation mainienance system
and the role of the human within the system. Increased mainienance workload, caused in part by an
increased ievel of air carrier vperations, is one reason 10 focus on Improving aviation mainienasce
technician (AMT) performance. The challenge of providing continuing air worthiness of ihe aging {lect
while developing knowledge and skills for maintaining new technology aireraft places & burden on airlipe
mainienance o1 Qizations.

Phase I research investigated methods for enhancing human performance in aircraft mainienance. There
arg ample reasons for continuing these investigations. For exarnple, operations will continue W increase.
Airlines will fly more hours with the same fleet sizes. Thus. there will be less time for maintenance and
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greater stress on the fleet. Therefore, enhancing human performance in maintenanee condnues (o be an
important priority.

Resources are finite.  Airlines, during 1991-92, have mot been profitable. Sinece the Phase I repont was
published, major air carriers such as Pan Am and regional carriers such as Midway Airlines have gone
out of business. Other carriers have suffered record financial josses and face uncertzin futures. Airlines
recognize the criticality of cost control in every aspect of their operation. However, cost conol cannot
Jeopardize safety. This research program recognizes that the enhancement of humas performance in
mainienance is critical to the safety and efficiency of air carrier operations.

1,i.1  Integration of Human Factors Research Efforts

Research 1o enhance human performance in aircrail maintenance can focus on several dimensions, such
as the human, the tools, the work place, work procedures, and managemen;: pidlosophies. The research
must be useful 10 maintenance practitioners as well a8 to the human factors research community.  This
report, therefore, has practical as well as scientific value.

1.2 ADVANCED TECHNOLOGY TRAINING (Chapter Two)
Advanced technology training combines artificial imelligence technology with conventional computer-

based wraining. The technology was described extensively in the Phase I report (Shepherd. et al, 1991
and eisewhere (johnson & Norton, 1991 anrd fohnson & Norton, in press).

This chapier describes the continuing effort
that has corverted a Phase 1 training
protaiype to 2 fully operational advanced
technology waining system for the Boeing
767-300 environmental control  sysiem
{ECS). The system is simulation-based in
that it permits the wser 10 access and
operate ali panels, controls, and buili-in-
test equipment of the ECS. Figure 1.2
shows the human-computer interface for
the ECS.

The ECS wainer is unigue not only
because of the simulaiion but also hecause
of the robust software used for modeting §
student  performance  and  providing ” - - R i
feedback, expianation. and remediation. Figure 1.2 Emviroamenta! Control Svsiem Tuetor
These modeling features are described in

Chapier Two.

In addition to providing simulation. the ECS Tutor prosides on-line aocess o the training manual for the
ECS. The software makes it vasy for the student to use the manual during waining. This research is

preparing for development of an integrated informaton sysiem which can provide not onlv waining hut

2
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also real-time job aiding and maintenance documentation. Research related to the concept of on-line
documeniation is also described in Chapier Four.

The chapier also describes the procsss of formative evaluation that took place as the training sysiems
underwent many iterations with software engineers and training professionals at Delta Air Lines and at
Clayton State College. A substantive training effectiveness evaluation will be conducted at Delia.

Finally, as advanced technology training s¥stems become more commonplace, it is Ykely that they can
be used for AMT certification. Therefore. this chapler also reports on the research implications of the
pending changes to Federal Aviaidon Regulation (FAR) Pans 65 and 147.

1.3 ADVANCED TECHNOLOGY MAINTENANCE JOB AIDS (Chapter Three}

This chapler addresses existing approaches to job aiding in maintenance, the drawbacks to such
approaches, the prospects for using cmerging technologies to develop maintenance job aiding systems, and
the impact of emerging techinofogies on human performance.  There were twe major themes o the
research: 1) many previous altempts at building maintenance job aids consisted of irying 10 feplace
human expertise with machine experise: and, 2) problems with such approaches have led o a
reconsideration of the skills and abilitics of human operators and ways 0 capitalize on them.

Accordingly. the chapier calls for a "cocperative system’ approach 1o designing such sysiems; a
cooperative system is one in which a human and a computer are actively involved in ty- problem solving
process. The chapter presents a study which used this approach in developing a job aid. Seme of the
resuits of the study that are relevant t¢ designing maintenance job aids and integrated information systems
{Johnson & Norton, 1992 a & b) are also presented. Finaily, a research and development plan for building
a maintenance job aid for aircraft maintenance is discussed.

1.3.1 Human Performance Implications of Artificial Intelligence Approaches

The bulk of the job aiding systems encountered in a lterature review used armificial inteliigence and expert
systenis techniques. While artificial intelligence technigues can provide a computer with powerful problem
soiving abilities, job aiding systems which rely solely on such technigques often meet with limdted
operational success. One of the reasons for such limited success is that the computer is supposed 10
embody the knowledge and abilities of a human expert, when. in fact. such systems are pecessarily
incomplete. Because builders of expert systems cannet capture all of the humap expert’s knowledge about
a task. such sy wems often draw erroncous conclusions. erefore. the operator must have cnough
expertise 1o realize that the compuier is wrong: the problem is that the operator will not develop such
expertise uniess he/she is actively involved in the problem solving process. However. these problems do
not exclude artificial inteiligence technigues from use in operational job awds. Rather. the guesiion is one
of emphasis: instead of using artificial intelligence techniques as the foundation for a job aid. they should
be used in conjunction with other methods of performance aiding (e.g.. representation aiding).

1.3.2 Human Performance with a Cooperative System

A research study (Layron. 1992} which investigaied human performance with three forms of 4 cooperative
system provided some interesting insights into how such systems affect humauan behavior. This system was

)
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designed 10 assist commercial airline
pilots and dispatchers in enroute flight
planning.  (Figure 1.3 depicts a
portion of the system displays and
controls.) This research has provided
some interesuag insights into the ways
in which job aiding tools affect human
performance.

o et Disote ared
. Aty roonfs

1.33 Research and Pevelopment

Plan -
" Rouke Samnciod To Fly (Croweane  EEENT 0
. -( ) ¢ )‘ ) Cucant Twe 3[:__- &uT
A three-phase plan for developing an Cataiey Ditptay Time > [ GuT ‘ o
- - - - - s T — A —— o = y
aviation safety inspector job aid using Maie — | Fughtiavet
cooperative system techniques was [f| The ovkeyoehave cesladwiliun oulolluer belore ieacing tha desinston e
developed. Initial interactions with the P cknowiedge 00
Flight Standards Service suggest that V== = -

the job aid will assist inspectors in Figure 1.3 Enroute flight planning cooperative system

researching operator information and

documenting inspection activities. The system will link inspection forms so that information that is
entered into one form will auiomaticaily be entered into the other forms being used. The system will also
provide the ability to search for information using on-line documentation. Such documentation may
include the federal aviation regulaiions, advisory circulars, airworthiness directives, FAA policies, and
operator-specific information. The system will have a cellular modem capability so that it can connect
o the Flight Standards mainframe system and will likely use a CD ROM to store much of the on-line
documentation.

1.4 DIGITAL DOCUMENTATION (Chapter Four)

Mezintenance personnel are often overwhelmed with uie amount of technical documentation necessary 10
accomplish a given task. The information comes from a variety of sources including company and
manufacturer’s manuals, and government documents, like advisory circulars or regulations. Currently most
maintenance documentation exists as hard copy or microfiche. The task of keeping these databases current
is very time consuming and expensive.

This research task, called the Hypermedia Information System, (HIS) shiown in Figure 1.4, studies
advanced technology software and hardware techniques for information storage and retrieval. The primary
products of this research will be techniques for the development and use of large information sources on
small poriable computer systems.

The term "hypermedia” refers to a combination of text, graphics, animation, avdio, and video to convey
information. Such information bases <re designed 1o be accessed easily, usually in a non-linear fashion.
This hypermedia research will make it possible for a technician t0 access a manual for all media and
information to complete a job. The research fosiers co-development of integrated information systems
(Johnson & Norton 1992, a & b) that provide training, job-aiding, and on-line documentation.
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A by-product of the research is the
deveiopment of a hypermedia
information system for all technical
publications from the Aviation
Medicine Human Factors in Aviation
Maintenance research program.
Ultimately this digital source of
information will be published cn a CD-
ROM  (Compact Disc-Read Only
Memory).

Mgy 3 B

- Exit Peduce Enlarge Move Size

The proceedings of one of the first six
conferences on aviation mainlenance
human factors has already been
prepared for distribution as a digital
document. The seventh conference
will be the first time that the meeting Xt
proceedings will be distributed in Figure 1.4
digital format at the meeting. The

software developed through this research eftort has facilitated the timely publication of such digital
documentation.

Hypermedia Information System

1.5 HUMAN RELIABILITY IN AIRCRAFT INSPECTION (Chapter Five)

The research related to improving human reliability in aircraft inspection built upon the solid task analytic
foundation derived under Phase 1. The chapter describes two studies: one siudy related to the re-design
of workcards for inspection and the other a study of the lighting environment for inspection. Both studies
offer practical human factors guidelines applicable to these topics. The chapter also describes a plan to
consider human-computer interface issues applicabie to compuier-based maintenance aids.

This chapter also describes a series of laboratory experiments that evaluate the effects of time pressure
on inspection and the improvement of training techniques for visual inspection. The chapter describes a
study of the classification of human error in inspection. The classification is particularly valuable in its
review of many scientific studies of human error. These studies form the basis for the team’s development
and presentation of system models of human error in inspection. These models provide the means to
understand, predict, report and manage inspection errors.

Inspection is information processing. The chapier reports research on the design of information flow in
the inspection environment. The research helps to determine what, when, and how 1o preseri information
to the inspector. Experimental results are presented regarding optimal methods of information presentation
in inspection t{asks.

Chapter Five aiso describes a joint study of inspection practices in the UK and USA. The comparative
study observed that management structures of maintenance and inspection are more closely intermeshed
in the UK than in the US. Other differences and rationales are reported.

Lh
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1.6 GUIDELINES FOR HUMAN FATTORS IN MAINTENANCE (Chapter Six)

Human Factors principies are often derived in laboratory studies of procedures, equipment. effects of time,
temperature, lighting and other variables. Much of the information derived from these studies is reported
for scientists, psychologists, and engineers for academic applications. This task is reviewing the human
factors literature from a wide variety of parallel and similar areas to aircraft maintenance. All of the
research results from the Aviation Medicine Aircraft Maintenance Human Factors program will be
combined with \his information base to produce a2 Human Factors Guide for Aircraft Maintenance. This
guide promises 10 be useful to airline maintepance management system designers. FAA oversight
personnel, and others as they strive to improve human performance in the maintenance system. Chapter
Six offers an example chapter from the Human Factors Guide.

1.7 CREW RESOURCE MANAGEMENT FOR MAINTENANCE: EVYALUATION OF A
TRAINING PROGRAM (Chapter Seven)

Phase T (Shepherd, et al., 1991) reported on mianagement-worker communications in the aviation
maintenance environment. Phase 1 research has shifted focus to the effects of crew resource managemenl
(CRM) training in an airline maintenance eavironment. The research has concentrated on commuanication
among maintenance crews. The researcher participated in the evaluation of the effectiveness of a
particular airline’s CRM training for maintenance personnel and in the posi-training performance effects
on maintenance managers and technicians.

The CRM course acceptance has been very high. In fact maintenance crews have demonstrated greater
acceptance of the CRM principles than have flight crews. The research indicates that relevant attitudes
about CRM improved immediately after training. Course attendecs have reported that the CRM principles
have caused them to be more actively involved in all maintenance decision making.

The CRM evaluation research is valuable in that it has created instruments and criteria 10 measure post-
training maintenance performance.  These measures will be helpiul to assess the training and cost
effectiveness of such human performance enhancement courses.

1.8 CONTINUED COMMUNICATION

The seven workshops that have been conducted to date under the Aviation Medicine tesearch program
have facilitated communication between researchers and industry. The immediate application of some of
the research activities described above wiil allow the industry to increase reliability and lower costs. The
Office of Aviation Medicine (AAM) intends 10 continue sponsorship of the workshops throughout the
duration of the research program.

The participation and cooperation of the airline industry has been instrumental to the AAM rescarch
program. Air carriers, manufacturers, and schools have been extremely cooperative and helpful. This
cooperation is gratefully acknowledged.
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Chapter Two
Advanced Technology Training for Aviation Maintenance

2.0 INTRODUCTION

As technology advances, the job of the aircraft maintenance technician (AMT) becomes increasingly
difficult. The AMT must deal with new technology (digital components, composite materials, etc.) as well
as an aging aircraft fleet. Concumrently, the AMT work force dwindies (Shepherd, et al, 1991).
Therefore, maintenance training must respond to these challenges by increasing the effectiveness of the
current work force. This chapter outlines how the Office of Aviation Medicine (AAM) uses advanced
technology training to address these issues.

2.1 RESEARCH PHASES

The advanced technology training research began in January of 1990. This earlier phase of the work
assessed the status of training technology for maintenance technicians. Based upon this assessmeit, the
AAM built a prototype intelligent tutoring system {ITS) for the Environmental Coutrcl System (ECS)
(Shepherd, et ai., 1991). See (Polson and Richardson, 1988) for more information on ITS.

The current phase of the research expands this prototype to be an operational tutoring system for the ECS.
In order to provide a measure of the effectiveness of the Tutor, this phase also designs an evaluation of
the tior. Finally, as advanced technology training systems become more commonplace, it is likely that
they can be used for AMT certification. Therefore, this phase also reports on the research implications
of the mechanic centification ruies changes to Federal Aviation Regulation (FAR) Parts 65 and 147.

it is important that the Tutor be an effective training tool. Despite formative evaiuation of the Tutor
throughout the second phase, a formal evaluation will be conducted during the third phase. This wili
evaluate the Tutor for user acceptance, training effectiveness, and cost effectiveness. In addition, the third
phase of the project will investigate the use of advanced technology training for psychomotor activities.

2.2 ADVANCED TECHNOLOGY TRAINING TUTOR

The Advanced Technology Training research developed an operationa! tutoring system for the ECS of the
Boeing 767-30{, as shown in Figure 2.1. This section describes the features of the Tutor, the design of
the Tutor, and the lessons learned while developing the operational Tutor,

2.21 Description of the ECS Tutor

in the ECS Tutor, the student interacts with panels, controfs, test equipment, manuals, and displays. These
graphics are meant to simulate the "look and feel” of the real ECS components. A simulation of the ECS
responds to the student’s actions by updating the appropriate data values on the Engine Indicating Crew
Alerting System (EICAS) display and the Overhead Panel, as shown in Figure 2.2 and Figure 2.3,
respectively.

The system vperates in two distinct modes: Normal Operation and Malfunction. During normal operation,
the ECS simulation lets the student see the proper operation of the system. During a2 malfunction. the ECS

g
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will exhibit the symptoms associated with the current
malfuncion. The student controls whether the
system operates in normal mode or malfunction
mode.

Regardless of the mode, the student’s interaction
with the system is similar. In both modes, the
. student has access to all of the tools needed to
FEDERAE AVIATION - » ' gers Wl operate the ECS. The student interacts with costrol
ADMNSTRATION, ' panels, information dispiays. built-in test equiprment,

Office of Aviation ; ; < : .
T aredioma - Koot component information, etc. However, malfunction
S mode is unique in several respects.

T ower E14S Dispiag T

Figure 2.3

N

EICAS Display

Figure 2.2

As a malfunction begins, the student sees a description of the problem. with the accompanying fault code.
After seeing the description, the student may order replacement parts to be delivered o the plane. If the
students does not order a part that they need, when they go to replace the part they must wait for the pant
to arrive. The Tutor simulates this wait by removing 15 minutes from the time that remains.

During 2 malfunction. the student has access to the Fault Isolation Manual (FIM), shown in Figure 2.4.
The FIM is the fault tree that the AMT f{ollows while troubleshooting. 1t outlines the tests and procedures
that should be performed while diagnosing a failure. While woubleshooting from the FIM. the student
must perform the tests in the order prescribed by the FIM.

Even though the FIM is the recommended method of troubleshooting. the ECS Tutor Supports a more
fiexible way to troubleshoot. The Tutor provides a schematic of the cooling pack (om which the student
may troubleshoot. The student selects a component (in any order) from the schematic and then chooses
whether o Inspect, Test, or Replace the component.

i)
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In both the FIM and the cooling pack
scnematc, the Tutor records the
studeni’s aciions. At any tme, the
student may ask for advice on how 0
troubleshoot the current malfunction.
The iutor compares the student’s
actions with the actions of an cxpert.

Fault fsolation Manuval (FIM)
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The Tutor suggests the appropriate v 2
next step to the student. : L_“.f
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When the student replaces a faulty : SR
component, the Tutor updates the R
simulau‘on_to reflect proper op?raUOH. -—-—42'?}‘ Z
However, just as on the flight line, the L
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Student must verify that the Fa R
T 5 1§;

replacement was effective. When the
siudents are confident of success. they |
van have the Tutor check their
soizidon.

2.2.2 Design of the ECS Tutor

During the design of the ECS Tutor, several separate design issues were addressed. These issues include
interface design, instructional design, and simulation design. This sectioa also descripes the tools used
to implement this design.

2.2.2.1 Interface Design

The design of the ECS Tutor ensures that the majority of refevant troubleshooting information is only one
mouse click away from the primary display. shown in Figure 2.5, From this Overview display students
may access the displays. controls, and components that they need to troubleshoot a malfunction.

Every troubleshooting screen in the Tutor adheres 10 a standard format. which consists of a grey border
on the edge of the screen. The border contains functions that are uscful for all troubleshooting screens.
The left-hand border consists of three different areas - the Status area. the Navigation (or "Go Toe") area.
and the Help Area. The bottom border containg a Message Arca

The top-most portion of the border is the Status arca.  This area notifies the studeni of the cumrent
operating mode - "Normal” or "Malfunction”. During a Malfunction, this arca also indicates the amount
of time that remains for troubleshooting, The center portion of the border is the Navigation area. These
thiree butions allow the siudent to immediat2ly go to one of three commonly used screens - the Overview
Screen, the Fault Isolaton Manual, or the Aircraft Log Sheet.

The lower portion of the border is the Help area. This area assists the student in four different ways:
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. How 10 use the current screcn

. Information about mechanical, electrical, pneumatic concepts
. How to navigate through the system

. What to do next - advice during troubleshooting

Finally, the border that runs along the
bottom of the screen is the Message area.
As the student moves the curser across
selectable regions, the Message area shows
additional information about that selectabie
region. For example, the Overview display
coniains a bution labeled "Check
Solution”. When the cursor enters this
button, the Message area will read "Info:
Click this button when you think you have
solved the problem.”

2.2.2.2 Imstructional Design

The instructional design of the ECS Tutor
was improved in two ways. First, a lesson i
orientation provides more context for each Figure 2.5
of the malfunctions. Also, the "over-the-

shoulder” advice helps students who are not making progress foward & solution. The following sections
describe each in more detail.

0 sy 5

ECS Overview Display

2.22.2.1 Lesson Orientation

The instructional design for the ECS Tutor centers around the idea of a lesson, where a lesson is a logical
collection of maifuncticns. Since the Fault Isolation Manuat (FIM} is driven by symptoms, the ECS Tutor
assembles lessons according to the symptoms for each malfunciion (e.g. PACK OFF/INOP lighis) . As
the Tutor presents each lesson, it provides the student with information similar to that shown in Figure
2.6.

The Background Information section describes the bases for the indicator lights. This section gives the
common causes for the sympiom. The Systems section gives a list of systems that relate to the indicator
light. The user may choose one of these items {0 get more detal.2d information about a specific system.
The Objecis section nrovides a list of components that may be useful in solving the current malfunction.
The user may choose one of these items to get more information about that component.

After compieting a lesson, the Tutor reviews the student’s performance from the previous lesson. If the
Tutor detects any deficiencies, it will provide material that will help the student overcome the deficiencies.

12
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22222 Over-the-Shoulder
Advice

£ . b ] o
oA Lesson #1 PACKOFthht:I!ummated J!
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{down the probier o & teriarable componert

Another addition to the ECS Tutor
makes the advice that the stwudent
receives "smarter”. In the Prototvpe,
the studenmt received advice only onr
demand. In the Phase Two Tutor, the
system monitors the student’s progress
toward a solution and offers help to the
student if the student does not appear
to be making satisfactory progress.
The student may choose to see this
"over-the-shoulder” advice or ignore it.
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2.2.2.3 Simulation Design

3 hio, , Chck an ms wrd to md wt more

The simulaticn provides realistic anure 2.6 Lesson Overvxew Sx,reen

responses 10 a student’s actions. For

example, the ECS adjusts output temperature of the cooling pack when the student alters the desired
zone's tem ~erature. The new data values appear on the Overhead Panel and the EICAS display. The way
in which the simulation accomplishes this temperature change should be transparent to the student.

In Phase One, the prototype "simulation” consisted of a table of data values for certain predefined
condiiions. The data shown 10 ihe student was updated according 1o this iable. This approach was
adequate for the prototype because of the limited scope of the prototype. However, due to the expanded
number of potential malfunctions, the Phase Two operational tutor needed a more robust simulation of the
ECS environment.

Phase Two’s simulation contains a model of individual comporenis. The simulation acts upon each
component’s inputs 1o produce that component’s outputs. This approach allows a malfunction w©
propagate through the system. For exampie, if a valve fails. it will affect its outputs (such as air flow).
The component that is downstream from the valve will receive unsatisfactory air flow and produce an
erroncous outpul.  The next component will receive this as its input. and the fault wiil continue to
propagaie.

The simulation wili act upon inpats to produce outputs, whether those inputs are good or bad, This design
allows for the same simulation to be used in both normal operation as well as during malfunctions.

2.2.24 Development Tools

The ECS Tuior uses a variety of software 1o0ls. The Tutor vuses different tools 10 create the interface, the
simulation, and the graphics, as described below.

The interface was developed using Asymetrix Toolbook. Toolbook supporis quick and casy interface
development in the Microsoft Windows eavironment.

i3
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The Prototype simulation also used Toolbock. However, as the simulation matured, it migraied from
Teolbook to the "C" programming language. "C" provided greater speed and more flexibility than
Toolbook.

The graphics used in the operational tutor combine many different graphics ereation techniques. Some
graphics were custom-designed using graphics packages. while others were scanned from existing training
documentation. The Tutor also used photographs taken with a Cigital camera and stored as graphics files.
As the raining display hardware advances, digital photographs wifl become crisper and more realistic.

2.2.3 Lessons Learned from the Development of the Tutor

5 the Tutor progressed from the Prototype to the complete, operational system, formative evaluations
highlighied several different areas that reeded to be addressed: advice, instructional motivation, and
student confidence with the interface. A description of cach area follows.

2.2.3.1 Advice

When the Prototype gave advice to the student. the advice told the student what procedure o perform
next. I followed the FIM exactly. However, it did not provide enough motivation as to why @ periorm
a cenain procedure. The current tutor enhances the advice 1o help answer the quesiion "Why perform this
procedure instead of a different procedure 77 With this extra information, the student lewrns the logic
benind the FIM, instead of blindly following procedures.

2.2.3.2 Instructional Motivation

The Prototype emphasized woubleshooting, but lacked instructional focus. During this phase. the Tutor
adds more emphasis 10 instructional issues. As described above in Section 2.2.2.2, each fesson comuins
background information, sysiem information. component information.  Much of this information was
available for the Protolype. but the student had 1o search for it The Tutor sew presents the infermation
10 the studemt in a more directed manner.  This method reinforces w the student which pieces of
information are importar: under different circumstances.

2.23.3 Student Confidence with the Interface

As students used the system. especially for the first time. they were hesitant to ¢lick on butions with the
mouse because they weren’t sure what wouid happen. To alfay some their indecision. the Tuior now
conlains the Message area. Anylime the cursor eaters a sclectable region, a short descriptive message
appears in the Message area that describes the function of the selectabie region. As training developers.,
we must be mindiul to provide as much reassurance o the siudeni as possible,

23 EVALUATION PLAN

iIf Advanced Technology Training is 1o become commaonplace, it must be accepted by the user population.
Also, if it is acceptable to the AMT s it must also prove t© be an efivctive training ool This section
outlines 2 plan 1o evaluate the ECS Tutor {or user accepiance, cost effectiveness, traimng eifectiveness.

...,
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2.3.1 User Acceptance Testing

User acceprance testing will be conducted in the following different user populations:

. Delta Air Lines instructors
. Delta Air Lines students
. Clayton State College Airframe & Powerplant {A&P) students

This testing will use questionnaires and interviews to gather deta. The ECS Tutor will be modified as
necessary 1o accommodaie problems areas that the test identifies.

2.3.2 Training Effectiveness Study
The training effectivencss study will test the following hypothesis:

A combination of conventional, classroom teachirg and the ECS tor is more cffective than
conventonal, classreom teaching.

This experiment uses both a contro} group and an experimenial group {from the Delia Air Lines student
population). Both groups will receive the normat 4 w0 S hour ECS classroom training segment.  The
control group will receive an additional classroom session on ECS troubleshooting.  The experimental
group will receive the lesson on ECS troubleshooiing via the ECS Tutor.  After the woubleshooting
sessior. each group will take an exit exam which will measure their ECS proficiency. The scores on the
exit exam will be used as the basis of comparison. Figure 2.7 semmarizes ihe experiment.

2.3.3 Cost Effectiveness Study Control Group
A cost effectiveness study will measure 1 Classioormn ' Classroom ; Exit |
the effectiveness of the ECS Tutor ! I Lecture T ECS Troublesnosting | Examii
along several dimensions.  Among
these are both deveiopment cosis and l
detivery costs.
24 PART 147 & PART 65 | Sxwenmental/Group
RULE CHANGES AND ! Classtoom | ECS Troubleshootng ; BExat g
HUMAN FACTORS I Lecture i wi ECS Tutor P Exam |
IMPLICATIONS -
Figure 2.7 Evaluation Plan

241 Part 147 - Aviation
Maintenance Schools

From 1989 through 1991 there has been a rule change in the making tor FAR Part 147 - Aviation
Maintenance Techaician Schools. After extensive public hearings. the rule char‘g :¢ are completed and will
be published in 1992, The changes in the approved curricuia were designed o be more responsive 10 the
needs of today’s aviation industry. For example, skill and knowledyge 'cquir ments tor mus terbine engines
have been increaseq while requirements related o fabric covered zirerafl have heen lessened,

-
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A second significant change in FAA philosophy regards educaticnal media. The new rule permits the
substitution of advanced technology training systems (like computer-based training, CBT) for classroom
and laboratory instruction. This change in the rule is likely to foster an explosion of CBT for aviation
maintenance training. The FAA should mcuitor the guality of such CBT io ensure that content and the
Gelivery methods are appropriately applied.

The changes to Part 147 are not significant in number. However, the recognition of the potential tor
computer-based training is a very positive step in helping the scheols to train for modern aircraft systems.

2.42 Part 65 Certification: Airmen Other than Flight Crewmembers

The public hearings and Aviation Rulemaking Advisery Commitiees are currently working with the FAA
to consider changes to Part €5. The changes that are being considered address such issues as experience
requirernents, training and proficiency requirements, and issues related to issuances of certification of
personnel for repair facilities outside of the Unied States.

2.4.3 Job/Task Analysis

All who have been involved in Part 147 and Part 65 agree ihat ihere is a dire need for a new Job/Task
Analysis (JTA) for the Aviation Maintenance Occupation. Such a JTA has not been done since 1969.
The activity related to this rule change is prompting the appropriate funding for the AMT JTA.

235 SUMMARY

This research shows that Advanced Technology Training can be applied o the Aviation iMainienance
community. This parucular sysiem concentraied on the ECS because of the generic nature of the ECS
system (i.e., ECS principles are similar from aircraft to aircrafi). However, this same approach is
applicable in all other aviation maintenance areas. Up to this point, the Advanced Technology Training
has concentrated on the mental aspects of raining (logical troubleshooting).  As this work continues, the
research will attemnpt ic combine the logical troubleshooting techniques with the psychomctor skills
required to maintain the aircraft.
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Chapter Three
Emerging Technologies for Maintenance Job Aids

30 INTRODUCTION

Maintenance is fast becoming one of the most frequent application areus for job aiding. Mainenance job
aids range from automatic preventve maintenance schedulers. 10 systems that monitor equipment status
and recommend maintenance based on trends in equipment behavior, to systems that aid in fault diagnosis
and repair.  Application domains range from production equipment (¢.g., clutch assembly machines). to
process equipment (e.g., turbine generators). to high technology speciatized equipment {(e.g.. fighter
aircraft). There is a range of methodologies cmployed, as well, including algorithmic approaches for the
preventive maintenance schedulers 10 expert systems for fault diagnosis and repair.  The technologies
employed encompass a range from VAX mini computers to desktop microcomputers linked to video disks.
This chapter addresses extant approaches to job aiding in mainierance. the prospects for using emerging
techoologies for such systems, and the impact of emerging techrologies on human performance,
particularly in aviation maintenance applications. This section also calls for a new design philosophy in
building job aids. A study which used this philosophy and compared three different levels of aiding on
a iask is also discussed. Some of the results of the study and their applicability to mainterance job aids
are presented.

This chapter is similar to a previous review of job aids (see Chapter 5 of Shepherd, et al.. 1991). in that
many of the systems encountered were concerned with technological developments, rather than
performance achievements. Whereas Wit previcus work identified some of the difficulties with
introducing advanced technology job aids inte an operational eavironment, this discussion addresses some
of the fundamental problems with past approaches to job aids and presents a design philosophy which
capitalizes on the skills and abilities of the operator in order to produce a combined human-computer
system that atiains increased performance.

3.1 SURVEY OF MAINTENANCE JOB AIDS

A survey of academic, irdustrial, and popular literature revealed a wide variety of approaches to building
maintenance job aids (see Appendix). These differing approaches inciude both hardware and
methodological considerations, ranging from stand-alone, automatic scheduling systems 1o portable,
interactive roubleshooting systems. The hardware aspects are addressed firsi, followed by a discussion
of some of the different methods used.

3.1.1 Hardware Employed

The following systems exemplify differeni hardware approaches used for maintenance job aids. These
systerns are presenied in order of increasing sophistication.

Folley and Hritz (1987) describe an expert svstem that assists in troubleshooting clutch assembly machines
on a production line. Fauli lamps above the machine staiions indicate which stations are matfunctioning.
A technician takes a maintenance cart 1o the malfunctioning station, The cart camries a two-bution control
and a monitor and the technician connects these 10 2 junction box at the station. This junction box links
the monitor and control 10 a remote compauter and video disk player. The techrician uses the control to
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move through a menu system to specify the faulty station. The computer then specifies the tests to be
performed, along with graphic displays of the equipment, and tiie techaician enters the results of the tests.
In this way, the computer guides the technician through troubleshooting ang repairing the malfunctioning
equipment.

A similar system developed by the Electric Power Research Institute (EPRI) also uses a video disk player
for displaying maintenance information and procedures for gas-turbine power plants. This system uses
a gual processor computer system. One processor Immanages an expert system, while another controls a
video disk player. The EPRI system 2lso uses voice recognition and synthesis for input and output,
respectively.

General Motors developed an expert system to assist in vibration analysis of production machinery (cf.
"GM unveils “Charley’..."). Named after a retiring technician with many years of experience, ‘Charley’
was intended to help less experienced technicians locate parts that needed repair in production equipment
with rotating components. Charley stores a signature file for each properiy operating piece of equipment;
technicians record the vibration signature of a problematic piece of equipment with a cpecial data recorder
and then connect the recorder to a Sun workstation. Charley compares the newly recorded signature with
the daiabase and begins diagnosing the problem. Charley guides interactions, may ask the technician for
additional information, and explains its troubleshooting strategies. Charley can also be used as a
consultant and ailow a technician to explore ‘what if” questions. Fina'ly, Charley is also used to train new
technicians. The emphasis of the system is on preventive maintenance, rather than repair of failed
equipment.

McDonnell Douglas developed the ‘Avionics Integrated Maintenance Expert System’ (AIMES) for use
on F/A-18 fighter aircraft (cf. "McDonnell Douglas flight tests..."). AIMES is a self-contained on-board
box which contains a microprocessor and records flight avionics data on a cassette for later analysis.
Production rules detect and isolate avionic failures at the electronic card level. AIMES generates queries
and tests based on data and concludes whether a fault is present. If there is a fault, AIMES supplies the
fault data, the card name, and the reasoning that led « the fault isolation conclusion.

The telecommunicaticns industry is a large user of advanced technology maintenance aids, particularly
in network swiich and cable analysis (cf. "Expert system from AT&T..."). The ‘Automated Cable
Expertise’ system runs automatically each night to detect trouble spots in cables. Upon identifying a
problem, it reports the repair history of the area and suggests corrective action.

3.1.2 Methods Employed

The following system.s exemplify the range of methodologies employed in maintenance job aids. These
systems are presented in order of increasing sophistication.

Berthouex, Lai, and Darjatmoko (1989) discuss a system for determining daily operations for a wastewater
treatment plant. This system is billed as an ‘expert system’, although it was developed using standard
spreadsheet (Lotus 1-2-3) and database software (d-Base [il), rather than one of the many production
system shells. (Expert sysiems have historically becn written using production rules (if-then clauses) in
one of many languages specifically designed for that purpose, for example OPSS5 cr LISP. Popularization
of the term ‘expert sysiem” has led to decreasing precision of use of it.)
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‘Process Diagnosis System’ (PDS) was developed by the Westinghouse Research and Development Center
and Camnegie Mellon University for maintenance of steam generators. PDS is a condition monitoring
system for preventive maintenance in order to alleviate both breakdown maintenance and unnecessary
maintenance. The system is designed to detect deterioration early and predict the duration of safe
operation. PDS also recommends specific preventive maintenance for regularly scheduled down times.

Vanpelt and Ashe (1989) describe the ‘Plunt Radiological Status’ (PRS) system for nuclear power plants.
The PRS system presents a three dimensional model of the power station and equipment so that
maintenance teams may plan maintenance tasks in advance. The PRS system facilitates access to and
interpretation of radiological conditions by identifying hotspots and contaminated areas, as well as
identifying obstructions and available workspace. The goals of the PRS system are to reduce maintenance
time and radiation exposure.

Several systems for supporting operations and maintenance were reviewed by Bretz (1990). One of the
systems was developed by Chubu Electric Power Company and Mitsubishi Heavy Industries, Ltd. in Japan.
This comprehensive expert system assists in power plant boiler failure analysis and maintenance planning.
The failure diagnosis reports the most probable causes for failure, guidelines for inspection, the items to
be investigated, repair methods, and suggested preventive maintenance. The maintenance planning
subsystem automatically prepares daily repair schedules, a work estimatien plan, and work specifications.

The distinCtion is sometimes made between ‘deep’ and ‘shallow’ knowledge in expert systems. The
knowledge typically represented in production systems is considered shaliow knowledge because it
contains only antecedent-consequent relationships without any information as to why one thing follows
from the other. Deep knowledge, on the other hand, capwres the functional and causal relarionships
between the components of the object or system being model.  Atwood, Brooks, and Radlinski (1986) call
‘causal models,” which use components functions as the basis for their reasoning, the next generation of
expert systems. Clancy (1987) describes a system for diagnosing switch mode power supplies which uses
a model of the component level of the electronics for its diagnosis. Whereas one can test for signal
presence at the module level of the electronics, the component level is concerned with the way in which
a signal changes as it passes through the components. Finally, a system developed for Britain's Central
Electricity Geverning Board uses a model of the cause and effect relationships inherent in turbine
generators for diagnosis and mainienance {see "Expert system probes..."). This expert system moniiors
and analyzes the vibration patterns of the equipment in its analysis.

The most sophisticated system encountered in the survey is the ‘“Tesling Operations Provisioning
Administration System’ (TOPAS) developed by AT&T. Clancy (1987) describes TOPAS as a real-time,
distributed, multi-tasking expert system for switched circuit maintenance. TOPAS perforins trouble
analysis, localization, and referral of network troubles.  Clancy claims that TOPAS "does network
maintenance without human intervention or consultation™ (p. 103). If this is true, then TOPAS is not
really a job aid, because it pertorms the job itself.

3.2 THE USE OF ARTIFICIAL INTELLIGENCE IN JOB AIDS

The methods and design philosophies used in building job performance aids vary with the designer{s).
While some of the systems surveyed placed the technician in charge of the woubleshooting and
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maintenance, the majority of the approaches relied on artificial intelligence. The following describes
various artificial intelligence approaches and their impact on human performance.

3.2.1 Expert Systems

Expert systems typically have three components: a rule base. a knowledge base, and an inference engine.
The rule base contains the problem solving strategies of an expert in the domain for which the system was
developed. The rule base i3 made up of production rules (if-then clauses). The knowledge base contains
the history and the current data of the object under consideration (this object may be anything from an
aircraft engine 1o a medical patient). The inference engine is responsible for determining what rules get
activated and when the system has solved the problem or is at an impasse. Expert systems are typically
wrilten in a programming language specifically designed for such use. such as LISP or OPS3.

Typically, the human expert is noi the person who builds the expert system. rather he/she interacts with
a ‘knowledge engineer’ whoa is responsible for extracting the expert’s expertise. One difficulty with expert
systems has frequently been referred to as the ‘knowledge engineering bouleneck’; it can be difficult to
access and program the knowledge of the expert into the expert sysiem. For instance, the expent may not
even be aware of what he/she does to solve a particular problem. Furnthermore, it is impossible 1o
guarantee that the rule base contains all of the knowledge of the expert.

3.2.2 Knowledge-Based Systems

Knowiedge-based systems place less emphasis on production rules as a way of representing knowledge,
and more emphasis on using a iarge database of information. This database may consist of information
such as vibration patterns of equipment, as in Charley discussed ahove, or it may consist of typical
hardware configurations, for instance. The point of knowledge-based systems is that they rely on a large
body of readily-available information for the bulk of their processing.

3.23 Model-Based Systems

Model-based systems are an attemnpt to produce more robust problem solving systems by relying on ‘deep’
representations of a domain., The models depend on a description of the functionality and relationships
of the components that make up the domain. Model-based sysiems are concerned with not only how a
component functions, but why it functions that way. Developers of modei-based systems believe that
these systems will be able to solve novel problems, whereas expert systems can only solve problems with
which an expert is familiar.

33 HUMAN PERFORMANCE IMPLICATIONS OF ARTIFICIAL INTELLIGENCE
APPROACHES

The human performance impiications of using an antificial intelligence-based probiem solver are many.
All of these systems revolve around the ‘machine expert’ paradigm, in which the computer controls all
problem-solving activitics. One problem with the maching expert paradigm is that because computers do
net have access 1o the ‘world’, they must rely on a person 1o supply all relevant data about the world.
Thus, the machine expert directs tests 10 be run and requests the results of those tests. Based on these
data, the computer requests more informalion or reaches a conclusion, and that conciusion may bhe
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erroneous. In the words of one cognitive engineering researcher, the human is reduced to a "data gatherer
and solution filter” for the machine.

One problem associated with this lack of environmental access is that the person may have knowledge that
the computer does not. Since die computer directs the problem solving, it may never ask for information
that may be critical 16 successfully solving the problem. Furthermore, there is usually no provision for
the operator to volunteer such information. The person may even have different goals than the niachine
or may not know what the machine's goals are when it is attempting to solve a particular problem.
Additionai difficulties arise when the human operator accidentally enters the wrong data or when he/she
misinterprets a request from the compuier. Suchman (1987) discusses the problems of human meachine
communication at length.

Probably the biggest problem associated with expert systems is that they are brittle. As mentioned above,
expert systems can only solve probiems that the human expert has seen or remembers (0 discuss with the
knowledge engineer. People (either experts or expent system designers) simply cannot anticipate all of
the environmental variability encountered in the world. This leads to the tragic irony of such systems:
expert systems are most needed when a problem is difficult, and that is precisely when the expert systems
fzil. The upshot is that the human operator is left to solve a difficult problem without the benelit of
having developed expertise through solving other problems, because those were handled by the expert
system!

All of these problems and more arose in a study by Roth, Bennett, and Woods (1987}, in which the
authors observed technicians using an expert system to troubleshoot an electre-mechanical device. One
of the major findings of the study was that only those technicians who were actively involved in the
problem solving process and performed activities beyoend those requested by the expert system were able
to complete the tasks. The technicians who passively performed only those activities requested by the
expert system were unable to reach solutions on any but the most trivial tasks.

The above should not be interpreted as a condemnation of all uses of artiticial intelligence techniques,
however. Indeed, artificial intelligence has greatly advanced our understanding of the capabilities, as well
as the limitations, of computational tools. Prudent use of such technigues can greatly enhance the ability
of a cognitive engineer to provide operaiors with powerful problem solving tools.

3.4 EMERGING TECHNOLOGIES

Continued advances in hardware and software technologies will further increase the cognitive engineer’s
design repertoire. Indeed, there are many emerging technologies that could be profitubly used in
maintenance job aids. Advances in computer hardware, dispiay hardware, and object modeiing all have
great potential o improve job aiding capabilities. Each of these is discussed below,

3.4.1 Advances in Computer Hardware

As computer hardware has become smaller and more powerful, there has been a progression 1 smaller,
more portable job aids. Whereas earlier job aids ran on minicompuiers, then worksiations and personil
computers, newer job aids are being designed using laptops. There is no reason (o believe that the laplop

computer is the smallest, lightest compulter that will be developed, however.  Indeed. the NCR NotePPad
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has recently been introduced. This computer is pen-based; that is, all input is performed via a pen stylus,
rather than through a keyboard or mouse. The NotePad is light enough that it can be easily held in one
hand, which greatly facilitates taking it to the maintenance site. The NotePad is relatively quick, it has
reasonably large storage capacity, and it has limited handwriting recognition abilities.

An aviation industry working group is currently defining the standards for a ‘Portable Maintenance Access
Terminal’ (PMAT) for use in commercial aviation. As currently conceived, the PMAT would connect 10
the ‘Onboard Maintenance Systems’ of current aircraft and would be used for troubleshooting. Because
the emphasis is on poriability, it is likely ihat something similar to the NotePad or a standard laptop
computer will be specified.

Another emerging hardware technology is the use of ‘built-in test eguipment” (BITE) in engineered
systems, no doubt due in part to the widespread use of microprocessors. BITE likely does not eliminate
the maintenance technician, however, because it may be difficult to implement such equipment in
mechanical systems or in very complex systems. Indeed, BITE may introduce additional problems for
maintenance p2ople because there is a lack of standardization on how BITE should operate; thus, there
may be confusion when dealing with similar, but different, BITE. Further complications may arise gue
10 issues of granularity in BITE; BITE may simply indicale that a piece of equipment is not functioning
properly. without indicating the specific nature of the malfunction or withowt indicating which component
must be repaired or replaced. Another issue is: What happens when the BITE malfunctions?

3.42 Advances in Display Hardware

One of the surveyed systems used a personal computer to control a slide projector for displaying
maintenance graphics. Several of the systems used a computer-controtled video disk for such displays.
With the advent of digital cameras and compact disc-interactive {CDI) iechnology, systems with higher
fidelity and portabiliity can be achieved. Appropriaiely designed CDI systems could store many views of
the objeci(s) being serviced, as well as maintenance procedures and information. Indeed, what graphics
were displayed would depend on the fault manifestations. Furthermore, well-designed CDI systems would
allow the technician to troubleshoot by hypothesizing a failed component and watching how a simulation
of the system performed. Similarly, the technician could replace a component in the simulation and see
the results. In this manner, the technician could develop expertise more guickly than learmning on-the-job
(because the technician would have control over what aspects he was learning, rather than relying on
whatever malfunction happened to occur).

3.43 Advances in Object Modeling

An extension of the three-dimensional model discussed above is virtual reality.  Virtual reality has
received a lot of attention as a result of the Defense Advanced Research Project Agency’s development
of the ‘Pilot’s Associaie Program’ and consists of replacing an operator’s view of the ‘real world” with
a simulated view of that world. Thus, real world objects are replaced with simulations cf those objects.
One possible use of virtual reality would be to allow the maintenance technician to ‘stand’ inside a device,
such as an engine, and watch how it functions, both normally and with failed components. The technician
could also see the effects of replacing components, similar 1o the CDI sysiem above, but with the benefit
of ohserving the effects more direclly. As with CD, the technician need not replace the actual system
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components, but may replace components in the simulation of that system. The uses of virmal reality
appear to be limited only by the job aid designer’s imagination.

35 HUMAN PERFORMANCE IMPLICATIONS OF EMERGING TECHNOLOGIES

While many past approaches to job performance aids sought to replace human expertise with machine
expertise, there is a growing appreciation for the importance of human skill. The machine expert paradigm
sought to overcome human information processing ‘limitations” with a computer prosthesis. However,
even computers are limited resource processors. A more enlightened approach is to view computers as
tools to amplify human capabilities, not overcome limitations. In this sense, computers can be seen to be
like other tools, such as telescopes or automobiles: they are instruments which provide additional
resources for achieving our needs and desires. Woods and Roth (1988) discussed the above issues and
addressed many more cognitive engineering issues inherent to developing Systems that have powerful
computational abilities.

Technology is not a panacea; each new technology brings with it significant drawbacks, as well as
benefits. The challenge to designers is to use emerging technologies 1o buiid cooperative systems, in
which both the human and the computer are actively involved in the problem solving process. Humans
can no longer be regarded as passive ‘users’ of technology, but as competent domain practitioners with
knowledge and abilitics which are difficuit to replace. The following section discusses a study which
addressed just such issues.

3.6 A STUDY OF HUMAN PERFORMANCE WITH A COOPERATIVE SYSTEM

A study which addressed soime of the humen performance issues discussed above was carried out as part
of the author’s graduate program (Layton, 1992). This study compared three different levels of computer
support on the basis of their effects on human performance. Although the domain for which the systems
were developed was enroute flight planning, the general principles behind the alternative designs can be
applied to deveioping aviaiion mairtenance aids, as weil. The following is & discussion of enroute flight
planning, the design concepis behind the three levels of computer support, the method employed for
comparing the various systems, the general outcomes of the study. and the implications of those outcomes
for developing aircraft maintenance job aids.

3.6.1 Enroute Flight Planning

Enroute flight planning consists of modifying the flight plan of an airborne aircraft in response to changes
in the capabilities of the aircraft, to crew or passenger emergencies, te changes in weather conditions,
and/or to problems at the destination airport. The study focused on flight plan adaptation in response to
changes in weather conditions. From a pilot’s perspective, the components important to enroute flight
planning include the airplane, possible flight roules, weather conditions, and airline company dispaichers.
The pilot is concerned with getting from a given origin to a given destination on time, with a minimum
of fuel consumed, while maintaining flight safety. He/she must consider what routes to take (these routes
consist of waypoints, or navigationa! points, and jet routes, the so-called "highways in the sky”), what
altitudes to fly, what weather to avoid, and the ever-changing capabilities of the aircraft (eg. the weight
of the plane decreases with fuel consumption; the lighter the plane, the higher it can fiy, within limits).
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The initial flight plan is rarely followed exactly, due to unioreseen evenis occurring while enroute.
Indeed, minor changes in flight plans are frequently made and major changes are fairly common. These
amendments to the original result from the dynamic, unpredictable nature of the ‘world’ in which the plans
are carried out. Weather patterns do not always develop as predicted, resulting in unexpected areas of
turbulence, less favorable winds, or storms that rust be avoided. Air waffic congestion may delay take-off
or restrict the plane to lower-than-planned altitudes. Airport or runway closures can cause major
disruptions, not just for one aircraft, but for everyone planning on landing at that airport. Mechanical
failures, medical emergencies, or other critical problems may delay take-off or may force an airborne plane
to divert to a nearby airport.

Furthermore, there are several constraints on the flight plans that can be developed. Planes must maintain
a certain separation distance between each other and between thunderstorm cells, as specified in the
Federal Air Regulations. Planes must fly along the jet routes. They are also limited to certain altitudes.
Over the continental United Statcs, for example, 33,000 feet is an “eastbound only’ altitude. There are
aiso physical limitations: the plane can't fiy if it is out of fuel and it can’t land at an dirport with runways
that are too short. Some of these constraints are actually "soft’, in that they may be violated in some
circumstances. If, for instance, there is no eastbound traffic, Air Traffic Conirol (ATC) may allow a plane
to fly west at an ‘eastbound only’ altilede. Si..aiarly, ATC may approve a vector that deviates from the
Jjet routes in order to avoid a storm or to save fuel.

3.6.2 System Design Concapts

It is clear that enroute flight planning is a complex activity, but it is not clear how humans deal with these
complexities or how one might program a computer to choose the 'optitaum’ solution to any given
problem, For instance, how does one make tradeoffs between fuel conservation, flight safety, and prompt
arrival at the destination? Because pilots make such tradeoffs on a routine basis. one goal of the study
was 1o develep a system to support the pilots in making such decisions. There is a heavy emphasis,
therefore, on allowing the pilots to expiore "what if" types of questions so that they could gain feedback
on the impaci of a planning decision on fiight parameters.

The three levels of computer support corresponded 1o successively greater fiight pianning power.
Common to all three systems were: 1. a map display which consisted of the continental United States,
the aircraft, and flight routes; 2. & representation of a flight log, which included the fight route and
altitudes; and, 3. a display of flight parameters. These three items were displayed on two monitors.
Figure 3.1 depicts the map displays and controls, and Figure 3.2 depicts the flight log display and
centrols and the flight parameter display. The pilot could elect to display weather data, waypoeints, and
jet routes on the map display. The lowest level of enroute flight planning support provided the pilot with
the ability to sketch proposed flight plans on the map, in accordance with the waypoint and jet route
structure. The latter condition required 2 pilot to sketch routes one waypoint at a time. Once the pilot
completed a proposed flight plan, in terms of geographic Iocation, the computer responded with various
flight parameters, such as time of arrival and fuel remaining at the destination. The computer also
indicated whether the flight was predicted to encounter any turbulence and the severity of that turbulence.
The computer also proposed the most fuel efficient vertical flight profile for the proposed route. This
form of support encouraged e pilots 10 propose options and see their effects on flight parameters. This
form of support is referred to as the ‘skeiching only’ system.
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The next level of computer support incorporated the sketching form of interaction, but also included a
method for placing constraints on a desired solution and allowing the computer to propose a solution
which satisfied these constraints. For instance, the pilot could place limits on the maximum severity of
turbulence and precipitation eacountered, and could specify the desired destination. The computer would
then perform a search of the data and

solution spaces and propose a route
that satisfied the pilot’s constraints I .
while minimizing fuel consumption. ; oty
This proposed route would include
both the geographic route and the
verticai profile, along with its
associated flight parameters. This form
of flight planning causes the piloi 10
plan at a more abstract ievel than the
sketching form of interaction, because
the pilot is abie to think about the
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3.6.3 Study Method

Thirty male commercial airline pilots were randomly assigned to one of three weatment conditions,
wherein each condition consisted of one of the three forms of computer support described above. There
were ten subjects in each condition. Each pilot was trained for approximately one hour on his system
prior to solving four enroute flight planning cases. Each case consisted of a planned flight that was
disrupted because of a change in weather conditions. The task for the pilot was to decide what to do in
each situation. All of the pilots solved the four cases in the same order. It 100k approximately an hour
and a half to solve the four cases.

3.64 Study Results

Each of the four cases provided some interesting insights into the influences of computer tools on human
behaviors. The overriding results of each of the four cases are discussed below.

3.6.4.1 Case 1 Genera’ lesuits

In the first case, most of the subjects in the ‘route constrainis and sketching” and the ‘auvtomatic route
constraints, roule constraints, and sketching” conditions chose to fly the compuier-suggested route {os
expected). However, the ‘sketching only” subjects tended to choose routes that were more robust; that
is, these subjects put more distance beiween the aircraft and the storm. These subjects commented that
they would like 10 have more distance from the storin than afforded by a more direct route {(such as the
one suggested by the computer in the other iwo treatment conditions). Furthermore, the ‘sketching only’
subjects were more apt to explore multiple routes and multiple types of routes, than were the subjects in
the other two groups. These resulis suggest that the sketching form of interaction caused the subjects to
consider the data more carcfully than did the route constraints toal.  One reason for this result is that the
sketching tool gave the subjects the opportunity to consider the relationships of various route options and
the weather at several points and to consider the robusiness of those options given the uncertainties
associated with weather. The constraints 100!, on the other hand, did not encourage such behavior, and,
indeed, the subjects using that tool may have been under the impression thag the computer was considering
the robusiness of routes, when in fact #t was not.  If the skeiching too! encouraged more careful
examinadon cf the data than did the constrainis 1o0), and this behavior persisied. ong could imagine
sitvations wherein the constrainis (ool could lead 1o bad decisions.

3.6.4.2 Case 2 General Results

White Case 1 provided evidence for the benefits of tools that make the operator the sole decision maker,
Case 2 provided evidence to the conrary. In Case 2, the ‘skeiching only’ subjects had significant
difficulty, as 2 group, in searching the relmively large data and solution spaces. Many of the routes
explored by these subjects passed through strong turbulence. Indeed. four of these ten subjects chose
deviations that exacted a high fuel consumption cost, either because they could not find a2 more efficient
route around/through the weather or because they did not examine wind data which would have indicated
that their chosen route encountered strong head winds. By contrast. the subjects in the ‘roule constraims
and sketching” and ‘automatic route constraints, route consiraints, and sketching’ groups suceessfully used
the computer o rapidly find a fuel efficient deviation that aveided all of the weather, Furthermore, nearly
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all of the subjects who chose an inefficient deviation later stated that they preferred the more efficient
deviation suggested by the computer to the other groups.

3.6.4.3 Case 3 General Results

As noted in the discussion of Case 1, the ‘sketchirg only’ subjects chose rather different solutions than
did the ‘route consiraints and skeiching” and the ‘autcmatic route constraints, etc.” subjects. Furthermore,
it was hypothesized that the ‘sketching only’ subjects were more involved in the problem solving process
than were the subjects in the other two groups. The third case was designed 1o address the issues related
to what happens when the automatic tcols suggest questionable solutions: Does the operator recognize
that the solution may not be appropriate? Assuming the operator does recognize that the solution is
inappropriate, can he readily come up with a better solution?

In Case 3, the computer suggested two different roumes in the ‘route constrains and sketching’ and
‘automatic route constraints, etc.” conditions, depending upon the consiraints placed on it. One deviation
passed between two large thunderstorm cells of a volatile storm, which is a risky practice, at best; this
route was suggested on the basis of no turbulence and no precipitaticn. The other route avoiced the bulk
of the weather, at the cost of slightly higher fuel consumption and a small amount of turbulence; this route
was suggested on the basis of light chop {(or greater) turbulence and light (or heavier) precipitation. The
trend in this case was for the ‘route constraints and sketching’ and the ‘automatic route constraints, route
consiraints, and sketching’ subjects to choose the first route more frequently than the ‘sketching only’
subjects. If these subiects had not examined both routes, then it would suggest that these subjects were
simply over-reliant on the computer. However, several of the subjects in the ‘roule consiraints and
sketching” and ‘automatic route constraints, etc.” groups examined both routes before choosing the more
risky route; thus, these subjects chose 2 risky route despite evidence that it may have been a poor choice
and that a better option existed. These subjects rearly unanimously changed their minds when later
questioned abou! their decisions.

With few exceptions, the ‘sketching ouly” subjects planned very conservative deviations thai compictely
avoided the weather. However, the ‘sketching only’ subjects had considerable difficulty in finding
acceptable deviations. In fact, one subject chose a deviation that was predicted 1o ¢t into his reguired
ianding fuel roserves prior 1o arrival at the destinaiion. Thus. even though the “skeiching only’ sobjects
may have considered the data very carefully, the problem was sufficiently complex that they would have
benefitted from some computer assistance.

3.6.4.4 Case 4 General Results

Case 4 provided some interesting resulis with regard 1o individoal differences and with regard 10 the
infiuence of computer recommendations. The “sketching only’ and ‘route consuraints and sketching’
subiects were nearly evenly divided between a fuel efficient deviation and a robust deviation. When asked
about his decision, one of the ‘sketching only’ subjects made the comment that the decision depended on
the persor’s roie in flying the aircraft at the fime: if the captain were flying that leg, he woulé go one
way so that he could look at the siorm, but if the first officer were flying that leg, he'd go the other way
around so that he could seg the storm. Obviously this is an extreme example, but it underscores the role
of individual differences in decision making.
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Unlike the subjects in the other two groups, the ‘antomaiic toute constanis, route consirainis, and
sketching’ subjects. were more likely to choese the computer-suggesied. economical route, ever when they
had explored both routes. Combined with the results of Case 3, this resull suggests that the computer
exerts a strong influence on decision making when it recommends a solution at the enset of a probleni.

3.6.5 Study Conclusions

The goal of the research was not 1o deteruine which particular version of an earoute flight planniag tool
resulied in the best human performance.  Rather, onme goal was 10 see how human behaviors were
influenced by the tools available. Subjects who had muldpic tools available to them (the ‘route constrainis
and sketching’ subjects and the “automatic route constraints, roule constraints. and sketching” subjects)
were able to use them to develop alternative plans. In fact, there were many instances i which the
solution recommended by the computer did not meet the needs of the pilots, so the pilots developed their
own plans through sketching. Thus. not only is there a need for wols that ailow the operator to go beyond
a compuier’s solution, but there is a need to support individual ditferences, as well,

The subjects who had only the sketching ol available w them closely examined the available daia. As
a resuli, these subjects often planned rebust deviations that would not need to be aliered if there were
further changes in the weather. Where these subjects ran into difficulties. however, was in situations in
which there were a lot of potential solutions and there was a large amnount of data.  In such situations.,
these subjects had wouble finding appropriate selutions.  Indeed. some of these subjects made poor
decisions because of these difficulties. The subjects who had some form of computer assistance were able
to more efficiently search these spaces, but with some costs.

The too! that autmnatically svuggested a solution o the problem as soon as it was detected did not
encourage the subjects to closely examine the data. Whiie this fact did not cause problems in somie cases,
it clearly did lead to bad decisions in others. Furthermore, the avtomatic tool’s influence on decision
making went beyond simple over-reliance to the point where it suified attention from data which were
important fo making a good decision.

3.6.6 Implications for Maintenance Job Aids

The conclusions outlined above can be readily applied to developing maintenance job aids. For instance.
one of the conclusions is that there is a aeed for 1o0ls that allow an operator (o go bevond a computer's
solution. As discussed above, particularly with regard to Case 3. and as discussed by Roth. Bennett, and
Woods (1987) and Suchman (1987), operators frequently have knowledge or information which is not
availabie to the computer, but which is critical to making a good decision. By giving the authority and
responsibility for decision making o the operaioer, and by providing 2 toof which supports the operators
activities {rather than the other way around), the opcrator is free o explofe solttions that may not have
been designed into a machine expert.

Another conclusion reached by the above study was that the form of ool thal reguired a person 1 make
a series of decisions (the sketching tol) encouraged the operator 1o think hard about the probiem and o
consider the avaiiable data at a deeper level, than did the form of teol that encouraged the operator o
make a single “yes’ or ‘no’ decision {the automalic roufe constraints tood)  In this regard, the conclusion
supports the rotion that designers need w0 "keep the person in the loop”™.
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However, another conclusion of the above study was that “Keeping the person it ihe loop” did not provide
adequate support in some situations.  Indeed. in some of the cases (such ay Cases 2 and 3) some of the
operators were simply unable to find adequate solutions on their vwn, These operators could have used
some help from a computer in exploring solution possibilities. In such situations this is rarely a reflection
of human “limitations’, rather it is an indication of the difficulty of the problenn  In maintenance. for
instance, diagnosing multipie. interacting faults is a difficult problem. One symptom may be charactensig
of several faults, or one fault may mask the presence of anothier. A tos! which helps w0 focus the
diagrostician’s attention and eliminate faise leads would be very beneticial

Finally, it is important to realize that each person has a different style of decision making: two peoph, who
complete the same training course on a given method for dealing with a problent may use shightly diierent
approaches.  Such differences are likely w increase with expericnee as cach person fearns methods that
consistently work for him/her.  Indeed. experts often use several different approaches o solving truly
difficult problems because each approach has unigue Hmitations as well as unigue benelits. For instance.
knowledge of thermodynamics muy heyps focalize a Tl wo 2 heat exchunger. bur knowledyge of cireulis
may lead one o test the power supply W the heat exchanger. as well, Thux, tools need o be tlexibie w
support such individual difivrences. rather than use a singje, lockstep approuch. as in the case o3 "2xpert’
systems.  (Note that although some expent systems de lncorporate the observable compoenents of sweh
methods, they de not allow the operzior direct access to those methods. Because the koowledge and
capabilities of such systems are necessanily incomplete, the systems are “britile” in the face of difficult
problems, as discussed above in Section 3.4)

7 RESEARCH AND DEVELOPMENT PLAN

The above discussion points 1o the chalienge tfor cognitive engineers imohved in designing mainionamee
job aids: build systems that capitalize on both human sireagths and compuier strengths so that sk
performance is improved.  As outlined ahove. because of relatively recent advances 10 hardware and
software, it is possibie to use sophisticated computationy] technijues (e, cooperalive sysivnl wohniques?
to develop real time. computer-based job aids for a wide range ol wechnical asss, Furthermore, hardware
like the NCR NoiePad will make it easier for people without previeus compater raining o ase such job
aids. We are working with the Flighi Standards Senvice of the FAA 1o develep a Pontuble Performance
Support System (PPSS) to sid Aviatton Safety Inspectors in their daily activities. The inilzad focus of this
ceffort is on the tasks performed by Alrwonhiness (maintenance) Inspectors. particuiwrh ihe Ramp
Inspections task.  Inspeciors necd aceoss o many of the same bhpes of information tha! mantenance
technicians use. Inspectors must also document their activitios and the outconics of those activities. We
are taking a three Phase approach o developing 2 PPSS: Phase I oalready wnderway, will identity a
prospective task and perform an intormation needs analvsis for that sk during Phase 1T we will dosign
and devetop a prototype PPSS for the tsk: and we will create 2 plan tor the development ol the prototype
into a fuliv functdonal system during Phase L Fach of these phases s desenbed more oty boiow,

A.7.1  Phase i: Problem Definition and Information Needs Analyvsis for Aviation Safety Inspectors
Goai:  Idendty a tvpical task for which g compuler-hased job aid iy 2o appropniate application and

copduct appropriaie information needs anadyvsis (o deling the work envitonment and informaton needs tor
aviation safety personnel.
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We are working with the personrel of the Fort Lauderdale Flight Standards District Qffice (FSDO) w0
help identify an appropriate task for computer-based job aiding. Such a task should be one which is
typical for the personnel, but which may require some expericnce 1o attain proficiency. This Phase of the
research is an ongoing process continued throughout the life of the project.

The task initially proposed to the Fort Lauderdale FSDQ is cne of an Airworthiness inspector performing
Ramp Inspections. Ramp Inspections are used to verify aircraft airworthiness iust prior to a planned flight.
The inspectors walk around the aircraft, identifying problem areas and gocumenting those problems on
a Program Tracking and Reporting Subsystem (PTES) “urm (if an aircraft meets safety standards, that
information is noted on the same form). The PTRS form is used to document all activities in which
inspectors are involved; such activities include accident/incident investigation, airman ceriification, flight
school certification, etc. Inspectors also use paper-based "job aids”, which are essentially checklists, to
assist them in their activities. Filling out forms and following check'ists are the types of activities for
which the NotePad was designed. Therefore, such tasks are amenable o transfer o pen-computer
techinology. Furthermore, the computer allows muliiple forms to be linked together such that entries in
one form are auiomaticaily propagated to all related forms; this approach would eiiminate the duplicate
entry of data which curreniiv occurs. Finuity, PTRS forms are currenily recorded in paper format and
given to data entry clerks who must interpret the inspector’s handwriting and transfer the data 1o the
FSDO’s locai computer-based database (which feeds into the national PTRS database). The PTRS data
collected on a PPSS will be in a format that can be directly transferred into a FSDO's focat PTRS
database. thus eliminating the intermediate manual data entry step.

Inspectors must alsc have access o large amounts of information, such as Federa! Aviation Regulations,
Inspector’s Handbooks. Airworthiness Directives. Advisory Circulars, etc.  Whereas inspectors must
currently retain hard copies of such information or refer to the FAA’s mainframe repository, it can become
cumbersome to access and track this information. This sugges:s that a hypermedia on-line documentation
system can be beneficial to the inspectors. This system can run off either the NotePad’s internal hard
drive or an externzl CD ROM device. Such anr on-line documentaon will facilitete rapid access 1o up
io date information.

Based on ipitial conversations with the Flight Siandards Service, it appears ihai a PPSS will:

. Provide inspectors with an integraied, linked form sysiem
. Provide a means to reduece data entry performed by clerks
. Provide on-line documentation. inciuding FARs. hundbooks, etc.

3.7.2 FPhase II: Desigr ang Development of 2 Prototype Portable Performance Support System

Goal:  Buiid and demonstraie 2 protoiype Portable Performance Support System 1o support Aviation
Saiety inspectors doing Ramp Inspections,

This phase will invoive several iterations of development and demonstration. Rapid prototvping of the
PPSS will permit us (o demonstrate ihe system o inspectors for guick feedback about the design and
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content of the system. W2 will work ciosely with the inspeciors during this phase to ensure the accuracy
of the information and the usability of the PPSS. While these evaluations will primarily involve the
airworthiness inspectors, it is extremely helpful 0 have other inspectors evaluate the PPSS, because they
can provide a fresh perspective and would be likely to identify additional areas for improvement.

373 |Phase IIl: Create a Plan for the Development of the Prototype System into a Fully
Operationai System

Goal:  Create a pian t convent the prototype PPSS into a fully operational system for evaluation and
integration into the work environment.

This phase will require a formal review of the prototype PPSS 1o identify its strengths and weakness.
Following this review, a plan will be developed to fully implement the PPSS. The plan will include the
design of a study 1o evaluate the effectiveness of the PPSS in tite work enviroament.

3.8 SUMMARY

Several past approaches to maintenance job aiding were discussed with respect to their impact ok fiuman
performance. Such approaches have typically used a ‘machine expert” to guide technicians through the
maintenance process. However, the ‘machine expert’ paradigm has met with limited success in operational
environments because of problems with unaniicipated variability in the environment {(or ‘brittleness’).
extra-machine knowledge, and inflexibility. An aiternstive philosophy io developing sysiems was
presentod, cooperative systems, in which both the human and the computer are actively involved in the
problem solving process. This philosophy advocaies a change in perspeclive toward computers as 1o0ols
to assist people in their work, rather than as prostheses to overcome human “limitations’. The cooperative
problem solving paradigm capitalizes on the strengths of humans and computers in order 1o improve the
performance of both. A study which compared different versions of a ich aiding system designed with
using this philosophy was presented, along with implications for developing maintenance job aids.
Finally. a plan for developing a poriabie performance support system for aviation safety inspectors was
presented,
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Chapter 3 Appendix

Annotated References
Aerospace maintenance. (1986, December). Aerospace America. p. 46.
Article describes artificial intelligence software that continuously monitors systems, isolates faults. and
indicates fault presence, on Boeing BIB bomber. The system is projected to save $260 million in
maintenance. Also discusses an F/A-18 on board maintenance processor that creates data files in flight

10 be later processed by an expert system. See also "Al to help keep..."

Ahrens, R. B., Marsh, A., & Shannon, P. A, (1984, November). 3B20D computer: Maintenance with
a mind of its own. Record. pp. 16-19.

Discusses replacement of pancl status indicators with microcomputer siatus indicators for maintenance.
Al to heip keep aircrafi flying. (1986, June 12). Machine Design. p. 4.

‘Avionics Integrated Maintenance Expent System’ (AIMES) was developed by McDonnell Douglas 10
monitor circuit cards in flight on F/A-18 Hornet. AIMES can identify which card has a failed component.

See also "McDonneli Douglas...”

Armor, A, F. (1989, July). Expert systems for power plants: The floodgates are opening. Power
Engineering, pp. 29-33.

Discusses the future of expert systems in the power industry. particularly for failure prevention and
diagnosis.

Artificial intelligence to aid in war on potholes. (1985, December 12). Engineering News-Record, p.
215.

Describes research and development effornts at the University of California on a sysem for diagnosing and
repairing pavement faults.

Atwood, M. E,, Brooks, R., & Radlinski, E. R. {1986). Causal models: The next generation
of expert systems. Electrical Communication, 6002}, 180-184.

A concept paper that distinguishes between “shallow models’ (models that use empirical data to detect
previously observed faults) and ‘causal models’ (moedels that reason from functional models of system).

Barney, C. (1985, December 23). Expent system makes it easy to fix instruments.  Elecironics,
p. 26.

Describes an expert system for dizgnosing, repairing, and calibrating clectronic instruments. The system
frtas been applied 10 a signal-switching system. The sysiem is VAX based.
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Benedict, P., Tesser, H., & O’Mara. T. (1990, June). Sofiware diagnoses remote COMPULETS
automatically. Automation, pp. 46417,

Gruminan Data Systems and Grumman Systems Support developed 2 ‘Remote Diagnostic System’ (RDS)
that diagnoses computer malfunctions. The VAX-based system is fully automatic; there is no human
invelved in the diagnosis process. The RDS prints a prioritized list of suspect printed-circuit boards with
explanations on how the conclusions were reached. RDS can also serve as a consultant {0 a human
diggnostician. RDS was designed to perform with the proficiency of aa intermiediate level diagnostician
and to serve as the tool to be used first in diagnosing problems. The RDS combines rule- and model-
based reasoring.

Bertheouex, P. M., Lai, W,, & Darjatmoko, A. (1989). Statistics-based approach to wastewater
ireatment plant operations. Journal of Environmenial Engineering, 113, 650-671.

Describes an expert system for daily operation of wastewater (reatment plant. Uses d-Base II and Lows
1.2-3.

Bogard, W. T., Palusamy, S. 8., & Ciaramitaro, W. (1988, May). Apply avtomation to diagnostics,
predictive mainienance in planis. Power, pp. 27-32.

The ‘Advanced Diagnostic and Predictive-Maintenance System’ is a system for monitoring and diagnosing
problems at nuclear and fossil power plants. The system also schedules ‘predictive maintenance’, wherein
maintenance is scheduled based on performance trends. The article describes system modules, with an
emphasis on trend monitoring and preventive maintenance.

Bretz, E. A. (1990, July). Expert systems ¢nhance decision-making abilities of O&M personnel.
Electrical World, pp. 39-43.

Overview of several expert systems. Houston Lighting and Power Co. uses three systems: a materials
management system that tracks spare parts and supplies, a maintenance management controls system that
consolidates and standardizes methods for requesting and tracking maintenance, and an expert management
scheduling system that generates reports and creates schedules.

Westinghouse Electric Corp. developed ‘Argus’, an alarm response advisor. Argus details alarm causes
and required responses. The system collects data on-line, diagnoses problems, and makes
recommendations.

Computational Systems, Inc. developed an expert sysiem for vibrational analysis of rotating machinery.
Chubu Elecuric Power Co. and Toshiba Corp. developed a maintenance support expert system for iarge
turbine generators. The system handles complex and time-consuming tasks. A engineer enters a failure
into the system and the sysiem responds with other damages that may result from a suspected oot cause,

it gives standard repair methods and design specifications, and it displays the most likely failure sources.

Chubu Electric Power Co. and Mitsubishi Heavy Industries, Lid. developed an expert system for boiler
failure analysis and mainicnance planning. Failure analysis produces the most probable causes, guidelines
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for inspection, items to be investigated, repair methods, and suggested preventive mainienance. A
maintenance planning subsystem automatically prepares daily repair schedules, work estimation plans, and
work specifications.

Byrd, T. A., Markland, R. E., & Karwan, K. R. (1991, july-August). Keeping the helicopters
flying--using a knowledge-based tank support system to manage maintenance. [ulerfaces, pp. 53-62.

Discusses a knowledge-based system which generates reports for helicopter maintenance. The system
tracks helicopters and notifies maintenance staff of which helicopters are nearing regular inspections or
spectal inspections. Reports specify the time-between-overhaul componenis that will require maintenance
soon and give flying schedules prioritized on mission and maintenance needs. The system replaced a
cumbersome manual system.

Callahan, P. H. (1988, January-February). Expert systems for AT&T switched network maintenance.
AT&T Technical Journal, pp. 93-103,

Describes “Testing Operations Provisioning Administration System’ (TOPAS), a real-time. distributed,
multi-tasking expert system for switched circuit maintenance. TOPAS performs trouble analysis, fault
localization, and referral for network switches. TOPAS is claimed 1o do maintenance without human
intervention or ~¢nsultation.

Clancy, C. (1987, November). Qualitative reasoning in electronic fault diagnoesis.  Electrical
Engineering, pp. 141-145.

Describes an expert system for diagnosing switch mode power supplies by using a functional model.
Computer oversees maintenance. (1992). American Water Works Association Journal, 84, 107-108.
Discusses a pc-based preventive maintenance and training system for water mains.

Cue, R, W. & Muir, D. E. (1991). Engine performance monitoring and troubleshooting techniques for
the CF-18 aircraft. Journai of Engineering for Gas Turbines and Power, 113, 11-19.

Discusses the In-ilight Engine Condition Monitoring System (IECMS) as a foundaiion for ‘on-condition’
maintenance of fighter aircraft engines. On-condition maintenance actions are ungdertaken based on actoal
engine conditicns, rather than as preventive maintenance.  IECMS monitors and records engine
performance parameters, notifies the pilot when caution should be exercised, and records maintenance
codes when an operating limit has been exceeded. Data are stored on a removable tape canridge. The
article features several examples of data indicating normal and abnormal operating conditions.

Culp, C. H. (1989}, Expert systems in preveative maintenance and diagnostics. ASHRAE Journal, 31,
24-27,

Sales anticle on using expert systems for heating, ventilation. and air conditioning maintenance.
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Dallimonti, R. (1987, June 18). Smarter maintenance with expert systems. Plant Engineering.
pp. 51-56.

An introduction 10the prospects of using expert systems for mainienance. Surveys sysiems from Hughes
Aircraft Company, Rockwell International, and Campbell Soup Company.

de Kleer, J. (1990). Using crude probability estimaies 10 guide diagnosis. Artificial Intelligence. 45.
381-391.

Extension of *General Diagnostic Engine’ discussion in de Kleer and Williams.

de Kleer, J. & Williams, B. C. (1987). Diagnosing multple favits. Arificial Inielligence, 32.
97-130.

An academic discussion of a *General Diagnostic Engine’ for diagnosing multiple faulis. Combines
maodei-based prediction with sequential diagnosis (0 propose measuremients 0 diagnose faulis.

Dobson, R., & Wild, W. (i989. May). Plant’s computerized maintenance svsiem improves operations.
Power Engineering. pp. 30-32.

A Lotus Symphoeny-based system auvtomatically processes maintenance clearances for power plant.

Dohner, C. V., & Acierae, S. J. (1989, Augusy). Expert sysiems for gas-tuibine powerplanis
passes first wests. Power. pp. 63-64.

Citing the limited amount of troubleshooting and diagnostic information in the manufacturer’s maintenance
manuals, EPRI developed an expert system for gas-turbine power plants. A portabie peuses voice
recognition and synthesis and links 1o a pe in control room.  The control reom pe drives a video disk
player and a printer.

Doorley, R. (1988, August). Hydraulic trroubleshooting using an expent system.  Hydradies &
Preumatics, pp. 91-92.

Discusses the "MindMeld” system for steel mill hvdraulic equipment maintenance. MindMeoeld uses wst
equipment data and operator information to determine the likely cause of a probienm. See also Dooriey.,
(1989).

Doorley, R. B. (1989, June 22)  Expent sysiems probe hyvdrouhie taohis, Machine Design. pp.
89-92.

More on the “MindMeid" system for hydraulic equipment trogbleshoaiing in steel mitls. The pe-based
svstem focuses on faults that are difficult o locate and which require exiensive dismantling of machinery
if Iefi unrecognized.
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Expert system from AT&T Bell Laboratories is an ‘ACE’ at telephone cable analysis. (1983,
Ociober). Record, p. 1.

The *Automated Cable Expertise” systcm identifies trouble spots in telephone cable systems. ACE gives
repair histories of problematic areas and suggests comective action. The systém is automatic and runs
daily.

Expert system guides tube-failure investigations. (1989, August). FPower. p. 85.

Discusses an expert svsiem for boiler tube failure diagnosis and corrective action {(including non-
destructive examination. repair, welding. metallurgical tests, references). The system an be used to
determine tube failure mechanisms. The system aiso has a database for tube history. design. inspection.
maintenance and it provides context-sensitive information about repair practices. PC-based. linked 1o a
slide projector. See also Smith. (1989, December).

Expert system probes beneath the surface. (1990, January). Mechanical Engineering. p. 11

!‘~J

Britain's Central Electricity Generating Board developed an expert syvsten: for monitoring and analyzing
vibration patierns of turhine generators. The expert system uses “deep knowledge™ of cause and effect
relationships in turbine generators. The goal in developing the syvstem was 1o transter initial analysis from
specialist staff 1o engineering/operations staff.

Expert systems to hone jet engine maintenance. (1986, April 21). Design News, pp. 36-33.

Describes an expent system to diagnose engine malfunctions and facilitale preventive maintenance by
predicting when parts must be replaced. The system switches maintenance from a scheduied replacerient
basis 10 an “as-needed’ replacement basis. It uses gqualitative and historical maintenance data. The po-
based system was developed by the General Electric R&D Center in conjunciion wiih GE's Aireraft
Engine Business Group for the Air Foree,

FAA and NASA design program tfo improve humag performance. (1939, Mav 29 Aviusfon
Week & Space Technology. p. 115.

QOuulines joint FAA and NASA effor! o sponsor human  {actors research.

Foley, W, L. . & Sviros, J. G. (1939 Expent advisor program for rod pumping.  Journal of
Petroleum Technology, 41, 3934-300.

*EXPROD is an expert adviser prograin for rod-pumping diagnostics used by Chevron, The program
analvzes field data to identity equipment probicis and reconunend soluiions. EXPROD uses statistics
pattern recognition in conjunction with diggnostic rufes. Some worker expentise is il regaired w
diagnose problems. EXPROD muns on a4 microcompuler.

Folley. J. D.. & Hritz R. J. (1937, Aprili.  Embodded Al oxperi syxiem froubleshoots autonuded

assembly. Industrial Engineering, pp. 32-35.
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Discusses an expert system to assist technicians in diagnosing a cluich assembly machine. The expert
system uses a computer-conirolled video disk to indicate what the technician should be doing or looking
at.

Fault lamps above stations indicate malfunctioning assembly stations. The technician takes a monitor, 2
twe-button control, and a maintenance cart o the faulty station and plugs intc a jurction box connected
to the computer and video disk player. The technician selects the station or procedure from a menu and
the computer specifies tests or actions with graphics. The technician supplies data and the computer
specifies the next action.

GM unveils "Charley", an expert machine diagnostic system. (1988, May). /&CS, pp. 4-7.
Describes vibration analysis expert system for preduction machinery with rotating components. Charley
helps mechanics: 1. identify parts that need repair; 2. repair or adjust equipment prior to failure; 3. speed

up diagnosis; 4. distribute expertise; and 5. avoid fixing functioning equipment. See also Stovicek, (1991).

Gunhold, R., & Zetiel, J. (1986). System 12 in-factory testing. Electrical Communication, 60(2), 128-
134,

Describes a diagnostic expert system for ITT System 12 printed circuit board assermblies.

Hartenstein, A. (1988, january). Computer system controis all maintenance activides. FPublic
Works, p. 60.

The system maintains several types of records and schedules preventive and correciive maintenance. It
also issues work orders and monitors progress. It is a database system.

Hill, 8. (1990, February). Ask the expert. Water & Pollution Control, pp. 12-13.

Concept paper that discusses possibilities of expert systems to design wastewater treatment facilities and
control such plants.

Hughes, D. (1988, March 7). Digital develops special applications 1o meet diverse acrospace
needs. Aviation Week & Space Technology, pp. 51-53.

Jet fighter uses Al as troubleshooter. (1986, July 21). Design News, p. 20.
More on AIMES. See also "McDonnell Douglas..."

Keller, B. C. & Knutilla, T. R. (1990, Sepiember).  US. Army builds an Al diagnostic expent
system, by soldiers for scldicrs. Industrial Engineering. pp. 38-41.

Describes the ‘Puise Radar Intelligent Diagnostic Environment” for troubleshooting the Pulse Acquisition
Radar of 2 Hawk missile sysiem.
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King, I. J.; Chianese, R. B,, & Chow, M. P. (1988, December). viun dJdiagnostics relies on Al
transmissions from remote site. Power, pp. 57-60.

Describes a suite of on-line power plant diagnostic systems developed by Westinghouse Electric Corp.
Development geals were to maximize availability and efficiency and reduce forced-outage rates of turbine
generators. The systems identify worn or damaged components early. ‘ChemAID’ diagnoses problems
in the steam/water eycle; it determines the type, severity, and locaiion of waier chemisiry problems.
ChemAID assists the operator in determining the need for immediate or delayed action. It can also serve
as a consultant.

“TurbinAID’ diagnoses probiems in steam turbines. it diagnoses ihe conditicn and thermodynamic
performance of turbines and reports current and target performance parameters.

‘GenAID’ monitors trends for gas-cooled generators,

Kinnucan, P. (1985, November). A maintenance expert that never sleeps.  High Technology.
pp. 48-9.

The ‘Intelligent Machine Prognosticator’ (IMP) is an export systemn for maintenance of an epitaxial reactor
(equipment that ‘grows’ additional silicon crystais on silicon wafers), IMP diagnoses fauits and
recommends repair procedures. The system was developed because vendor support was difficult to obtain,
IMP reportedly reduced repair time by 36%.

Kolcom, E, H. (1589, January 2). Growing f{light, maintenance simulator market attracts many
competitors. Aviation Week & Space Technology, pp. 91-93.

Discusses proposed military experditures on simulators for maintenance training.
Layton, C. F. (1992). An investigation of the effects of cognitive tools on human adaptive planning in

the domain of enrpuie flight planning. Doctoral dissertation, The Ohio State University. Columbus,
OH.

Discusses a study which compared three different levels of computer support for enroute flight planning,
The study compared the behaviors of thinty professional airline pilots assigned randomly  each of three
treatment conditions {ten subjects per condition. each condition consisted of a different form of computer
support). The subjects were trained on system usc prior {0 solving four enroute flight planning scenarios.
The focus of the research was not on the principles used to design the enroute flight planning systems,
rather it was on what characterisiics the designs shared and what characteristics were anigue 10 a particulas
system. The purpose of the research was to study how these three sysiem designs. as examples of broader
classes of planning assistance tools, affecied enroute flight plunning, as an example of adaptive pianning.
The goals of this study were 16 develop a better understanding of the adapive plunming process and to
develop recommendations for designing tools t support that process.

Maintenance expert in a briefease. (1986, April). High Tecimology. p. 9.
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‘Mentor” is a portable expert system for routine maintenance and diagnosis of air conditioners. Mentor
keeps service records of each piece of equipment. The emphasis is on preventive maintenance.

Mazjstorovic, V. D. (1990, October). Expert systems for diagnosis and maintenance: Siate of
the art. Computers in Indusiry, p. 43-68.

Discussion of typical expert system components and survey of diagnosis and mainienance expert systens.
Discusses expert systems for maintenance of flexible manufacturing systems.

McDonnell Douglas flight tests Al maintenance data processor. (1986, February 17). Aviation Week
& Space Technology, p. 69.

Describes “Avionics Integrated Maintenance Expert System’” (AIMES) for F/A-18. AIMES gathers aircrafi
data and creates ilight files for later anaiysis. Production rules detect and isclate avionic failures at the
electronic card fevel. Analysis provides fauit data. the card name, and the reasoning that led to the fauk
isolation conclusion. AIMES is a self-contained con board system with a microprocessor and a data storage
cassette. AIMES includes BITE. See also "Al io help keep...”

McDowell, J. K., & Davis, J. F. (1991). Managing qualitative simulaton in knowledge-based
chemical diagnosis. AIChHE Journal, 37, 569-580.

An academic discussion of an approach for dealing with muliiple interacting faulis with an expert systen:.

Melhem, H. G., & Wentworth, J. A. (1990, March). FASTBRID: An expernt system for bridge fatigue.
Public Roads, pp. 109-117.

‘Fatigue Assessment of Sicel Bridges® is a training aid for bridge inspection and planning remedial actons.
It is also an advisory system Ior evaluadon of bridges. The advisory system helps organize fatigue
inspection, evaluate inspection resuits, and determineg a course of action.

Miller, D. M., Mellichamp, J. M., & Wang, J. (1990, November). An image enhanced. Knowledge
based expert svstem for mainenance trouble shooting. Cemputers in Indusiry, pp. 187-202.

Desctibes an expert system for diagnosis of the electricalhyvdraulic sysiem of an elecuric vty vehicle.
The vehicie syvsiem is difficult 1o diagnoese because faulis can be masked by behavior of equipment. The
expent system dispiays a limited number of photographs of a vehicle. The expent systermn is pe hased.

Miller, F. D., Rowland. J. R, & Siegfried, E. M, (i986, Junuary). ACE:  An expert sysiem
for preventive mainienance operations. Record. pp. 20-25.

Discusses the “Automated Cable Expeniise” (ACE) system for telephone cabic analysis. ACE is an
automatic report generator which runs datly, Seil also "Expert syvstem from AT&T Bell Laboratories..”.

Meoradian, 8., Thompson., E. D., & JenKins, M. A, (19581, Moy New idea in on-line disgnostics
improves plant performance. Power. pp. 29-31
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Discusses Westinghouse expert systems, particularly GenAID. See also King, Chianese. and Chow (1988,
December).

Nelson, B. C,, & Smith, T. J. (1990). User interaction with maintenance information: A performance
analysis of hypertext versus hardcopy formats. Proceedings of the Human Factors Society 34th Annual
Meeting, 229-233,

Research paper which discusses experimental results of comparing hypeniext versions of maintenance
manuals with hardcopy versions of those manuals. Subjects were slower with hypertext than hardcopy.
but preferred hypertext. Enhanced versions of manuals (hypertext and hardcopy) improved access 1o
information and comprehension of that information, but subjects did not recognize improvements.

Nordwall, B. D. (1989, June 19). CTA develops new computer System to speed civil aircrafl
mainienance. Aviation Week & Space Technology. pp. 153-157.

Describes the "Automated Mainterunce Management System”™ (AMMS) and the *Mobile Enhanced
Comprehensive Asset Management System’ (MECAMS) deveroped by CTA. Inc. The AMMS collects
inflight information on F/A-18 aircraft engines and stores it on a floppy disk for later analysis by
MECAMS. MECAMS runs on 2 laptop computer connectad to a minicomputer, which in turn could be
connected via satellite or phone link 1o a database of troubleshooting and logistics information. MECAMS
first identifies pericds when engine performance parameters are exceeded. then it assists technicians in
troubleshooting and maimaining the engines. CTA indicated that the F/A-18 engine system was a preof
of concept and was proposing that the same system could be extended to civil aircraft engines and
avionics.

NYNEX cuts costs in 40 offices using expert system. (1990, September). Industrial Engineering. pp.
g1-82.

‘Maintenance Administrator Expert” (MAX) diagnoses problems with residential and smail busines

telephone service. MAX interprets trouble report data in S-10 sec. as opposed to the 53-10 nin. a human
requires. MAX dispatches the correct technician and reduces false dispatches. The system reportedly
saves 34-6 million/yr. MAX was developed by NYNEX Science and Technology Center and runs on a
Sun 3/260.

Pauia, G. {1990, March} Expert system diagnoses transmission-line {aults.  Electrical World.
pp. S41-S42.

Describes an aviomatic expert system that uses a mathematicad model of & power ransmission system Jor
fault diagnosis. The expert system activates upon {aiture of the tramsmission sysiem and produces a

prioritized list of possible fault focations and their comresponding failure probabilities.

Ray, A. K. ({1991, June) Eguipment foult Giagnosis--a neutal network approach. Computers
in Industry. pp. 169-177.

Pescribes a systern designed for mechanical equipment dizgnosis in the steel indusiny.
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Reason, J. (1987, March). Expert systems promise to cut critical machine downtime, Power,
pp. 17-24.

Discusses prospects for continuous vibration monitcring systems, leading to automatic diagnostic systems.
The article also highlights several expent systems in the power industry. “Turbomac’ is an expert syslem
for diagnosing vibrations in large turbo machinery, particularly power generating facilities.

‘GenAid’ is an expert system developed by Westinghouse Electric Corp. for diagnosing hydrogen-cooled
electric generators. The purpose of GenAid was to avoid catastrophic failure. See also King, Chianese,
and Chow (1988, December).

The Central-Hudson Electric & Gas Corp. developed an expert system for scheduling outages. The
purpose Gf the system was {0 reduce the number of scheduled outages without compromising equipment
integrity. The system schedules outages for preventive maintenance at the first sign of trouble.

‘Transformer Gil Gas Analyst’ is an expernt system for detecting and diagnosing signs of impending
transformer failure.

General Electric developed an expert system for turbines. The system is portable, links to a video disk
display, and uses voice recognition for form fill-in or multiple choice input.

Rodriguez, G., & River, P. (1986, July). A practical approach to expert sysiems for safety and
diagnostics. InTech, pp. 53-57.

Describes an expert system for diagnosis of a 400/200 KV hybrid gas insulated substation of the Laguna
Verde Nuclear Power Station in Mexico. Engineers and literature provided information to build fault rees
to model loss of current to safety-related control boards. Sysiem objeciives were the timely diagnosis of
abnormal events or transients, and analysis of events leading to. and consequences of, an abnormal
situation.

Rotnr, E. M., Benneit, K. B.,, & Woods, D. D. (1987). Human interaction with an “intelligent”
machine. [International Journal of Man-Machine Studies, 27, 479-525.

Reports a study investigating technicians using an expert sysiem (o troubleshoot an electro-mechanical
device. The article documents common problems of *machine expert” problem solving systems. Only
technicians who were actively involved in the problem solving process and who performed actions in
addition to those requested by the expert system successfully completed the sample tasks. Technicians
who responded passively 10 expert system requests were unabie to solve the problems. This study should
be read by all those interested in improving human performance through computational support.

Rowan, D. A. (1988, May). Al enhances on-line fault diagnosis. InTech, pp. 52-35.

Describes ‘Fault Analysis Consultart’ (Falcon) for on-line fault diagnosis in a commercial chemical plant.
Falcon reasons from first principles and heuristic knowledge. Falcon went on-line in 1988,
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Rustace, P. (1988, June 9). Knowledge of an expert compressed on computer. The Engineer,
p- 44.

Discusses monitoring expert system for gas turbine-driven compressor sets.
Save plant know-how with expert systems. (1987, Augusty. Electrical World, pp. 54-55.
Discusses expert system (o resolve power plant control room alarms.

Schaaf, J. R. (1985, September). Computerization of sewer maintenance scheduling. Public
Works, pp. 128-129.

‘Computerization of Sewer Maintenance Operations” (COSMO) schedules routine cleaning operations.
COSMO also tracks performance, debris severity, and maintenance history and uses this information to
set cleaning priorities and schedule sewer cleaning. Database system.

Shifrin, C. A. (1985, October 28). Easiern computer system reduces maintenance layovers, staff
levels. Aviation Week & Space Technology, pp. 40-45.

Describes a computer system that includes computerized work cards to be filled in by maintenance
personnel. The system will also produce hard copies of tasks and checks. The work cards contain
detailed iastructions, warnings, and notes. The system aids in capacity planning through tracking line
slippage. schedule constraints, and manpower limitations.

The article also discusses a parts tracking and scheduling system.

Smith, D. J. (1987, May). Diagnostic analysis leads the way in preventive maintenance. Power
Engineering, pp. 12-19.

Describes ‘Process Diagnosis Sysiem’ (PDS) developed by Westinghouse R&D Center and Carnegie
Mellon University. PDS diagnoses problems with steam generators ard provides recommendations and
procedures for fixing the problems. PDS is claimed to cut down on ‘over-maintenance’, but prevent
‘breakdown maintenance’. The system monitors the condition of an operational plant and analyzes plant
data to detect incipient faults and deterioration. PDS uses this information to diagnose faults and predict
the duration of safe operation without maintenance. PDS also reconimends preventive maintenance tasks
to be performed during scheduled down periods.

Smith, D. J. (1989, January). Antificial intelligence--today’s new design and diagnostic tool.
Power Engineering, pp. 26-30.

Overview of Al applications in maintenance. The article describes the EPRI-developed “Gas Turbine
Expert System’ and a Weslinghouse-deveioped system for on-line valve diagnosis

Smith, D. J. (1983, December). Intelligent computer systems enhance power plant operations.
Power Engineering, pp. 21-26.
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Discusses several expert sysiems in use in the power industry. The ‘ESCARTA’ system for reducing
boiler tube failures has several uses: it permits an engineer to track down a failure mechanism, jt provides
non-destructive testing procedures, it provides welding procedures, it provides corrective actions for failure
repair, and it facilitates training. ESCARTA will show operators the comrect procedures for investigating
tube faiiures. It aiso suggests root causes that could have led to a failure. ESCARTA is pc¢ based.

‘Coal Quality Advisor’ assesses coal quality. The system helps assess cost and performance aspects of
using different coals or coal blends. it is pc based.

‘Smart Operator’s Aid for Power Piant Optimization” diagnoses causes of heat rate degradation on oil- and
gas-fired power plants. The system justifies its diagnosis through logic trees or messages. It also
recommends corrective acuons.

“TurbinAID’, ‘GenAlID’, and *ChemAID” make up a suite of expert systems for diagnosis of turbine
generators. The systems were developed by Westinghouse Electric Corp. See also King, Chianese, and
Chow (1988, Decemiber).

Stacklin, C. A. (1990, June). Pairing on-line diagnostics with real-time expert systems.  Power,
pp. 55-58.

Concept paper on using expert systems to reduce unscheduled down time.  Discusses fault trees, failure
modes and effects analyses, and pattern recognition.

Stein, K. J. (1988, March 14). Expert system technology spurs advances in training. maintenance.
Aviaiion Week & Space Technology, pp. 229-233.

Discusses emerging expert system technology in maintenance. The Navy Sea System Command’s
Integrated Diagnostic Support Systermn (1DSS) collects fault-related daia and isolates faults. The system
continually builds its knowledge base so that it becomes more efficient with use. IDSS will isolaie faults
to the microchip level by using fault trees. IDSS uses a touch screen, a flat panel display. and an
interactive maintenance tutorial on a video disk. IDSS is expecied to aid systems designers in building
self-diagnostics in new avionics systems.

The article also describes Flex-MATE for use with the USAF modular automatic test equipment.
Stovicek. D. (1991, February). Cloning knowledge. Auwtomation. pp. 46-48.

Discusses General Motors’ *Charley” system for vibration analysis of production equipment. Charley is
an expert system developed by GM’s Advanced Engineering Staff and is named and modeled after 2
retired vibration analysis expert. Charley contains three modules: 1. a rule-base for vibration analvsis.
2. a ‘vibration signature’ database. which contains the vibration curves of the various picces of equipment,
and, 3. a machine database. which contains historical data on ecach machine. Charley is used for failure
diagnosis, preventive maintenance, and training. Chariey can be used to answer “what i questions and
explains diagnosis strategies. Runs on a Sun computer. See also "GM unveils. "

Suchman, L. A, (1987). Plans and sitated actions: The problem of human machine communication.
7
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Discusses human action with respect to circumstantial variability and the difficuliies in communicating
such variability t0 a machine. Rigid problem solving on the part of the machine and misinterpretations
on the part of the human are some of the obstacles to successful human computer interaction discussed.

Suiton, G. (1986, January). Computers join the maintenance team. WATER Engineering &
Management, pp. 31-33.

‘Maintenance Management System’ (MMS) for water and wastewaler treatment facilities. MMS tracks
organization performance, determines resource utilization and work backlog, and makes personnel and

resource utilization projections. It also schedules preventive maintenance. MMS is a database system.

Thandasseri, M. (1986). Expert systems application for TXE4A exchanges. Electrical Communication,
60(2), 154-161.

Describes ‘Advance Maintenance Facility’, an expert system for fault identification. Normally the system
controls interactions, but it can be ‘ceatrotled’ by an operator. Qutput is corrective action and post-repair

tests.

Toms, M., & Patrick, J. (1987). Some components of fault-tinding. Human Faciors, 2903},
587-597.

Research paper on human performance in network fault-finding tasks.
Turpin, B. (1986, March 3). Anificial intelligence: Project needs. Design News, pp. 104-114.

Discusses expert system developed by Campbell Soup for diagnosing problems with ‘cookers’. The
system was built 1 replace a retiring technician with 25 years of experience.

The articie also discusses an expert system (Intelligent Machine Prognosticater) developed by Texas
Instruments for epitaxial reactor maintenance. See also Kinnucan (1985, November).

Users get expert advice on-site. (1987, March !2). ENVR, p. 2L

The ‘Exstra’ expert system troubleshoots mechanical equipmeni failures in compressors, water pumps, and
other rotating equipment. Exstra lists possible conclusions with likelihood ratings. It also evplains why
it asks partcular guestions. Exsira is VAX based.

Uttley, A. (1985, October 17). Compuier ‘expert” helps find faults. The Engineer. p. 76.

Describes expert system sheldl software.

Vanpelt, H. E., & Ashe. K. L. (1989, April). Ruadiation cxposure reduced with computer-aided
maintenance. FPower Engineering, pp. $H-42.
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Describes ‘Plant Radiological Status’ (PRS), a three dimensional computer model of a power generating
station and its equipment, developed by Duke Power Co. PRS is claimed to reduce mainicnance time and
radiation exposure by supporting planning activities. PRS identifies maintenance interference problems
(eg. restricted access) and available work space. PRS also facilitates access and interpretation of
radiological conditions in the plant; it identifies hot spots and contaminated areas.

Woods, D. D. & Roth, E. M. (1988). Cognitive engineering: Human problem solving with
tools. Human Factors, 30(4), 415-430.

Concept paper which describes the fundamental aspects of cognitive engineering. According to the
authors, "Cognitive engineering is an applied cognitive science that draws on the knowledge and
techniques of cognitive psychology and related disciplines to provide the foundation for principle-driven
design of person-machine systems." (p. 415 ). Like Roth, Bennett, & Woods (1987), this article should
be read by all those interested in supporting human performance through computational suppor?.

Yu, C-C,, & Lee, C. (1991). Fault diagnosis based on qualitative/guantitative process knowledge.
AIChE Journal, 37, pp. 617-628.

An academic discussion of an approach for combining qualitative and quantitative reasoning in an expert
system through fuzzy logic. Aside: Although fuzzy logic is a technique that is often used in artificial
intelligence because it doesn’t carry the overhead associated with Bayesian or other probability theory
based methods, it also lacks the mathematical rigor of the latter methods.
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Chapter Four
The FAA Aviation Maintenance Human Factors Hypermedia System

4.9 INTRODUCTION

The Federa! Aviation Administration (FAA) Aviation Maintenance Hypermedia Information System (HIS)
is part of the Office of Aviation Medicine (AAM) Human Factors in Aviation Maintenance Research
(HFAMR) program. The goal of the HIS project is to create new tools and methods for information
access and use and to provide these tools and methods for support of other HFAMR activities {e.g..
training and job aiding systems). These too!s and methods provide the vital information access component
for any computer-based aviation maintenance integrated information system (Johnson and Norton, 1992}

In its present state the HIS provides an environment 1o create and explore large collections of related
information. The HIS provides a simple, yet powerful, way of creaiing and following associations
between related pieces of information. Using the HIS. the user can browse and view information in a
variety of ways. This flexible method of information access and utilization is not available to users of
conventional text retrieval systems.

Publications and presentations from the HFAMR program are being placed into the HIS for the initial
domain. This material includes presentations from the first five Human Factors in Aviation Maintenance
Conferences, as well as complete material from the HFAMR Phasc 1 (Shepherd. et al., 1991) and Phase
IT Progress Reports. The resull is an on-line document that employs the latest hypermedia software
technology. More importantly. software tools and methods have been construcied that provide the ability
to quickly store, locate, and deliver information for a variety of aviation mainienance tasks.

4.1 PRACTICAL ASPECTS OF HYPERMEDIA

The fundamental nature of computer-based hypermedia is to structure information in 4 fashion that can
be quickly and randomly located. Conventional forms of media delivery (e.g.. books, television, video,
audio tapes, etc.) tend to be lingar in nature. The reader of this lingar informaiion typically starts at the
beginning of a presentation and progresses along a predetermined path (e.g., turning to the next page in
a book, or being forced to sit through commercials while watching TV). The reader or viewer of this
information often has little choice in determining what information comes next.

Hypermedia, on the other hand. arranges information in a form in which a reader or viewer can "bounce”
around between different segmenis of information (similar 10 a reader of 4 mystery book flipping to the
end of the story; or a reader of a technical manual first looking up a term in 2 index, and then going w
the correct page in the manual). This idea of associations, or links, between segments of information is
a core feature of hypermedia systems. An example of a typical hypermedia system is illustrated in Figuve
4.1.

For example, a hypermedia version of 2 car maintenance manual would first present the reader with a
diagram of a car. From this diagram, the reader would point o a particelar portion of the car {e.g., the
engine) and reguest more information. The hypermedia sysiem would then display a diagram of the
engine. The reader waould point fo an engine component (e.g., the battery} and the hypermedia system
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would then present a verbal description of the battery and tist possible roubleshooting advice dealing with
common batiery problems.

For the purposcs of this paper, the term &0 0 0
"hypernmedia® is used because the

research is not restricting the usage of o el
this system to only text - “hypertext.” Tk P W
The scope of this system has been Il 7 0

extended to include text, still images,
graphica! animaton, audio, and video -
"hypermedia”.

Lo%
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One of the advantages of using
hypermedia technology is its strong
support for easy access 1o items stored
in large collections of information.
Typically, structures of large
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collections of information are complex. s

This leads to various indexing schemes it E .

that are used 10 aid readers in locating S Y P ;
information {(e.g., tables of contents "
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and indices for books, Dewey Decimal -

and Library of Congress indexing for

libraries). Even with these schemes iu,\

particular piece of information may
still have limited success in locaiing
the desired information. Hypermedia Figure 4.1 A Typical Hypermedia System

systems extend the indexing of

information by providing associations. or links, between particular related picces of information. The idea
is to provide readers with the ability w0 access a general location in the information base using various
indexes and searching schemes. Then the reader can browse the general locations using specilic
associations 1o locate the desired information. To support browsing and exploration of information. the
presence of anchors (also often called buttons) is empioyed to signal 1he reader that related informaiion
is available {Duchastel, 1950).

however, someone searching for a 'l

The Intenpedia project at Brown University 18 2 very good example of hypermedia technology being
implemented for a large information space. Over a thousand pieces, or "nodes.” of informadon are
connected by over two thousand links. Intermedia presents the user with a graphical information browser,
a set of graphical editors for texi, graphics. imelines. animations, and videodisc data. a browser for link
information. and the ability to create and traverse links hetween any two selections in any documoent in
ihe sysiem (Haan. Kahn. Riley, Coombs, and Meyrowitz, 1992). The Intermiedia system iliustrutes the
ease in which informaton can be placed into hypermedia systems uand how that information can
immediately benefit other users of 1he sysiem.
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The Artifact-Based Collaboration (ABC) project at the University of North Carolina (Smith and Smith,
1991) is a good example of hypermedia technology being used (o support groups of individuals working
together to build large, complex structures, ABC has five components that include a graph server, a sct
of graph browsers, a set of data application programs, a shared window conferencing facility, and real-time
video and audio. ABC aiso demonstrates the ability of hypermedia technology to assimilate new
information and to quickly disseminate the information for immediate use,

4.2 THE FAA HYPERMEDIA SYSTEM

The overali goal of the FAA Hypermedia Information System (HIS) development is to study the prospects
and problems of creating an electronic document. The project will also determine how these technologies
can be used to impicve the delivery of information to support aviation maintenance.  Although focused
on one particular discipline, this development should produce results that heip to guide the development
of many kinds of future aviation maintenance support applications, hereafter referred to as FAA integrated
information systems.

4.2.1 Research Phases

The develepment of the HIS 1s divided into two phases that will be conducted over a two year peried.
The work began in July of 1991, The first cight months (Phase 1) were dedicaied 1o the prototype design
and development. The resuits of this phase have been:

D A functional on-line version of the Third FAA meeting on Human Factors Issues in Aircrafl
Maintenance and Inspection. This version is functionally equivajent to the final version 1o be
implemented in 1992.

2) Specifications to authors of future FAA HF conference papers to aid the incorporation of new
information into the HIS.

3) Reusable technology base for indexing and retrieving hypermedia text and graphics.

The second phase is currently under development and is divided into four tasks. The first task focuses on
incorporating the remaining four conference proceedings into the HIS and includes the producton of a
CD-ROM version of the HIS. The second task focuses on erhancement of the Hypermedia technology
base. The third task will involve support {or the transition of Hypertext technology 1o FAA integrated
information system research. The fourth task will focus on demonstrating and reporting research results
to feliow HF tcam members, the project sponsor. and the HF community,

4.2.2 Feztures of ihe Hypermedia Information System

The Hypermedia Information Systemn (HIS) was designed with a variety of features o aid a reader of the
document in locating and using the information contained in the system. Most of these features were
derived by analyzing the eveniual informaton needs of the readers of the HIS, as well as reviewing
staie-of-the-ant informatinn retrieval and hypermedia systems.  These features are discussed in the
subsequent sections.

e
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4.2.2.1 Information Browsing

The HIS allows readers to browse through the information contained in the on-line database. That is, the
user is allowed 10 leisurely wander through the information, selecting items of inierest and inspecting
various topics that pique the interest of the reader. For example, some readers might browse the
infcrmation looking only at the pictures that may have some relevancy to the topic at hand. Other readers
might choose to view only the titles and authors of individual papers, searching for a topic that may have
some application to their current task.

The HIS supports this browsing operation in two ways. First, the information is loosely structured in the
database, aliowing the HIS to present the same information i many different ways. Second, the HiS
provides mechanisms to the readers in which they can easily locate additional information related to the
current topic. For example, while reading a conference paper siored in the HIS, a reader might come
across a reference 1o a related photograph. The HIS allows the reader io select this reference to view the
actual photograph.

This method of Enking, or associating, information can easily extend to other objects stored in the HIS.
For example, readers can point to references to videos, animations, text, sound, etc. and request to see {or
hear) this information. The HIS is able to retrieve these items and display them to the reader. This
linking capability allows the reader to freely move about the information contained in the HIS. literally
wandering and exploring at will.

The HIS supports linking through the use of buttons and icons (see Figure 4.2). Buttons allow the reader
to activate certain links, while icons provide some sort of visual clee to the reader as to what the button
will do when it is activated. Usually icons are a picture of some object (e.g., a video camera 10 represent
video). However, iext can also serve as an icon {e.g., the words FIGURE 62 represent the actual figure).
The HIS supports both text and graphics as icons to support the reader in determining wher a button is
present, and what that bution will do when it is activated. The HIS aiso contains an overview diagram
of the information contained in the database (Figure 4.3). This overview diagram allows a reader to view
the entire HIS database at once. Using the overview diagram, the reader can gain a perspective of how
one piece of information is related to other information. Also from the overview. the reader can select
any piece of information and go directly to it, without having to browse through the system.

4.2.2.2 Information Searching

Often a reader will come 10 the HIS with 2 specific idea of what information is needed. The chances of
locating the exact piece of needed information simply by browsing are fairly low, even in relatively smali
decuments. Even if a reader happens 10 come across one piece of reievant informaton. there might be
additional information that the reader might miss. An even worse scenario is when a reader has a request
for information that is not contained in the HIS. The reader might browse indefinitely without finding
a relevant piece of information. The reader would not b2 able to tell if their lack of success was due to
their bad luck it browsing or 10 the fact that the information did not exist at all.

To overcome these problems, the HiS provides a facility for conducting direct searches for information.

The HIS contains an index inte the information that aids readers by allowing them 1o search the indax,
rather than the information for 2 picce of information. The index contains both the search items and the
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location of those items in the HiS T HF lssues Aviaticn Maintenance -

!.e Edit Search Refercnees

system. This technique is similar 10
the uses one might find in the local
telephone listings. For example to
locate the residence of your friend
Timothy Handson, you could vse the
telephone listings 10 locate all of the
entries for Timothy Handson. Once
you have found the correct entry, you
are able to get the address of his
residence and then go 10 his homg.
This directed search method is much
more efficient than browsing.

The HIS sysiem works in a fashion o
the telephore listing analogy. The HIS
system  contains many indices
indicating exactly what each piece of
information is. including what tvoe of
information it is (i.e.. text, video. 3
graphics, sound), and wher¢ it iS Figure 4.2  Buttons and icons allow readers to access related
located (i.e., exacly what conference information

paper, what paragraph. and what
seatence). Readers using the HIS
would enter a descripion of the
information that they are looking for,
and the HIS uses these indices to tell
the reader where this information is
located. The reader can directly "jump”
to this information. bypassing tae
entire browsing process.
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in the present HIS system. the reader
inittates a search by entering a query,
or a descripion of the desired 3
information, intc the svstem (Figure :
4.4). This query is made up of
individual terms and booclean operators
on those terms. For example, scarch

terms could include: Aimplane. Human £ _ = —
Factors, Helicopter, Navigation, cte. Figure 43 The Overview Diagram
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Any word is a valid scarch term. The

reader also uses boolean operators (AND. OR. NOT) o indicate relationships between muitiple scarch
terrns. For example. a2 possible query could be Computer AND Trainine, indicating thar reader is looking
for a piece of informaiion that is reiated 10 both compuiers and walning.
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The HIS uses this query to search the
indices for related information. In the ‘5'/
case of the example query above, the |
HIS would first look for information |§ lwaining and computers and airplanes
related to compuiers, then look for
information related to training, and
would then look for pieces of 3
information that were in both of those B @ What text are pou searching for?
wsets. The results of this search are |§

then presented back to the reader (sce | Rum om0
Figure 4 5). Often, there are multiple Figure 4.4
pieces of information that match a

readers query (e.g., just as there might be multiple listing for Timothy Handson in the telephone book).
In this case, the readers are shown all of these matching picces of information, and are allowed 10 browse
through those that they feel could be relevant.

3

Entering Search Terms

4.2,2.3 Search Aiding

When the HIS finds multiple matches
to 2 query, these matches are presented
1o the reader for review. The HIS also
aids the reader in determining which
matches are likely 0 be most relevant
to their query by providing relevancy
bars along with the query results (see ‘
{
|
i

Proceedings

LAY L
S i

P Rawi-Ee bt s
I
B

Figure 4.5). The magnitude of each
relevancy bar indicates the likelihood
of that document being most relevant;
the longer that bar, the more relevam
the document is likely to be to the
reader.

Another search aiding techmique is
aliowing the reader 1o refine and edit |
previous queries.  Entering a search —
query is usvally not a one-time Figure 4.5 Search resulis are shown on the overview
process.  Sometimes a query I8 100 diagram by highlighiing matching items

broad, in that 100 many pieces of

information are retrieved for the reader 1o handle at a tme. Sometimes, & query s 100 narrow, yielding
lile or no matches to the guery. Readers can refine querics cither by adding or deleting search terms.
The HIS retains previous queries to aid the reader in determining which gueries to expand.
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The HIS also aids the reader by expanding and refining queries. To be implemented in future versions
of the HIS, a term thesaurus will be inciuded to help the reader in locating addidonal terms that might be
relevant to the desired information. These terms can the be used by the reader as part of subsequent
queries into the information.

4.2.3 System Architecture

The HIS operates on an IBM PC-compatible deskiop platform with 4 Megabytes of system memory, 2
Microsoft Mouse (or compatibie), and Microsoft Windows 3.1, Initial versions of the HIS can run off of
the system’s hard disk, but future versions will require 2 CD-ROM reader to use the system, due 10 the
large amount of information contained in the system. The overall software architecture is shown in Figure
4.6. The system was constructed using a variety of development tools, including: Microsoft Windows 3.1,
Asymetrix Toolbook, Borland C++ Compiler, and Raima Corporation DB_ Vista.

These tools were used (o construct two - = — 1
distinct environments. The first l TooBou™ \ gu@én&,.\ .%:f‘;m \
environment is the reader interface. — z ——
: : s Y e et Reader \ Aurcing \ Job dudng LrwAindex ' daery Medka
which was described in earlier seciions. ireentace) imeface \ Inioriace Buer \ Sexcn \ Femeval
The reader interface allows users of the
information to search and browse the Futuae
information contained in the HIS. The intedace Moduie Coordinator Module

interface, corntains tools thai allow
authors to place information into the
HIS. These tools include editors, link
builders, indexers. and database

manipulation tools. Future versions of il

the HIS will aliow access 10 hese W00IS gigure 4.6 The Overall Architectare of HIS
from the reader interface, thus allowing

readers to store and index information in addition to the material alreagy contained in the HIS.

secongd environment, the aumori

The HIS contains two distinct databases. The first database, the Media Database, contains the actual
information 16 be rewrieved by the user. This material includes graphics, text, and eventually sound.
animations, and other multimedia information. The second gatabase. the LinkK/index Database, contams
information to help the HIS search for and retricve information. The Link/Index daiabase contains
information regarding file location. search term location, document information, graphic infurmation, and
link structures.

&3 CURRENT RESEARCH STATUS AND FUTURE PLANS
Phase I has produced a working prototvpe of HIS. It includes an on-line version ot the 3rd FAA Human

Factors in Aviation Maintenance mecting. This protetype s available for distribudon, Directions for future
research inciude:
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1) Provide one operation for indexing the HIS information. Presently, three distinct
operations are reguired to store this information. By integrating ihese thiee steps into 2
common environment, these three operations can be periormed simuliancously.

2} Improve navigational strategies to allow readers 1o return o information already seen.
Similar to the idea of "bookmarks.” this strategy will allow readers to guickly mark and
return (o imponant information,

3} {mprove searching strategies by providing feedback 0 twe users regarding the
effectiveness of thelr searches. Aids such as on-line thesauruses, enhanced search control,
and relevancy feedback can be used 1o improve searching by even the most novice user.

4} Integrate the authoring and reader interfaces. This integration wiil allow future users of
the HIS 1o incorporate relevant information into the HIS system and will allow them w
rapidly associate this information with material already stored in the HIS.

5) Incorporate additonal media types such s video, animiations. and sound.

The technology provided by this research will be used 1o support the information retrieval needs across
a vaniety of FAA and airline maintenance sofiware supporn systems.  Already, various raining sysiems
have benctitted from incorporating the KIS technotogy into these svstems.  Students are now able ©
quickly access information when it is needed during a wraining session. Current plans include the
incorporation of the HIS technology inte the various maiatenance job aiding systems as well. Anticipated
henefits of this marriage between hypermedia and job alding include quicker zccess o information,
exposure to material that mught have been overlooked using conventional information gccess sysiems, and
subseguent reduction of maintenance personnel emor.
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Chapter Five
Human Reliability in Aircraft Inspection

5.0 INTRODUCTION

This section describes the continuing work on aircraft inspection, whose long-ierim objective is to enhance
system reliability through human factors interventions. It builds upon the Phase I outcomes reported in
Shepherd. et al., 1991, and thus does not re-justify human factors applications in this field.

Phase I provided detailed Task Descriptions and Task Analyses of many aircraft inspection activities
observed at major carriers in the U.S.A. During Phase I, visits were made to other inspection sites, with
coverage of regional airlines, repair centers. and sites in the UK. (sce Section 5.3.6). The concentration
was on specific aspects of the system, such as Non-Destructive Inspection (NDI). information flow, and
training. Although inspection tasks were observed. no additional formal Task Analyses are reported here.

In Phase 11, the implications of the data collected carlier have heen researched in more detail than was
provided in Shepherd, et al., 1991. This has led 0 a series of studies by the research team. all under the
objective of human factors interventions to improve inspection system reliability. These studies can be
broadiy classified into those with short-term and long-term outcomes.  While the former have led 10
specific. on-going interventions at irline inspection sites. the latter have produced insights and on-going
experiments in an off-site setting.  One additional aciivity has been a joint project with the Civil
Aeronautics Authority {CAA) in the U.K. to document and evaluate international differences in civil
aircraft inspection (Drury and Lock, 1992).

Chapter 3 of Shepherd. et al., 1991 lsted a set of short-term and long-term rescarch needs, and this list
has provided the guidance for Phase II work. All of these needs were derived from a basic description
of the inspection system. and a generic task description of inspection. As these descriptions form the basis
of all that follows, an updated svstem descripuon (from Drury and Lock. 1992) is inciuded here.

5.1 THE INSPECTION SYSTEM: A HUMAN-FACTORS DESCRIPTION

An aircraft structure is designed to be used indefinitely provided that any defects arising over dme are
repaired correctly. Most structural components do not have a desiga life, but rely on periodic inspection
and repair for their integrity. There are standard systems for ensuring structural safety (2.g.. Goranson and
Miller, 1989), but the one which most concerns us is that which uses engineering knowledge of defect
types and their dme histories 1o specify appropriate inspection intervals. The primary defects are cracks
and corrosion (which can interact destructively at timwes) arising respectively from repeated stretching of
the structure from aerodynamic or mternal pressure loads. and from weathering or harmiul cheindeals.
Known growth rates of both defect types allow the anaivst to choose intervals for inspection at which ihe

efects will be both visibie and safe. Typically, moere than one such inspection is cailed for between the
visibility level and the safety level to ensure some redundancy in the inspection process. As the inspection
system 1s a human/machine system. continuing wrworthiness has been redetined by the design process
from a mechanica!l engineeriag problemn 1o an ergonomic one.  Inspection. like maintenance in general,
is regulated by the FAA in the U.S AL the CAA 1n the UKL and equivalen: bodies in other countries.
However, enforcement ¢an only be of 1ollowing procedures {¢.2., hours of raining and record-keeping to
show that tasks have been completedi, not of the effectiveness of cach inspectar. Inspection is also 2
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complex socio-technical system (Taylor, 1990), and as such, can be expected to exert stresses on the
inspectors and on other organizational players {Drury, 1985).

Maintenance and inspection are scheduled on a regular basis for each aircraft, with the schedule eventually
being translated into a set of job cards for the aircraft when it arrives at the maintenance site. Equipment
which impedes access is removed (e.g., seats, galleys). The aircraft is cleaned, and access hatches are
opened. Next comes a relatively heavy inspection load to determine any problems (cracks. corrosion,
foose parts) which will need repair. During inspection, each of these inspection findings is written up as
a Non-Routine Repair (NRR) item. After some NRRs are repaired, an inspector musi approve or “buy
back” these repairs. Thus, the workload of inspeclors is very high when an aircraft arrives {(cfien
necessitating overtime working), ¢ecreases when initial inspection is complete, and slowly increases
towards the end of the service (due to buybacks). Much of the inspection is carried out in the night shift.
including routine inspections on the flightline, of aircraft between the last flight of the day and first flight
of the rext.

At a more detailed level, the task of inspection can be broken into a set of subtasks which follow in
logical order. Table 5.1 shows a generic task description based on simpler tasks for industrial inspection
tasks (Drury, 1978). For each subtask. Table 3.1 presents an example from both Visual Inspection and
Non-Destructive Inspection (NDI). In a typical inspection schedule, well over 90% of the job cards are
for Visual Inspection.

With these seven task steps, the complex problems of error control, design of the information environment,
and development of training schemes all become more manageable as specific human factors knowiedge
can be brought to bear on each task step in turn, The current review of projects shows this struciure
clearly, both in terms of deriving the needs for rapid interventions, and in developing off-line experiments
10 investigate the sensitivity of human performance to systems variabies.

5.2 SHORT-TERM DEMONSTRATION PROJECTS

Although human factors engineering is becoming known to the aviation maintenance community through
the FAA/AAM series of meetings, there is still a need 10 show straightforward, practical interventions
which produce relatively rapid changes. Such demonstration projects can lead to widely disseminated
changes, and to a model for how human factors studies can be conducted by airlines themselves. Three
projects were chosen by FAA/AAM, of which two were 1o be pursued during Phase 11, with the choice
left to the airlines themselves. The three projects were on redesign of hard-copy workeards (job cards),
design of the lighting environment for inspection, and redesign of the human interface of typical NDI
equipment to foliow human factors principies. The first two of these  be taken up by the industry were
the workcards and lighting projects, so these are described in some detail in the following sections. Other
projects, including the NDI interface design, are to he performied in future years and henrcee are described
briefly.

To our knowledge one aircraft manutacturer and ope airline company have started human factors groups
in the maintenance/inspection field, but this sl leaves many other airlines with a shonage of human
factors expertise. Informaiion is available through the proceedings of the FAA/AAM meetings on Human
Factors in Aircrafi Maintenance and Inspection, but it is often either human factors specialisis telling what
could be done, or existing industry personnel showing what has been done without formal human factors
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knowledge. With this background the shon-term demonstration projects have been structured to aliow
human factors specialists and aircraft industry personnel to work together on projects which neither could
conveniently perform alone. To this end, the FAA/AAM support has provided human factors expertise,
while airline partners have provided facilitics and personnel with detailed knowledge of inspection of
particular aircraft. The airline pariners have also agreed to provide travel to and from the work site. For
their cooperation, airline partners get their personnel to vnderstand some aspects of hunian factors. as well
as a responsc to their specific needs. All partners have agreed to allow dissemination of study
methodology and results.

: ==
I TASK DESCRIPTION VISUAL EXAMPLE NDT EXAMPLE
1. Intiate Get workcard. Read and understand area Get workcand and eddy
to be covered. currant equipment. Calibrate.
2. Access Locate area on aircraft. Gelinto comract Locate area on awcraft,
position. Posiion seif and equipment

3. Search Move eyes across area systematcally. Move probe ovar each nvet head. Stop if any

Stop if any indication. indication.
4. Dacision Examine indicaton against rememberad Re-prebe while closaly watching eddy current
Making standards, e.g., for dishing or corrosion. trace.
5. Respond Mark defect. ¥Wnte up repair sheet or if no Mark defect. Wnte up repair shest or if no i
dafect, retum to search. defect, retum o search. i
€. Repair Dol out and replace nivet Dnll cut ivet NDT on rivet hoid, Dnve out for

svarsize nvet.

7. Buy-back inspect Visually inspect markad area. Visually nspect marked area.
p— e e e e s — et
Table 8.1 Generic Task Description of Incoming Inspection, with Examples from Visual and ND1

Inspecticn

As these are on-going projects, wiih the {irst two due for completion in May 1992, only the needs and
methodology are presented here.

52.1 HUMAN FACTORS IN WORKCARD DESIGN

A major air carrier has agreed 10 become the partner on the workeard design project, working through
maintenance facilities. Although the issue of information flow within the inspection/maintenance svstem
is complex (see Section 5.3.3), and high-technology interventions are possible (Johnson, 1990), many
airlines have too large an investment in cumrent hardware to consider alternatives bevond hard-copy
workeards as the inspectors’ primary information. Airlines efien have computer-generated workeards, and
wish to continue using some version of the same medium, at least in the near-term. Thus, while we are
moving towards new generations of computer-based job information aids, there is siill an on-going need
to apply human factors techniques to existing workcard generation systems.

The workcard conuols the inspection workflow by desoribing to the inspector the location of tre work
area, the area(s) to be inspecied, and the inspeciion procedure. It is the primary document that inspectors
carry during inspection.
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The task analyses of aircraft inspection (Drury, Prabhu and Gramopadhye, 1994} suggested that workcards
are the main source of on-tine feedforward information. However, even within the relatively homogeneous
sample of air carriers, there was considerable variability in the design of these documents.  Since the
“paper document” is currently the prevalent and preferred means by which the inspecior has access (o the
information that is needed on the job, the availubility of quality documentation is of critical importance
10 inspection performance.

‘Table 5.2 classifies the various human factors issues which the Task Analysis data showed o be relevant
1o documemation design. The workeard, which is a paper document, must be evaluated vith these issues
in mind. The taxonomy also provides a framework with which 1o design a new workcard which adheres
to human factors principles.

1. Informahon layenng + Amount of mformaton » Lavels of information
= Experts varsus novices = Accaessibity |
» Use of cues’indications.checklists + Flexibility of use !
“ 2. Layou! of information + Spaual layout
+ Grouping of informaton !
+ Chuniung |
3. Presentztion of Text * Visyal orgamzaton « Word spacing “
+ Visual density « Line spacing
» Leller case +» Line length
4. Prasentation of Graphics « Visuai ¢rganization = Contrast tt
) » Spatal locauon Wil tlext s Lahelng
d 5. Language Constraints = Mimimal number of words « Fixed syniax
» Standardized nomenclature = Concise werding
* Appropnate abbreviations
§. Physical implamsntation = Compistenass of micrmation » Physical accassibibty
» Consisliency across carcs » Accuracy of informaton
Table 5.2 A Taxonomy of Human Factors Issues in Workcard Design

Since the workcard is the means of communication of command information {(both directive and
feedforward), it is imporiant to understand the effects of workeard design on the use of its information
content by the inspeciors. Current research in human factors and cogpitive science in the areas of
information processing, visund percepiion. fearning. document design and computer display design (e.g..
Wright, 1991) provide us theoretical, as well as empirical, guidelines that can be used for the design of
more effectve workcards.  The xenomy is an aliempi o ofgaidze these suidelines w provide a
framework that can direct the documentaiion design progess.

Table 5.3 presents an analyvsis of the originel Task Analysis data of airerafl inspection. classified using
the above taxonomy. The points raised are not in any impied order of importance.
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informaticn Layering

Nona of the workeards provided laysred mformaton, 6., the opportunity to accass more
detaed information on inspector selected peints.

Key points ware not clearly differentiated.

Little feediorward on problem araas to be expectec on this aircraft at this tme.

Few workcards provided checklist of probabla/possible defects.

Necessary safely precautions nct specified.

Task cards did riot specily limils on wear. play. eic. for visual inspection to help the human
nspecior make more consistent judgements.

Cues mmdicating defects not listed in workcards, e g. scuffed paint on fainngs (of wing) indicates
subbing.

-

Layout of Information

Poor legibility 1n some workcards.

Reigvant inlomation spread cver mulkpie pages.

Much informaton of a legal or general nature cccupied pnme space at the top of the card.
Column layout, text boxes and cther enhancements now avalabls on computer-génerated text
werg not used

I

Prasantaton of Text

Some cards were in alf capitals, a viclation of human facters prnciples.
Font design was not considered for fegibility in highly variabie highting conditicns.
Quality of printing and copying was not uniformly good.

; Prasentation of Graphics

|

Workeards designed withou! considenng comect location of graphics.

Seme graphics were confusing even o expenenced inspectors.

Seme graphics for accessing the mspection arga were ambiguous.

Most graphics were of poor Quailty.

Color coding was not used, but may need o be considerad if if offers worthwhile perfommance
improvements.

i Language Constramis

Procadures were not concisely worded in many workcarnds
There seems tc ba no evidence of any conscious design precedure o use fixed syniax,
consistant use of phrases or a standardized nomenclature.

I§ Physicai Imclementaton

L

%mpcrfecf malching of nomenclature for parts and defects between workshest and secondary
urce matenal.

Incons|sieni descnphon of tasks. Some were described very briefly and cthers in detail

No toci or ad that ensures that the inspecior has coversd the enlive inspachion area.

Drawings on workcard sometmes do not match contigutaton of the same area on the

workcard

Huminaton spechications not avadabie not specified on workeard.

Somae w,:kcards do net have higures showing relative locaton of vanous parnls.

Some workeards did not speaify equipmentgauges 10 be used in the inspection.

Compiotensss and currency of information 1s not assured, and not, therefore, trustad by al!

NSpEstYs.

-—*‘1, sical size and shape of workcards 1s not always weil inlegrated with other tools the

mspector must cany and use.

Table 5.3

Classitication of Observaiions

irom the Task Anualvses of Inspection, Classified by the
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analysis of the workcard itself and from analysis of its use by inspectors. From this data collection phase
will come a series of design requirements which, if met, will ensure good human factors design.

Wiih airline partmer representatives, design solutions will be developed to cover both shori-term ana
long-term changes. Shori-term interventions for workcards may include, for example:

L. Changing the presentation format and layout 10 improve ease of use and legibility.

2. Ensuring that visual material is incorporated into the worksheet.

3. Consistent naming of parts, directions, defects, and indications between all
documents used by inspectors.

4. Multi-level workcard systems, uscable by inspectors with different levels of
immediate familiarity with the worksheet content.

5. A better physical integraticn between the workcard and the inspector’s other
documenis and tools aeeded ot the wWorksie.

6. Providing a better spatial integration between the workcard and the inspection tasks

around the atreraft,

Each design solution will be implemented and a seties of prototype workcards proGuced. These will be
pre-tested by having inspectors use them while providing a verbal protocol of their actions. From ihis user
evaluation will come a refined design.

The final design will be tested against the current design using conirolled tests during A-checks and
C-checks. Measuremenis will be taken of iaspector verbal protocols, errors/confusions observed, and
questionnaire evaluation from both inspeciors and supervisors.

The results will be docuimented as a case-study 10 show:

a. How other maintenance/inspection operations can improve ibeir workeards.
b, How 10 apply human factors principles 10 the improvemeat of other
maintenance/inspection functions.

5.22 DESIGNING THE VISUAL ENVIRONMENT FOR INSPECTION

A second major carrier is cooperating with the University at Buffalo team to improve the inspector’'s visual
environment. This project is based at the maintenance facitities operated by the carrier at a single airport.
There is a single maintenance hangar, with three aireraft bays. and apron areas ouiside the hangar and by
the gates. The main concentration will be on in-hangar activities, but other sites will aiso be considered.
Having a singie hangar makes the demonstration project manageable while still providing a representative
application of human factors.

Analysis of aircraft inspection activities has shown that visual inspection dominates other inspection
activities {Drury, Prabhu, and Gramopzadhye. 1990).  Since visual inspection is such an imporant
component, accounting for almost 20% of all inspection activities. it is imperative that the task be
perfermed in the most suitable work environment. From the task analyvsis of varicus inspeciion tasks in
Tabie 5.1, it is seen that "visual search” is an important componen: of the inspection task, and the success
of this stage is critical for successtul completion of the inspeciion task. In visual search the inspector must
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closeiy examine cach asea for a list of potential fauits. The amount of effort required on the part of the
inspector for each area depends upon various factors such as the prior information (from training
experience on the workcard) and the suitability of the physical conditions for inspections (lighting,
illuminaton levels, etc.).

Stedies in aircraft inspection have shown that poor illumination, glare, and other adverse lighting
conditions could be the single most important reason for “eye strain” or visual fatigue. Visual fatigue
results in deterioration in the efficiency of human performance during prolonged work. Progressively
more effort is required to maintain performance, and eventually performance level decreases despite the
extra effort. The purpose of this study is to identify potential sources of improvement in inspection
lighting and to suggest modifications so that the task can be performed under improved visua! conditions.

From the detailed Task Analyses of numerous inspection activities performed in Phase I, Table 5.4 gives
a list of examples of poor human factors design. Each represents an opportunity for intervention 10
improve the humary/system fit and hence, increase job performance with decreased work stress.

i'r1. —" e ——ule . ——————————— —

livminabion levels beneath the aircraft vaned depending on the location. Measured levels during dayhight ranged from
25 ft. candles under wings and fuselage areas on the side of the aircralt {acing open hangar doors, to 2-5 ft. candies
undar the wings and fuselage on the opposite side of the aircralt.

Lighting levels beneath the aircraft were adequate only for gross visual inspaechon.

Inspactors often used a flashlight as an aid during visual inspaction. it shouid be noted, however, that the typa of

flashlight used was not consistent among all inspectors sven within a singls ajrcraft operator, and vaned considerably
between carrisrs.
5

Often it was found that the overhead fighting used for general fjumiration was covered with dirt and paint. inhibiting full

iliumination capability.

candles.

Alrcraft near the hangar doors weta exposed to higher dlumination. [lumination ranged from 16 4. candlas to 114 fi. !

29-33 fL candias.

Supplsmentat lighting was often not provided under the aircraft. Measursd levels in thess arsas renged from a day time
high of 42 ft. candies to a night time low of 1.2 ft. candies.

2
r—-—-
3
4
§. Lighting conditions ware different duning the day shift and night shift. During the night shift #lumination ranged from i‘
7

i
i 8. The general lighting level inside the aircraft fuselage averaged between 1.5 1 candias to 3 fi. candles.

8. Giars from opan nanhgar doors within the inspector’s visual field was appareat.

10. Whaen using supplemental lighting (flashiight. helmet fight, porteble fluarescent) the fluminzlion on the aircraft surface
ii was increased, bul glare was caused when searching inside the aircrant struciure.

! n . i
11, Porability of supplemental lighting was cften poorly designed, and not well intsgrated into the mspecior's kit. ;
i B—— — - - __._!1

Table 5.4 Observations on Visual Environment of Inspection from Task Analysis Data
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In designing lighting systems, the following factors need t¢ be considered:

. Recommended Light Levels for Different Tasks

The recommended illumination depends upon the type of task and whether the visual task is of high or
low contrast. The [Huminating Enginecring Society (iES, 1984) recommends that surface areas requiring
visual inspection be provided with 75-100 ft. candles (800-1050 lux) of iliumination. Visicn can be
improved by increasing the lighting level, but only up t0 a point, because the law of diminishing return
operates (¢.g., IES Lighting Handbook, New York, 1984). Increased illuminaiion could also result in
increased glare. Older persons are more affected by the glare of reflected light than younger people. and
inspectors are often senior personnel within an organization.

= Selection of Light Sources for Color Rendering

In the selection of artificial Jight sources one of the most importart considerations is color rendering, i.e..
the degree to which the perceived colors of an object iHluminated by various Light sources maich the
perccived colors of the same object when illuminated by a standard light source. Color rendering could
be important, because often “change in color” of true sheet metal is used as a clue to indicate comrosion.

« Direct and Indirect §ighting: Glare

The quality of illumination can be improved by reducing glare. Direct glare is caused when a source of
light in the visual field is much brighter than the task material at the workplace. Thus, open hangar doors,
roof lights, or even reflections off ¢ white object such as the workcard can cause glare from surrounding
surfaces. Glare can be reduced by resonting to indirect lighting. Of particular concern is that in inspecting
partially-hidden areas {e.g.. inside access panels) the lighting used to illuminate the defect may cause
glare from surrounding surfaces. Carefully designed combinations of general area lighting, portable arca
task lighting and localized spotlighting need 1o be produced.

« Specialized Lichting

During visual inspection of an aircraft structure the inspector is iooking for muliipie defects, such as
corrosion, ripples. hairline cracks. dents, missing rivets, damaged rivets (e.¢.. "pooched”, "dished” rivets),
and rivet cracks.

It is possible that not one single lighting system is suitable for detecting all defects. Therefore, the use
of a specialized lighting system for each class of defects may be necessary. However. the use of special
light systems has one major drawback. {t implies that the area must be examined for each class of defects
sequentially rather than simultancously, which could invelve time and expense. A typical example is the
difference between general illumination and the grazing illumination provided by special purpose lighting.
The diffused nature of general illumination tends 10 wash out the shadows while the surface grazing light
relies upon showing shadows to emphasize objects that project above or below the surface. Task visibility
for surface topography is distincdy hetter with graving light, whereas color changes or commosion may be
berer seen under general iilumination. An example of surface fopegraphy is the inspection of the fuselage
for ripples. Ripples are casy 1o detect using surfuce-grazing light but general illuminstion tends ¢ wash
them out. However, strong side lighting may mask important color differences,

<}
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+ Design Requirements for Lighting

Studies of visual search have shown that the speed and accuracy with which the search process can be
accomplished is dependent on the conspicuity of the defect, which in turn is dependent on the size of the
defect, defect/background contrast, and lighting intensity {see Section 5.3.3).

Lighting design has a clear impact upon the final two variables, but it has broader requirements to fuifill
2« visual inspection involves more than visual search. Lighting should be designed such that ihe following
tasx’s can all be performed satisfactorily and preferably optimaily:

1. Inspection (visual search) of the aircraft fuselage for defects.
2. Reading the workcard/instructions.
3. Movement around the aircraft (using the scaffolding, or equipment, e.g.. cherrypicker).

In addition, special purpose lighting should not interfere with any other paralie! task in progress. In
designing the visual environment, one must consider the minimum lighting requirements for each task and
subtask, the type of anificial Iight sources that can be used to illuminate the work surface, ihe amount of
task lighting that can be provided. and the available methods to minimize glare. These factors must be
balanced with implementation and operating costs.

Since inspectors have (0 move to different areas on the aircraft during a single task =nd all areas may not
be accessible to generalized lighting from a static source, gencralized lighting may be augmented from
a combination of static porlable sources, and then further augmented, if necessary, using flashlights.

It is proposed to use the Task Analyses performed so far and lighting surveys of the inspection work areas
to determine the design requirements for lighting in detsil. The market will thea be surveyed for availabie
solutions {c.g.. area lights, flashlights, headiights, stang lights) to choose a small number of promising
systems. On-site human factors evaluations of these lighting systems will be performed to determine
which, if any, improves visibility of defcets or other indications to inspeciors, while maintainming
portabiity.

The specific steps 1o be vndertaken for ihis project are:
1. Site visit and task anaiysis 1o determine specific visual requirements and lighting requirements of
tasks, and the current visual epviroament. Luminance and illuminance wili be measured throughout
the hangar to determine consistency and adeqguacy. A checkiist of visual factors (from Drury,

1990a) will be used to assess the adequacy for the specific tasks performed.

2. Survey market for available solutions to identify promising systems for lumination, diffusion and
speciaiized fighting.

3. On-site human factors evaluation of selected Lghiing system (o demonstraie advantages. This will
include performance evaluation {speed, accuracy ) as well as operator aeeeptability and cost.

4, Produce a set of design recommendations which can be used as the basis tor futare lighting design.

]
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3.23 FUTURE SHORT-TERM PROJECTS

The research will continue to focus on long- as well as short- term projects. These short-term, immediate
payoff projects will study such topics as using portable computers for development and evaluation of
muld-level job cards. Such studies will involve airline and/or manufacturer participation to ensure that
research results and by-products can readily be transitioned inte aircraft maintenance work environmenis.

53 LONG-TERM RESEARCH PROJECTS

From Phase I came a weaith of Task Analysis data and descriptions of specific inspection and maintenance
organizations at many carriers. In addition, informaton from the FAA/CAM meetings, reports and visits
to aircraft manufacturers ang specialized equipment suppliers, gave a clear description of the inspection
and maintenance system o the human factors engincers invoived. The Phase | repert (Shepherd, et al,
1991) made a first attempt (0 merge this data with existing and current concepts in human factors. An
obviocus need was to perform this integration at a deeper level 1o guide the long-term human factors needs
of the aviation maintenance indusiry. During Phase i, this step was undertaken; sysiem demands were
interpreted in terms of known human capabilities and limitations.

The first fruits of this process were four reports which covered a framework for human reliability in this
field, a detailed examination of the information environment, an analysis of the effects of time on
inspection (especially the speed/accuracy tradeof!), and a study of the improvement of training for visual
inspection. These reponts are listed with other publications at the end of this section. The findings of each
report are summarized in Sections 5.3.1 through 5.3.5. augmenied where necessary by off-line
experiments. Additionally. a joint venture between the FAA and the CAA on inspection is presented as
Section 5.3.6.

53.1 COMPUTER-BASED INSPECTION EXPERIMENTS

It became apparent that the traditional experimental work in aviation inspection was pot alwavs die best
way to perform human factors evaluations. Studics of crack detection probabilities (ref) have been large.
costly, and complex, but have not addressed many of the human factors issues bevond the psychophysics
of NDI equipment. Factors such as training methoed. information environment, and tinte pressure have not
been systematically considered. Thus. the need was recogaized for a low-cost but realistic simulator for
aircraft inspection. Its purpose is pot to provide a point estimate of the probability of detection of a given
crack, but rather (o determine how inspection performance is affected by manipulzble human factors such
as those azbove. There is sufficient knowledge of models of human inspeciors (e.g.. review by Drury,
1991) to be able to determine which aspects of the real task to retain if a simulator is 1o be "realistic”.

Two simulation programs were implemented on a SUN Sparc station 1 workstaiion, one for an NDI task
(eddy current inspection of rivets) and the other for a visual task (visual inspection of rivets and sheet
metal). These programs are discussed below.
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5.3.1.1 NDI (Eddy-Current) Inspection Program

The inspection task consists of

inspecting rows of fuselage rivets for 1 U B. AIRLINES | i————w]\
cracks using an eddy-current probe. Hoe “ﬂ BB EE o !o v / JART* ;\
The simulator display consists of four . e | b ! \
windows (Figure 5.1) as follows: f 3 ~ ) l fort em 17 riahe :,:_W,:'j !

! wan|  MAGNAFLUX \

Inspection Window. This window !
displays the nivets {o be inspected. Six
rivets per row are displayed at a time.
The simulation progiam has the
capability to display multiple rdvet ||°
rows at 2 time. During the training
session a circle is placed around each
rivet to help the subjects in defining
the optimal probe path around the rivet }: —
for defect detection. On the upper l—_

right hand comer of this window there l——ﬁ —
is an indicator that is green when the Figure 5.1 NDI Inspection Task Simulation
subject is in the inspection mode.

During this mode, the subject is able to inspect and classify {defective/non-defective) the rivets, but has
no access 10 any of the functions ougside the current windew. To obtain access o these functons, the
subject has to click the left mouse bution near any of the rivets. This resulis in a circular marker being

placed around that rivet and the inspection indicator light turns white, indicating the inspeciion mode is
switched off.

TR T fpen [ W | \
{ L poos Iﬂjm\

i i l i s [ \
| heosk lplae‘ i ! : ! E \
P Lo !

f |

Macro-View and Directionals. The macro-view in the upper ieft window allows the subject {o have a
view of the total inspection area and its relation to the aircraft fuselage. Thus, for a 400 rivet inspection
task, while only six rivets are seen in the inspection window, the entire 400 rivets are marked (on a
smalier scale) in the macro-view. A click on the where-am-1 button places a circle around the area of the
macro-view currently in the inspection window. Thus, the subject is able to determine where he/she is
at any point in time with relation (o the entire task.

The directionals consists of four square arcas marked left. up. right and down (L/U/R/D, ciockwise).
Clicking the left mouse button on any onc of these areas shifts the view (scrells) in the inspection window
in the indicated direction.

Eddy Current Meter. The defect indication is displayed on the meter indicator in the upper right window
of the monitor screen. The meter has a fixed scale with divisions marked from O o X, and a moving
indicator. A red marker is provided that can be set by the subiect at any point on the scale. The
deflection of the needle (from its resting position at zero) bevond s set poini {(default = 60) produces
an auditory alarm as well as a regd flash of the indicator light at the apex of the meter.

13
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The point of the needle is deflecied if any of the following happen:

1. The mouse cursor is moved over a crack on the rivet (the cracks themselives are not visible}.

2. The mouse cursor is moved over a grey Spot {(indicating corrosion, or dent; randemly placed across
rivets).

2. The mouse cursor is very close to, or moved over, the rivet head iselfl

Subjects are instructed that if the deflection is greater than 60% and they judge it 10 be from a crack, then
the rivet should be marked bad.

Lower Right Window. This area contains functional (dialogue) buttons. Actvation of the zoom bution
allows the subject to take a closer look at the current rivet to be inspected. The zonm is incremental and
magnifies the area to twice its original size (within the inspection window) at every clicl.. A mouse click
on the unzoom area restores the inspection window 1o its original condition. Clicking on the "break” area
stops ali clocks and covers the inspection window to aliow the subject to tuke breaks. Clicking on the
"clock” area displays the time elapsed in the task. The other functional buttons :ncludes "dusplay non-
routine card,” "display workcard,” and "turn rivet aumbers on/off.”

The program also has the facility for recording the subiect’s assessment of workioad using the Pearson
Feeling Tone Checklist and the Modified Cooper-Harmper Scaie. These two scales appear for response at
the end of pre-set intervals.

3.3.1.2 Visual Inspection Program

To simulate visual inspection, the SUN Sparc station 1 is used with a program having similar lngic and
displays to the NDI program. The major differences are that detection is visual, and that the eddy-current
meter is obviously absent. In this task the inspector searches for multiple defect tvpes and classifies them
into different severity categories. The various fault types with their descriptions are:

i, Missing Rivetr: A rivet missing from the rivet hofe,

2. Damaged Rivet: Part or all of the rivet head is demaged resulung in jagged cdges.

3. Pooched/Dished Rivets: Rivets with 4 center which appears raised or sunken.

4, Loose Rivets: Rivets running loose in the rivet aoles.

5. Rivet Cracks: Cracks which originate at the odges of the rivels and propagate gpwards and
ouiwards.

6. Dems: Sheet metal damage in the aircrafl fusclage reprosented by sunken are

-

Corrosion: Damage 1o sheet metal surface represented by patches of discolored or raised skin,

Depending upon the severity of the defect tyvpe. the defects can be classiiied mio oritival and noncritical
defects.

ne layoui of the mulii-window simulated Inspection tusk is shown in Figure 5.2, The functdon o each
window is as follows:

Inspection Window. The arez currently being inspocied IS shown in the el florge; window. To simulate
the use of local lighting. such as a flashiieht beani ealy o smaller window wihin (his wea 3s fully

4
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itluminaied. Within this smasller | !
window, faulls c¢an be seen and
responded to by clicking them using
the mouse bution. The entire area of
the inspecion window can be viewed
by successive movements of the
smaller illuminated window.

Scarch Monitor Window. This is a
monitoring device which helps thie
inspector keep track of the window
movement in the inspection window.
It provides the inspector feedback as to
the:

1. Point of previoas {ixation é

. The sequence {patiern) adopted
by the inspector Figure 5.2 [ayout of the Simulated Inspection Task

3. The area  covered  (viewed

through the window) up to the current time.

b2

The small illuminated window in the inspection window is represented by a tiie in the search monitorirg
window. As the window is moved, so does the tile. The tile has a different color from its iluminated
background area. The background color changes to the color of the dle uas the tile passes over it
indicating that the comresponding areas have been fixaied (covered by the window), The darkest srade
of the tile is the point of previous fixation. The sequence is given by the shade of the color--lighter
shades indicate earlier fixatons in seguence while darker shades indicaie fater fixations.

Macro View Window. This window tepresents the entire task to be inspected. and can be looked upon
as the global coordinate referencing system.  Thus, 1t provides information to the inspector as o his
current position with reference to the entire tusk.

§.32 A FRAMEWORK FOR IIUMAN RELIABILITY IN AIRCRAFT INSPECTION

Maintaining civil aircraft worthiness requires the reliability of a complex, socio-technical system. This
system’s reliability is dependent on the rehubility of ity components (e gquipment. inspectors, the
physical enviroanient), and on how rellably these components interact. Most errors in alreralt inspection
and maintenance can uldmately be atiributed, at some fevel, W a4 human-system mismateh, Operators niay
cause errors outright, of more lkely, human information processing Hmitations and choaracieristics may
he Mcatalytic” factors (Rouse and Rouse. 1983), combining with other componeni characters (o evolve
"sneak paths” (Rasmussen, 1982) to error situations,

he assessment of human error in complex systems is currentiy undergoing somewhiat ot g renaissance
(Brown and Groeger. 1990) Classificadon schemes ol errors hnve expanded  tromn e curiy
"omisstor/commission” classificution {Swain and Guttiman, 1983 and Meister, 19715 to more behavior-
hased classiffcations (e.g., Norman, 19810 Rasrmassen, 19%20 Rouse and Rouse, 19¥3, and Reasen. 1990),

s
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While error classifications based on task characteristics may provide a convenient descriptive format for
errors, error models based on human behavior can define causal mechanisms of errors. Identification of
causal mechanisms and catalytic factors is necessary for predicidng errors and thereby designing error
tolerant systems. The approach taken here is to use a behavior-based and system-based human errer
classification scheme to identify, predict, prevent or reduce, and report errors in aircraf inspection and
maintenance.

This section focuses on describing a methodolagy to accomplish these goals. Section 5.5.2 provides more
detail in defining information flow, and deriving information requirements which wiil prevent or mitigate
the effects of information flow-related errors. Both this section and Section 5.3.3 are responses 10 FAA
project activities and exist elsewhere as two self-contained separate reports (Latoreila and Drury, 1991,
and Drury and Prabhu, 1991, respectively). These reports have been considerably abbreviated for their
presentation in this report. Both efforts use Rasmussen’s (1986) cognitive control levels and Rasmussen
and Vicente’s (1989) systemic error mechanisms extensively as a conceptual foundaton. Both efforts also
begin with Drury’s (1991) Failure Modes and Effects Analysis (FMEA) of errors in aircraft inspection and
mainienance. These concepts and the FMEA are presented only in the first section to avoid redundancy.
As a result. some of the material presented in Section 5.3.3 is dependent on the theoretical and data
analysis foundation described in this section.

5.3.2.1 Approaches to Human Error

5.3.2.1.1 Quantitative Approaches

Early efforts to incorporate human performance in the evaluation of system reliability spawned the field
of Human Reliability Assessment (HRA). These methods attempt to assess human reliability with the
same techniques used to assess equipmeni reliabifity (Meister, 1971). They seck to: (1) develop extensive
databases of human reliability data for elemental tasks. (2) provide a method for combining these estimates
to generai¢c a measure of human reliability within the system. (3) use this measure of human reliability
directly, as the reliability of the human as a system component, in evaiuations of total system reliability
by Probabilistic Risk Assessment (PRA). Early HRA meihods are criticized for their overty-structured,
and hence cumbersome, representations of the human’s involvement in systems. HRA methods are also
criticized for their inability to adequately represent the behavioral mechanisms of human errors and hence
for their inability to prescribe, rather than merely describe, systems in terms of their propensity for error
situations. Quantitative human error assessment techniques include decompositional probabilistic methods
(e.g.. Fault Trees, Event Trees, Failure Modes and Effects Analysis), ciassical reliability theory based on
Markov modeling, stochastic simulation modeling, and a variety of other techaigues {e.g., HCR. TESEQ,
SLIM-MAUD). These approaches are each described and critiqued in Latorella and Drury (1991). Lock
and Strutt (1985) have investigated quantitative human error modeling in the arcraft inspection and
maintenance context.

5.3.2.1.2 Qualitative Approaches

Several researchers have arrived at behavior-bused classification schemes for human errors. Those of
Norman, Hollnagel, Rasmussen, and Rouse and Rouse are described below. Elements of these schemies
have heen in approaches to managing errors in wreraft maintenance and inspection.

—
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Norman. Norman (1580, 1981) classifies human error into two fundamenial categories: slips and mistakes.
Slips result fiom automated behavior when the intention, the goal, is correct but some aspect of the
execution is flawed. Mistakes, in contrast, are the result of flawed cognitive processes, such as formation
of the wrong goal. Slips are usually minor errors and are often evident and corrected by the perpetrator.
Mistakes, however, are more serious errors, and are sometimes opaque to the perpetrator. Misiakes are
therefore usually difficult 1o observe and recover. Slips are partially due to limitations in attention and
therefore are more likely t0 occur in distracting, time-sharing, boring. or stressful situations. Norman
identifies six types of slips: capture errors, description errers, data driven errors, associative activation
emors, loss of activation errors, and mode errors. Descriptions of these types of slips and examples related
to aircraft inspection and maintenance can be found in the original report (Iatorella and Drury, 1991).
Norman’s (1981) classification is intuitively appealing and useful for describing errors. However, the
slip/mistake classification is not detailed encugh to describe what specific aspects of human information
processing generate errors.

Hollnagel. Holinagel (1989) introduces the conceptual distinction between error phenotypes and emor
genoiypes. Error phenotypes are observable states which are deemed undesirable.  Error genotypes are
the generative mechanisms of these observable states. Error phenotypes are manifestations of ermor
genotypes expressed in a particular environment. While Hollnagel allows that combining genotypes and
phenotypes provides a more complete psychological description of human error, he holds an empiricist’s
view for the purpose of system design: in order 10 automate error detection, errors can only be expressed
in terms of phenotypes. He therefore proposes a taxonomy to operationalize phenotypes. describe complex
phenotypes (combinations of simple phenoiypes). and o provide a basis for a computer program which
detects error situations. Hollnagel's distinction between error phenotypes and error genotypes is important
and is used in the development of this paper’s approach to managing aircraft inspection and maintenance
SITOrS.

Rasmussen. Rasmussen has contributed 0 HRA in two veins: he has developed modeis of human
performance in an effort to identify fundamental causes of human error, and he has related and defined
the importance of qualitative human error modeling 0 system reliability. Rasmussen deparis from ihe
more traditional approaches in his conceptualization of human error. He does not rely on the constrained
definition of human error presented in most HRA techniques, rather he states that what is human error is
defined by not only the human, but by system and operational tolerances (Rasmussen, 1982). Rasmussen
also argues that human errors defined by the outcome of events should not necessarily be attributed 10 a
human having performed incorrectly. For example, should an error resulting from 2 new situation be
attributed to the human? If an error provides feedback about the system without compromising system
tunctioning, soaould it still be considered something tv avoid? Rasmussen also defines stipulations for
collecting HRA error raie probabilities and states the case for qualitative error modeling 1o aid HRA in
ways that error rates can not. such as prediction and corrections of errors, especially of low probability,
high impact "sneak paths”. Rasmussen (1982) developed a classification of human error towards this end.

The skifl-rule-knowledge (SRK) framework proposed by Rasmussen (1986) classifies human behavior into
three categories of ascending complexity: skili-based behavior, rule-based behavior and knowledge-based
behavior. Any decision is made at the lowest level possible, with progression to higher tevels only when
a lower level fails to reach a decision.
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Skill-based behavior represents psychomotor behavior without conscious control, consisting of automated
routines that are driven by sensory data received as "signals” from the envirenment (Rasmussen. 1986).
Signals represent information that is a quantitative indicator of the temporal and spatial aspects of the
environment, and may trigger skill-based behavior by activating the automated behavioral routines of the
human. Skill-based behavior is normally based on feedforward control and proceeds without conscious
attention.

From the aircraft inspection viewpoint, the movement of the pencil probe around a rivet or a sliding probe
alonig a stringer (a row of rivets) during, for example, an eddy current inspection of an ultra-somnic
inspection, represents skill-based sensorimotor performance involving some anmount of feedback control.
Similarly, the pre-attentive phase of visual search, as well as the extra-foveal process in extended visual
search can be considered to be skill-based behaviors that are data driven and based on feedforward control.

Rule-based behavior represents consciously controlied. goal-vriented behavior guided by rules or
procedures for action. These rules are stored patterns of behavior that have been empirically derived
during previous occasions or communicaied as instructions from an ¢xternal source (Rasmussen. 1986).
Information during rule-based performance is perceived as “signs” which represent information that
activates or modifies the rules and depicts situations or environmental features along with the conditions
to act (Rasmussen, 1986). Rule-based behavior proceeds towards a goal, utilizing feedforward control
through rules and without demanding any deeper reasoning on the part of the human.

In aircraft inspection, an experienced inspector interpreting the deflection of the ulira-sonic meter, or the
pattern traced on an oscilloscope during eddy current testing, can be assumed to be indulging in a
ruje-based behavior if the "signs™ are familiar. Similarly. the extra-foveal process in search where cues
on the periphery guide the next fixation can be considered a rule-based behavior. Rule-based search can
also resulit from information gathered in the foveal component, for example bulging of aircraft skin triggers
search for corrosion. Pre-determined search strategics. as a result of past experience. training, or woik
card instructions, can also lead to a rule-based behavior.

Knowledge-based behavior represents goal-controlled, problem-solving performance in unfamiliar
situations. It requires a functional undersianding of the system, analysis of the current state, and response
of the environment based on consctous, advanced reasoning while utilizing feedback control for error
correction (Rasmussen, 1986). During knowledge-based behavior, the human perceives information as
"symbols”, i.e.. concepls about the functional aspects of the environment which refer o an internal
representation that can be used by the human for reasoning (Rasmussen, 1986).

In aircraft inspection. knowledge-based behavior can oceur in NDL for exampic during eddy current
testing of rivets, when the inspector sees a curve traced on the oscitloscope screen of a shape never
encountered before. In this case the inspector has to use the knowledge of eddy current technology,
knowledge about the instrument, knowledge about the aircraft, cte., 1o interpret wheiher the signal
represents a crack or not. Along similar lincs, the use of cues o detect visual defects needs active
reasoning (knowledge-based behavior) until the association of the cue to the detect is condirmed. in which
case the cue will trigger rule-based behavior.
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Rasmussen (1982) provides a framework for classifying causes of human error as a function of situational
and task characteristics and the error phenemenon. Basic error mechanisms are derived through the use
of a human information processing mode!, linking human decision-making and responses to internal
processes. His model can be used to describe human behavior over the three tevels of cognitive control,
and can be used to indicate decision aiding devices and training needs at these different levels. He
specifically mentions that systems mast be designed with interlocks and barriers where it is unreasonable
to expect operators not 10 err and thai systems should allow errors to be observed and reversed. A related
work (Rasmussen and Vicente, 1989} identifics four systemic error mechanism categorics: {1) effects of
learning and adapiauon. (2) iwerfereqce among competing conual suuctures. (33 lack of resources, and
{4) siochastic variability of individuals. Rasmussen and Vicente (1989} describe examples of ervars withun
these categorics and cognitive controf fevels (see Tabfe .53, Simifarly, Drury and frabfiu ({991} used
the cognitive control classification to organize error shaping factors (see Table 5.6).

EFFECTS OF LEARNING AND ADAPTATION:

» Knowiedge-based: Search for information and hypothesis tastings in novel situahions may lead to acls which are
judged as errors after tha fact;

¢ Aule-based: The law of least effort may laad to underspecified cues;

s Skill-based: Cptimization of motor skill needs feedback from boundaries of acceptable perfermance {speed-

accuracy tradeoft);

INTERFERENCE AMONG COMPETING CONTROL STRUCTURES:

» Knowledgs-based: Faise analogies, interference in means-end hierarchy;
» Rule-based: Functicnal fixation; adherence to familar rules;
» Skil-based: Capture by frequently used motor schemata;

LACK OF RESCUACES:

e Knowledge-based: Limitations of knear reasorming in causal networks; wnsuthcient knowledge. tme, torce, elc.;
» Ruls-based: inadequate memory for nules;
* Skifi-based: Lack of speed, precisian, force:

STOCHASTIC YARIABILITY:

» Knowledge-based: Slips of memaory in mental models,
» Rule-based: Erroneous recail of data or parameters related (o ruies: |
* Skill-based" Vanability of attention; vanabiity of motor parameters, motor noise (vanation in force, precision |
of movemants); !
Tabie 5.5 Potential Frrors Described by Tevet of Cognitive Control and Sysiemic Frror Mechanisms

(Rasmussen and Vicente, 19389

Rouse and Rouse. Rouse and Rouse (1983) propose a behavioral classitication scheme tor uman errors
which borrows heavily from Rasmussen’s contributtons. They attempt to analyze human ormorn in lermis
of causes. 48 well as comrihuting factors and cvents.  Their schemie organizes numan ermors ground
Rasmussen’s flow model (1976) of an operator's informaiion processing ask. This model gives the
following sieps in task performange:
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KNOWLEDGE-BASED ERROR SHAPING FACTCORS “
| Information Overload « Excessive demands on memory. '
| Incomplate Knowniedge » Knowledge lacking on system dynamics, parameters, side effects, elc.

Delayed Faedback + Delays in feedback concaming the execution of decisions.
| Bounded Raticnality + Limited cognitive capacity relative o problem size leads to satisficing
; behavior.
i Memory Cusing s Familiar information in LTM is cued by problem contant.
I Insufficient Consideration of Process | « Past history disregardad when handling dynamic current events.
i Causal Series Vs. Nets
| Attentional Limiiations « Oversimpiification of causality, thinking in terms of immediate goals.
| Confirmation Bias + Finite resources of aftentional procasses.
! Vagabonding « Tendency to maintain current hypothesis facing contradictory evidenca.
| Overconfidence + Moving amongst issues without detailed consideration of any one.
| Mamory Siip + Exc :ssive befief in the corrsctness of ona’s own knowiedge.
Selectivity » Mamory failure due to faulty activation of schemata.
¢ Selectively process infcrmation. Attention to wrong features of task can
Biased Reviewing result.
{lusory Correlation + Error in reviewing planned course of action.
Lack of Resources * Failure to detect comelation or understand the logic of covanation.
Compiexity Problems « Lack of mental capacily for causal reasening, insufficient knowledge.
« Problems in understanding system dua o its complex naturg. !
RULE-BASED ERROR SHAPING FACTORS !
Availability + Tendency to use intuitive rules or use rules that readily come to
mind.
Countersigns + These are input indications that the more general rule is I
inapplicable.
Rigidity * Mindset {(zognitive sonsetvatism) results in refusal fo change
familiar procecurs.
Encoding Deficiency s Encode inaccurately or fail to encods the properties of the problem
space. il
Inadvisable Rules + Rules that satisfy immediate goals but can cause errors due to side
effects.
Wrong Rules * Rules that are wrong for the current situation.
inalegant Rules * Rules that achieve the goal but are insfficient.
First Exceptions = Errors caused on first occasion that is an exception to the general
rule.
i SKILL-BASED ERROR SHAPING FACTORS
Omissions « Omissicn of actions/action sequences naesded lo achieve a spacified h
goal.
Parceptual Confusion = A familiar match is accepted instead of the correct match.
SATO * Speed accuracy fradeotf.
Motor Schemata Capture » Focussed atiention absence leads to takeover by frequently used
schemata.
Stochastic Vanability * Vaability in control of movements.
Raducad intentionality » Dolay batween intention and action.
Repetitons « Actions that are unnecessarily repaated.
Reversals « Unintentionaily reversing an action just committed.
Interference * Potentizl problems stemming from concurrent activites.
Table 5.6 Definitions of Error Shaping Factors (Prabhu, Sharit and Drury, 1992)
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Choice of procedure
Execution of procedure.

I Observation of system state
2. Choice of hypothiesis

3. Testing of hypothesis

4. Choice of goal

5.

6.

This classification scheme has been used to record and analyze human errors in several contexts: (1)
detection, diagnosis, and compensation of engine room failures in a supertanker {(van Eckhout and Rouse,
1981), (2) human errors in troubieshooting live aircraft power plants (Johnson and Rouse, 1982), and (3)
aircrafi pilots in mission flights (Rouse, Rouse and Harmmer, 1982). Results of these studies have been
applied to the improvement of training programs and the devetopment of checklists and other decision
aids.

5.3.2.1.3 Human Error in Aircraft Inspection and Maintenance

Whereas previous research in aircraft inspection and maintenance has utilized various empirical human
factors technigues, this effort uses a behavior-based human error modeling approach, housed in a
conceptual aircraft inspection and maintenance system model (see Figure 5.3). The system model
provides a framework for error classification and therefore, a basis for improved error management. The
following section describes the system model of aircraft inspection and maintenance. The final section
details how the model might be useful for managing aircraft inspection and maintenance errors.

5.3.2.2 A System: Model for Humar Error in Maintenance and Inspection

The fact that errors emerge from, and are defined by, the interaction of sysiem characteristics, indicates
the necessity of a system approach to the description and control of these errors. Such a system view of
aircraft inspection and maintenance includes not only the traditional interaction of the operator and task
requirements, but also includes operator interactions with equipment, documentation, and other personnel
within the constraints imposed by the environment. The system model (Latorella and Drury, 1991)
contains four components: operators (personnel), ecquipment, documentation, and task requirements. These
components are subject to constraints of both the physical environment ang the social environment. The
job component can also be considered as a subset of the organizational environment in which tasks are
defined. Similarly, the workspace component is a subset of the physical environment. This conceptual
model is two dimensional as shown in Figure 5.3. The tempora! sequence of the individual tasks defines
an axis orthogonal to the page. All other system elements interact with the current task component as
shown in the plan view. Each individual task is subject to different combinations and degrees of
influences from other system componenis, presented below.

Operators. Aircraft mainienance and inspection operaters (0) differ between organizations but belong
in the same basic categories: inspectors {perhaps distinguished as either visual or NDT), maintenance,
utility, lead inspeciors, i¢ad maintenance, inspection foremen, maintenance foremen, production foremen,
and engineers. In additicn to carrying out sequences of activities, personnel serve as informational
rescurces to each other, Communicatior between personnel can be viewed as an information processing
task similar to referencing a document. The organizational structure of the system imposes constraints
on the amount of, format of, and the personnel likely to cngage in, collaborative problem-solving
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commumnications. The affective and
physical characteristics of people are
also important. An individual’s affect
¢an influence motivation and hence,
performance. Physical characteristics
affect perception (e.g., visual acuity),
access (e.g., anthropometry), and other
tasks.

Workspace

D E

Equipment. DBoth visual and NDT
inspection use equipment (E). There
is specialized equipment for different
types of NDT, including: eddy
current, ultrasonic, magnetic resonance,
X-Ray, and dye penetrant. Visual  Organizatienal Environmant
inspection requires flashlights, mirrors, /'_ ~2--- -/ D a————
and rulers. Use of this equipment e e

requires specialized knowiedge of its /ﬁf;‘: /7

operaiing principles, and cqually 1{————

specialized  knowledge for  the jj _._/
interpretation of its output.
Interpretation of visual stimuli or NDT
output necessarily requires information
procassing by the operator, but may also require cominunication with other personnel.  The ability ©
perceive the information present in the visual stimuli or NDT output may be affected by environmental
conditions, such as poor lighting. The ability to operate NDT equipment properly may also be affected
by environmental factors. For ¢xample, some temperature and humidity combinations make precise
movements difficult.

|

Job

Figure 5.3 System Mode

Documents. A variety of documents (D) is required for inspection and maintenance. Workeards, which
may include graphics and references to more comprehensive standards manuals, specify the task to be
performed. Forms (shift turnovers, NRRs) are used to communicate between persornel and to document
procedures, while additional documentation is used for training and retraining purposes. The ability o
communicate effectively through documentation is based on many factors. The fields specified on forms
dictate the information and the stnucture of that information. Physical characteristics of forms. documents,
and graphics affect the legibility of information and therefore, impact the ability 10 accurately perceive
this information. Issues of comprehension are important {or understanding the content of documents.
Issues of representation are central 1o ensuring that graphics are appropriaie and usefui.

Task. A task (Ti) is defined as the actions and elements of one workcard or similar task order. Task
characteristics which have been found to influence inspection inciude: defect probability, physical
characteristics of the defect, the number of serial inspeciions, feedforward and feedback availability, and
whether siandards are used {(Rodgers, 1983}, These aspects of the task necessarily tmieract with personned,
organizational, job. and ¢nvironmental characteristics. Personal information processing bidases may interact
with the task structure and present problems such as searching in the wrong area. The definition of a
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defect is part of the task which is ultimately established by the organization. An indication. which implies
a defect, is defined as that magnitude which indicates that, given the cost/benefit tradeoff of repairing
versus not repairing, a repair should be performed. The organization also dictaies whether feedforward.
feedback, and standards are used in inspection. The interaction of task characteristics and job
characteristics may produce effects on inspection performance. The probability of defects affects the
arousal level of an inspection and the expectation of finding a fault, which is also affected by the length
of ime an inspector performs a task and by physical factors such as fatigue.

Job. Jobs (J) are defined by the collection of tasks that an individual is expected to perform. However,
there are many characteristics of the job which can not be described by the characteristics of its individual
tasks. Job factors are derivative of the organizational environment and provide consiraints for tasks {e.g..
shift durations, work/rest cycles, day/night shifts, job rotation policies). These can further impact
personnel physical (e.g., fatigue, eyesirain), affective {e.g., motivation, job satisfaction), and information
processing (e.g.. atiention allocation) characteristics.

Werkspace. The workspace, & subset of the physical environment, contains the task and the equipment,
documentation, and personnel required to perform the task. While illumination is an attribute of the
physical environment in general, task lighting (such as a flashlight} is an auribute of the workspace. The
degree of physical access afforded by the workspace is an important constraint on performance. Both
these issues are currently being rescarched under continued funding on this contract (Gramopadhye.,
Reynolds, and Drury, 1992).

Physical Envirenment. The physical environment is described by several parameters: temperature, noise
tevel and type of noises, lighting level and light characteristics, and electrical and chemical sources. Whle
some of these factors can either enhance or degrade performance, ethers indicate potentially hazardous
conditions. The level and spectral characteristics of lighting affects tie perception of fault indications.
Impulse noises interrup! tasks and may result in skipped or unnecessarily repeated procedures. The level
and frequency characteristics of noise affect the ability w0 communicate.  Examples of hazardous
conditions in the physical environment are exposure to X-rays emitted during X-ray NDT and fuel fumes
encoumered when inspecting the inside of a fuel tank.

Organizational Environment. The organizational environment. often ignored in the analyses of
maintenance systems, has been shown to b influential in the patterns of work (Taylor. 1990) and
therefore, possibly in the patterns of errors. Factors which have been identified as important include: the
organization of work groups (or conversely, the isolation of workers), reporting structures, payoff
structuses associated with task performance, trust within one class of personngel, 1rust between classes of
personne! and levels of personnel, selection/placement strategies, and human-machine function aliocation
of control and responsibility. Organizational constraints are infused into every levei of the organization.
Regulatory agencies such as the FAA, JAA, and CAA mandate organizational form to some extent. Each
organization has operational strategies and goals. These external and internal goals of the system, and
constraints on the system are operationalized inte changes in organizational structure, physical
environment, task procedures, job descriptions, and personnel (skitled or trained).

Using the System Model. The model in Figure 5.3 is useful for depicting the goals of the sysiem and
therefore the functions that should be supported. The goals of the system are defined by the requireinents
of the personnel component 11 isolation and in conjunction with ather system components. The personnel
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component is primarily described in terms of information processing characieristics and lirnitations. These
characteristics influence the behavior of individuals and their experience with other system components.
The functions associated with the performance of tasks, use of equipment, and communication with co-
workers are subject to error and are therefore of primary concern. These functions are then considered
within the constraints of environmental factors which may affect error formation and/or propagation.
Drury, Prabhu, and Gramopadhye (1990) have compiled a generic function description of ithe maintenance
inspection task requirements as presented in Section 5.1. The desired outcome for each of the task
functions (Drury, 1991) which can be considered as the task’s goal can be stated and, following Drury
(1991), decomposed into the steps taken to accomplish the desired outcome (see Table 5.7).

——
Task 1 - INITIATE 1.1 Correct instructions writtan.
1.2 Correct equipment procured.
1.3 Inspector gets instructions.
1.4 Inspector reads instructions.
1.5 inspector understands instructions.
1.6 Correct equipment avaliable.
1.7 inspecter gets aguipment.
1.8 inspector checks/calibrates equipment.
Task 2 - ACCESS 21 Locate area to inspect.
22 Area to inspect.
223 Access area to inspsct.
Task 3 - SEARCH 3.1 Move to next lobe.
3.2 Enhance lobs {8.9. illurninate, magnify for vision, use dye penetrant,
tap for auditory inspection).
3.3 Examine lcbae.
34 Sensa indication in lobe.
35 Match indication against list.
3.6 Remamber matched indication.
3.7 Remermber lche iocation,
3.8 Remember accass area iocation.
3.9 Move to next access area.
Task 4 - DECISION 41 Intarprat indication.
4.2 Access comparison standard.
4.3 Access measunng eguipment.
4.4 Decide on if it is a fault.
4.5 Decide on action.
4.6 Remembar decision/action.
Task 5 - RESPOND 5.1 Mark fault on aircraft.
52 Record fault.
53 Whnte repair action. !
Task & - REPAIR 6.1 Repatr fault. I
Task 7 - BUY-BACK 7.1 nitiata. !
7.2 Access.
7.3 Search.
] 7.4 Decision.
Il 7.5 Respond.
Table 5.7 Detailed Breakdown of Adreraft Maintenance and Inspection by Task Step
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Note that the use of equipment has been included within these task descriptions and therefore would not
be considered separately. The most ambiguous situations encountered during aircraft inspection and
maintenance typically result in an individual referencing another individual or a document for additionai
information. These situations are underspecified and are usually unanticipated. it is for these reasons that
understanding the communication errors which may occur at these junctures is important. The type of
communication of interest here is only that related fo task performance, although other forms of casual
communication, not discussed here, may indicate imporiant aspects of the organizational and social
structure of the system.

Errors must be described in the situational coniext in which they occur in order to identify coniributing
factors. Table 5.8 shows some relevant characteristics of system components with which the individual
may inieract for the ‘initiate’ task. Relevant characteristics of each system component can be identified
for observed errors. The effect of these factors on performance has been suggested in man:' studies;
however, the manner in which performance is affected, especially by combinations of factors, requires
additional empirical investigation.

1.0 PERSONNEL l 5. JOB
1.1 Physiofogicat | 5.1 Physical Factors

1.2 Psychological 52 Social and Organizational Faclors
1.3 Personality 6.0 ORGANIZATIONAL/SOCIAL
2.0 EQUIPMENT 6.1 Structure
2.1 Hand Toois 62 Goals
2.2 Displays 63 Trust
2.3 Control 6.4 Motvational Climate/incentives
3.0 DOCUMENTATION 8.5 Function Allccation/Job Design
3.1 Type of information Included 6.6 Training/Selection Methods
3.2 Style {intslligibil:ty) 7.0 PHYSICAL ENVIRONMENT
3.3 Formatting (Visual Clarnty) 7.1 Lighting
3.4 Content {Usefulness, 7.2 Noise
Appropriatenass, Veridical) 7.3 Tempsrature/Ventiaton
3.5 Legibility (Physical) i 7.4 Chemical Hazards
4.0 TASK 7.5 Vibration
4.1 Physical Requirements 7.6 Elactrical Shock Hazards
4.2 informational Requirements 8.0 WORKSPACE

4.3 Charactenstics 8.1 Proximity
8.2 Anthropomstiical Constraints '

Table 5.8 System Component influencing Factors
5.3.2.3 Previous Research in Human Error and Aircraft Inspection and Maintenance

There has not been a great deal of research on human error specifically relaied o inspection and
maintenance, less still targeted to the inspection and maintenance of aircrafi. Three approaches are
discussed below which address this specific research area. Tock and Struti (1985) employ a fault tree
analysis approach to investigating and quantifying human error in aircraft inspection.  Drury (1991)
developed an error taxonomy of aircraft inspecticn based on a failure inodes and effects analysis. Drury
(1991) also has shown a classification scheme for aircraft inspection errors based on Rouse and Rouse’s
{1983) behavioral framework for invesiigating errors. These contributions are reviewed below.
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Lock and Strutt (1985) begin their reliability analysis of inspection with a microstructural model of the
inspection process. They use this model to "develop a flow chart (Figure 5.4) which describes a typical
inspection activity in which visual information is used to trigger further investigation using other senses”

r—— i
L Access Task (ﬁﬂ !
MS work pack - Es
Identify ne
lnspergticzn Kl"ask
(i)
i
l Maxe up
defect carg i
~ Next locatan ? i
- Muve b ks f
be speciac (1) :
{
i

I

Furfac waesliganon
NV

i
s

Ncre defect 1/:-5\ —ee

Figure 5.4 Inspection Model Fiowchart (Lock and Struti, 1985)
(I.ock and Strutt, 1985, p. 71). They note that while particularly suited 10 arca checks, the scenario is

generaily applicable to a wide range of iaspeciion tasks. These authors then analyze the flow chart for
error-likely situations and they identify six potential errors in the inspection process:
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Drury < 19910 dovelopad an ofTor Iaxonermy I Thg fariors o wios ol cach sk in aitoratinspection. This
taxenomy has been Jdovelopod based on i rocogmizon (nal g pro-acinge aPProach o error control s
needed 10 help idenudy potential emrors, Thus, the asonomny s admed af the phenotypes of error
tHollnagell 1989 that is. observed errors. Using the generie tunction desorniption of the muintenance and
inspection system (Druryv, et alll 1990) the goad or outcome of each function was postalated as shown in
Table 5.7. These outcomes then form the basis for identinving the tailure modes of the task. Towargs
this end. the tasks within each function were listed and the failure medes for cach identified. These
inciuded operational error data obtained from observations of alreralt inspectors, and discussions with
inspectors, supervisors, and guality control personne! involved in the aireraft mainicnance task. over a
period of two vears (Drury. Prabhu and Gramopadhye, 1990; Drury, 1991). A sample of the error
taxonpomy (Drury, 1991) is shown in Table 5.9.

The error framework developed by Rouse and Rouse (1983) has been used to record and analyze human
errors in several contexts: (1) detection, diagnosis and compensation of engine control room failures in
a supertanker {van Eckhoui and Rouse, 1981), (2) human errors in troubleshooting live aircraft power
plants (Johnson and Rouse. 1982). (3) aircraft pilots in mission flights (Rouse. Rouse. and Hammer, 19825
Results of these studies have been applied 1o the improvement of training programs and the development
of checkiists and other decision aids. Drury (19913 has shown how this schenie may be used to classify
errors occurring in botn visual and NDT inspecton tasks (sce Table 5.10).
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Figure 5.5 Inspection Error Fauli Tree (Lock and Suun., 1983)

5.3.2.4 An Approach to Aircraft Inspectien and Maintenance Error Management

Error management may be considered as a three part objective. Errors which are evident in an operadonal
system (error phenciypes) must be identified and cortroiled. Secondly. in order 1o redece the likelihood
of unanticipated error situations, errors must be predicted and systems must be designed 10 b2 orror
tolerant. Thirdly. error reporting sysiems must provide error and contexiual information in g form whic

is appropriate as feedback to personnel. Operators may then use this information to adjust their emmor
control and preveniion strategies or alter environmental characteristics. This secuon presenis strategios
for error control and preventicn through error-1oferant systems.  Finally, the need {or a coniexi-sensitive
error reporting scheme 1s discussed. Error phenotypes (Hollnagel, 79893, the specific. observable errors
in a system. provide the foundation for error control.  Error prevention and the development of design
principies for error avoidance rely on genoiype identification (Holinagel, 1939, associated behavioral
mechanisms. and their interaction with sysiem characteristics {Rasmussen and Vicenie, 1938, Hoereo oy

Ly

phenctypes are obtained empirically and from 2 isilere-mode-and-effocns analysis of task and
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communication models. These phenotypes are considered in light of their ability to be self-correcting and
the type of error which they represent. They are further characterized by the relevant aspects of the
sysiem components with which they interact. The resulting list of phenctypes, their error correctability
and type, and the pertinent situational factors, allow designers to recognize these errors and design control
mechanisms to mitigate their effects. Rasmussen and Vicente’s (1989) methodology is used to identify

genotypes associated with each phenotype. This methodology yields the mechanisms of error formation
within the task context.

TASK ERROR(S)

TASK 1 — INITIATE

. - T ] “

1.1 Cormract instructions written.

—d

A incomect instructions.
gz incomplete instructions.
4.3 No instructions availabls.

[ S A Y

12 Corirect equipment procured. 1.21 incorrect equipment.
122 Equipment not procured.

1.3 Inspector gets instructions. 1.3.4 Fails to get instructions.

14 Inspector reads ‘nstructions. 1.4 Fails to read instructions.

142 Pariially reads instructions.

15 inspector undsrstands 1.5.1 Fails to understand instructions.
inskuctons. 152 Misinterprets instructions.
1.53 Does not act on instructions.

16 Correct equipment available. .61 Comect equipment not available.
1.62 Equipment is incomplais.
1.6.3 Equipment is not worltng. i

1.7 Inspector gets equipment. 173 Gets wrong equipment.
17.2 Gets incomplete squipment.
1.7.3 Gets non-working equipment

1.8 inspector checks/calibrates 1.8.1 Fails to check/calibrate.
aguipment 1.82 Checks/calibrate incomrscty.

Table 5.9 Sample of Aircraft Maintenance and Inspection Errors by Task Step

This information in conjunction with consideration of influencing situational variables can predict the
forms of novel errors and suggest design principles io prevent ervor formation and/er contain error
propagation.

58.3.2.4.} Error Controil and Prevention

Ervor control is appropriate for the expedient eradication or mitigation of error-situation effects. However,
there is much wisdom in the adage "an ounce of prevention is worth a pound of cure:” error prevention
is more efficacious than error control. Error prevention requires error prediction and the design of error-
tolerant systems.
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r LEVEL OF PROCESSING POSSIBLE ERRORS
1. Cbsarvation of System State Fails 1o read display corractly.
2. Choice of hypothasis Instrumant wilt no? calibrate’ inspector assumes battery oo iow.
3. Test of hypothesis Fails 10 use knuWiedge of NiCads to test.

[ 4. Choice of goal Decides to search for new battery.

!L 5. Choice of procedura Calibrates for wrong frequency.

IL B. E_ercutéon of procedure Cmits range calibration step.

Table 5.10 Exampie of Possible Errors for Task Step of Calibrate NDI Equipmeni (from Drury, 1991)

Error control strategies can be derived by classitying error phenotypes according to compornents of the
sysiem model (see Figure 5.3} and according 1o Rasmussen and Vicenie's (1989} sysienuc error
mechanisms. This classification framework aids in suggesting intervention sirategies appropriate 1o the
error and the system components involved. The system model provides a usefel means of classifying
observed errors and relating them to specific human factors interventions.  There are a number of
personnel factors of general importance fo controlling errors.  Personnel interactions are extremely
important aspects of the performance of the inspection and maintenance tasks. These interactions can be
immediatc but are also accomplished through the use of forms and notes which allow personnel 10
communmnicate with fewer temporal and spatial constraints. Communication is information transfcired
between not only personne! but between personnel and documentation.  This extension of the common
use of "communication” is logical given that documentation can be considered as @ Hmited. static
represeniation of some individual’s (or group’s) knowledge. Equipment should be designed to support
task requirements and accommodate human intormation processing characteristics. The job and the
individual tasks shouid be designed such that they can be accomplished ar the desired level of
performance. for the desired duration of performance, without physical or affective stress. The physical
and organizational environments should be designed to enhance task performance and ensure the salety
and motivation of personnel.

Various imervention sirategics have been suggested for the control and prevention of errors. Rouse (1985)
identifics five general interventions and proposes a mathematical model for deseribing optimal resource
allocation among the strategies. These five general categories are also reflected in the more detailed listing
of intervention strafegies proffered by Drury, et al., (1990). These interventions have been tailored to the
aircraft inspection context and were classified as either shori-term or long-term strategies.  The
intervention strategies from these two sources are described in detail in Tables 8011, 5,12, and §5.13.
Table 5.11 presents a compilation of the intervention strategics and design guidelines proposed by
Rasmussen and Vicente (1989), Drury. ot al.. (1990). and Rouse (1985). These intervention strategies and
auidelines are classificd by the level of cognitive control (Rasmussen, 1986) which they affect and the
type of systemic cerror (Rasmussen and Vicente, 1989) they address (see Table 5.12).  Intervention
strategies can also be classified by the component(s) of the aireralt inspection and maintenance System
they alter. Table 5.13 presents the compiled intervention srategics and design guidelines classificd by
levels of cognitive control, systemic orror and system component. Further refinement of classification
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within system components (scc Table 5.8) is possible with the aid of a more detailed decomposition of
these components (see Latorella and Drury, 1991).

WENON AN~

29.
30.
31

-

.

33.
34.

35.

Ei

b 22
23.
24,
25,
26.
27.
28.

i

SHORT-TERM INTERVENTIONS (Shepherd, st al., 1991}
Waorksheot design
NDI squipment calibration procedures
NDI equipment intarface
ND! equipment tabeling of standards
Support stands
Area localizaticn aids
Stands/areas for NDI equipmant
improved lighting
Opticai enhancement
Improved NDI templates
Standards available at the workplace
Pattern recogniiion, job aids
Improved defect recording
Hands-free defect recording
Prevention of seral responding (inadvarient signoff
Intsgrated inspection/repairbuy-back - improve wiitten communication
integrated inspsction/repair/buy-back - improve verbal communication
LONG-TERR INTERVENTIONS {Shepherd, &t 2l, 1991 and Rousa, 1985)
identification of errors - ammor reporting
intagrated information systems (sedback, feadiorward, direciive)
Training
Selection/placement
ERROR REDUCTICN RESOURCES (Rouse, 1885)(aiso notes training and selection)
Equipment design
Job design
Aiding

——t

RASMUSSEN'S "COPING" GUIDELINES
{Fasmussan ang Vicents, 1968)

Make limits of acceptable performance visible whiis still reversible.
Provide feedback on the effects of actions tc cope with time dalay. !
Make latent conditional constraints on actions visible,
Make cues for action put only convenient signs, but aiso represent the necessary
preconditions for their validity (symbolic).
Supply operators with tools to make expsenments and test hypotheses.
Allow monitoring of aclivitiss by overview displays.
Cues for action shouid be integrated pattens based on determining attributes (symboiic representations).
Suppent memory with extemaiization of effective mental models.
Presant information at level most appropriate for decision making.
Prasent information embeddsd in a structure that can serve as an extemalized
mantal model.
Support memory of items, acts, and datz which are not integrated into the task.

Table 5.11 Error Management Strategies

The above methodology was developed to control errors, i.e., for error phenotypes which are observabie
errors in the system. An extension of this methodelogy provides a2 means by which intervention strategies
can be identified to controi unanticipated errors once they occur. In this extension, error genotypes, rather
than the aforementioned phenotypes, are classified accerding to the sysiem model, using Rasmussen and
Vicenmie's (1989) sysiemic error catepories and Rasmussen’s ievels of cognitive control (Skill. Rule,
Knowledge). This characierization of error genotypes ailows prediction of possible, but so far
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unanticipaied, error phenotypes. Unanticipated errors can be predicted by considering tasks at each level
of cognitive control and each error mechanisms’ possible perturbation of performance within the context
of the specific system components involved. Given an error genotype cell, intervention strategies {which
also have been classified by system componens, systemic error mechanism, and cognitive control level (see
Table 5.13) can be identified for its control.

i
LEVELS OF COGNITIVE CONTROL i
SKILL RULE KNOWLEDGE l

Leamning and Adapiation 8, 11, 12, 20, 22, 24, 25 1,2, 11, 20, 22, 24, 28 1,13, 15, 17, 16, 1%, 20,
22,24,28,27, 29

SYSTEMIC
ERRORS

Interierence Among 12, 14,23, 24, 30 3, 11,20, 22, 23, 24, 31 1, 3. 15, 1€, 17,19, 26, 23,
Competing Control 24, 32

Structures

Lack of Resources 33 33, 34 1, 3,4, 13, 16, 17, 19, 20,

2%, 22,23,24, 33, 34

Stechastic Variability 2,3,56,7,8,9,10, 12,14, | 2,11, 14, 16,17, 20, 2%, 22, | 4,16, 17,20,21,22. 35
16, 17, 20, 21, 22, 23, 24, 24, 35
35

— — r———

Table §.12 Error Management Strategies by Systemic Error and Level of Cognitive Control

5.3.2.4.2 Error Tolerant Design in the Aircraft Inspection and Maintenance System

An error tolerant system has been defined as a system which ensures that recovery from errors is possibie,
in the sense that actions are reversible andf/or that the system is resilient to inappropriate actions {Rouse,
1985). Reason (1990) suggests that one way of making systems more error tolerant is to identify "those
human failures most likely to jeopardize the integrily of the plant and to defend against them by
engineered safety devices or procedures” {p. 233). For example, the "30-minute ruie” allows nuciear
power plant operators 30 minutes of thinking time in an emergency through the use of automatic systems
which can return a plant to a safe state without human interveniion. Reason also notes that, where these
safety devices are themselves subject to human errors, independent, redundant systems should be provided
(p. 233). The design of error tolerant system procedures and devices can be guided by the error controt
and prediction framework previously describec by incorporating interventions in plant and operating
procedure design.

5.3.2.4.3 An Approach to Reporting Aircrafi Inspection and Maintenance Errors

Currently, error reports are primarily used for documenting error situations for administrative purposes by
internal or external regulatory agencies. There are many different regulatory mechanisms for reporting
errors to the FAA. In addition, the Air Transport Association (ATA) has proposed modifications to those.
All of these reporiing systems have the following commcen features:
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1. They are event driven. The system only capturcs data when a difficulty arises or a defect is
found.

2. Aircraft type and structure serve as the classification parameters for reporting.

3. Expert judgements of error criticality are used to further ciassify data and determine its urgency.

4.  To some extent in all systems, the feedback of digested Jdata to users is not well-engineered.
Thus, for the end-user Jevel, the data collection effort is largely for naught.

5. They can result in changes in mainicnance and inspection procedures; for example, by issuing
Airworthiness Directives (ADs).

Error reports in maintenance and inspection produced for administrative purposes are typically concerned
with establishing accountability for an error and its consequences rather than understanding the causal
factors and situational context of the error. This type of information is not appropriate for use as
performance feedback to inspectors or maintenance personnel, nor is it helpful information for error
tolerant system design. Error reporting schemes are developed from within an organization and therefore
vary greatly among organizations. The framework of these error reporting schemes is event driven and
developed iteratively, thus additions are made only with the occurrence of a acw error situation. To a
large extent, the information recorded about a situation is constrained by the format of the error reporting
scheme. For example, in one error reporting scheme, the reviewer is required to attribute the error to
some form of human error unless the situation can be described as an "act of God" (Drury, 1991).
Analysis of the data collected by such a scheme will invariably find the human at fault, rather than
working conditions, equipment, procedures, or other external factors. This biased representation has
serious implications for error preveniion, especially considering that equipment design and job aiding have
becn found to be more efficacious than sclection or training approaches in error prevention (Rouse, 1985).
To alleviate ihe difficulties of inconsistency, and provide an appropriate and useful structure for error data
collection, an error reporting scheme shouid be developed from a general theory of the task and the factors
which shape how the task is performed. Principally, the bchavioral characteristics of the operator, but
ideally also organizational ¢nvironment, job definition, workspace design, and the operators’ physical,
intellectuai and affective characteristics should be considercd. Effective error categorization systems are
not only descriptive but are prescriptive, providing information for specific intervention strategies (i.e..
Langan-Fox and Empson, 1985 and Kinney, et al., 1977).

As Rasmussen, Duncan, and Leplat (1987) note, it is necessary to shift the focus of analysis from the task
to the interaction of the task and the operator for classilying errors. Furthermore, taxonomies of hunian
error must encompass the analysis of not oniy the task characteristics but also the information processing
mechanisms associated with the subtasks. It is apparent that other situational characteristics (i.e.,
environmental conditions) are also useful for the sensitive classification of errors (Stager and Hameluck,
1990). Correlations of errors with situational factors, with remedies attempted, and with the effects of
these remedies, may provide important feedback for identifying error situations, assessing error criticality,
and determining error conseguence-minimizing solutions. Both error control and error preventicn would
berefit from an error reporting system which capiures the causal factors and situational contexi of an error
situation.

Both the taxonomic approach of Drury and Prabhu (1991) and the taxonomy for error management
strategies developed here can be used as a basis for formulating error reporting schemes.  Upon
occurrence, errors can be classified by level of cognitive control, type of systemic error, and by causal or
catalytic elements of the system. As previously mentioned, the categories of system clemems can be
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refined as illustrated in Table 5.8 to provide a more descriptive error characterization. Identification of
these parameters will likely involve detailed investigation of the error situation, including extensive
operator interviewing. This data store can be analyzed for trends in error sequences, effects of different
intervention strategies on error-type frequency, and for the efficacy of intervention straiegies over all types
of errors. Identification of error sequences and the effects and interactions of system elements provides
importani feedback information for performance and feedforward information for training, equipment, and
job design. A prototype error reporting system based on the above considerations has been proposed as
a shori-term project with an airline partner.

533 A FRAMEWORK FOR INFORMATION ENVIRONMENT DESIGN FOR AIRCRAFT
INSPECTION

Inspection is information processing. Other aspects of the inspector’s task, such as physical access to the
work and body posture during work, are subordinate to this central fask. If information processing is the
essence of inspection, we must examine the sources of information used (and not used) by the inspector:
how information is received, processed and generated. Hence, the inspector’s information environment
is a critical part of the inspectica system.

Any system involving a human is typically closed loop (e.g., Sheridan and Ferrell, 1974). Obvious
examples are in flying an aircraft or driving a car, but the concept applies equally to inspection tasks. As
shown in Figere 5.6, the human in the task receives some instruction, or command input to use systems
terminology. The operator and any associated machinery transform this command input into a Systein
oulput. To ensure stable performance, the system outpat is fed back to the input side of the sysiem, where
it is compared against the command input. If there is any difference (command minus output) the systeni
respengs so as to reduce this difference 1o zero.

From the model in Figure 5.6, it is ™ — = =
obvious that two types of information
can be distinguished. The input is
command information, while the output
is feedback information. Both have
been shown to be amenable 1o
manipulation to improve Sysicm
performance. Not obvious from
Figure 5.6 is that the command input
may be complex, and includes both |
what needs to be accomplished and

help in the accompiishment. Thus, I
input may give both directive and

feedforward information. A work card

may coatain "detailed inspection of
upper lap joint" in a specified area
(directive) and "check particularly for

corrosion between stations 2800 and Figure 5.6 Closed-1.oop Control
2840" (feedforward). Thus, there are

: |
i Command |

System - ourout

‘Human + Machine -
| .

R

. Feedback
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really three potential parts to the information environmenti: directive information, feedforward information,
and feedback information.

Three of the strongest influences found in case studies of inspection performance are time pressure on the
inspecior, feedforward of information to the inspector, and feedback of detailed performance measures.
We restrict ourselves to examining the various aspects of feedforward and feedback information in the
context of aircrafi inspection; the time pressure aspect is dealt with under speed accuracy tradeoif in
Section 53.4.

In the subsequent sections we present a model of the information flow in aircraft inspection. This model
serves as the basis for understanding the information environment that the inspector is a part of. We then
present two approaches to analyze the information rejuirements of the inspection task: (a} skili-rule-
knowledge (S-R-K) based approach, and (b) error taxoacmic approach. Finally, a study to investigate the
effect of feedback information is described.

5.33.1 A Model of Information Flow in Aircraft Inspection

To perform optimally in the system, the inspector has to have access to the relevant information and the
information environment has to provide this information. We have to reconcile the, perhaps conflicting,
issues of:

*  What information to present.
*  When to present this information.
*  How 0 present this information.

Ir designing the flow of information, the designer must take into account human processing of information
and the cognitive abilities of humans. [t is important to develop a model of the information environment
in order to analyze the current system and propose design changes based on identified problems. Towards
this end we propose a feedforward/feedback information model of aircraft inspection (see Figure 5.7).
This model represents both the physical work flow and the information flow. It also highlights the
cognitive aspects of the inspection task and its interaction with the information environment.

This modei allows us o target the components of feedforward (training, documents, etc.) and feedback
{missed defects, defect rate, etc.) that have 10 be analyzed for efficient design of the information

environment.

5.3.3.1.1 Feedforward Information

From the model (Figure 5.7), feedforward information to the inspector is seen to come from the following
sources:

Initial Training

Manufacturer/FAA/Airline Operator documents.
On-the-Job experience on a particular aircraft.
Information gathered from co-workers.

Ll e
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Figure 5.7 Model of Information Flow in Aircraft Maintenance and Inspection (Drury and Prabhu.
1991)

5. Command information in the form of stzndards.
6. Uiilization of understanding about the fault causation mechanism in an aircrafi.

Initial Training. Tavlor (1990} notes aircraff orientation iraining for new mwechanics, at large sites.
However, smaller sites had no fermal training prograins in place. No formal iaspection iraining programs
were ohserved or reported at any of the airlines. Typically, inspeciors hold an A and P license and have
meintenance experience. Taylor (1990) found that the current hangar maintenance organization has a
bi-modal experience distribution of 30 plus years and three or fewer years. The inspection group is
expected to have a similar distribution with three to five years added to the lower value.

The current state of raining places much emphasis on both the procedural aspects of the task (2.g., how

to set up for an X-ray inspection of an aileron), and on the diagnosis of the causes of problems from
symptoms {e.g., troubieshooting an eievator conuol circuit). However, the inspeciors we have siudied in
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our task analysis work have been less well trained in the cognitive aspects of visual inspection itself. How
do you search an array of rivets -- by columns, by rows, or by blocks? How do you judge whether
corrosion is severe =nough to be reported?

Most of the training is on the job where an experienced inspector puts the novice through his paces and
shows him the various aspects of inspection. This is highly realistic but uncontrolied and there is a high
likelihood for development of inconsistent irspection practices. Our experience in training inspectors in
manufacturing industries (Kleiner, 1983) has shown that a more controlled training environment produces
better inspectors. 1If training is entirely on-the-job, then two ¢f the main deierminants of the training
program--what the trainee sees and what feedback is given--are a matter of chance; i.e., of which particular
a2fects are present in the particular aircraft inspected.

We need 1o develop training procedures for the search and decision making componeuts of aircraft
inspection by using human factors {echniques that inciude cueing. feedback, active training, and
progressive part-training as suggested by Drury and Gramopadnye (1990) and detailed in Section 5.3.5.
It has been found that off-line controlled training successfully tramsfers to the more complex on-the-job
environment, The trainee is prepared to make maximum use of what is seen on the job, rather than
confining the learning process to irial and ermror. Because of the controlled and concentrated training
experierce, trainees can nrogress faster to the same level as experienced inspectors.

Documentation. There is an immense amount of polentially useful information available both in paper
(hard copies) and paperless {computer, microfiches} form. We list below some of the imporiant
documents that form the information environment. Note that this is not a complete listing of all available
documents.

The documents are generated by a triad consisting of the Federal Aviation Administration (FAA), aircraft
manufacturers, and aircraft operators. There is a complex, multi-dimensional interaction in the flow of
gata between these three. Manufacturers require feedback from operatorss to determine acceptability and
reliability of a product and its components. Airlines require product support information from the
manufacturer. The FAA requires data from both the airlines and the manufacturers concerning product
reliability and safety issues. The Air Transport Association (ATA)} coordinates the flow of data among the
three wiad members (Shepherd, 1990).

We have to understand the problems creaied by the mismaiches between the needs of the inspector (who
is looking for information) and the design of the documents (that present data). There is a2 critical need
for usable knowledge, which gets translated to utilized information on the job. From a document design
viewpoint we have to focus on creating usable documents. Information {low design and system design
should ensure the availability of documents at the right place at the right ime. The demonstration project
presented in Section 5.2.1 is an example of applving document design techniques io one type of
document, the workcard.

Experience on a Specific Aircraft Type. Aircraft at a maintenance facility are serviced over various lengths
of time depending on the type of service. The transfer of an aircraft 1o a different facility (other than the
one it normally goes i0) is very rare and occurs in case of coniingencies or in case of heavy workload at
the regular facility. Similarly, movemem: of personnel between differen facilities is very low. Thus, most
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maintenance and inspection personnel accumulate experience on a particular type of aircraft. The eifect
of such job specialization on the occasional inspection of a different aircraft type has not been studied.

Knowledge about the aircraft is accumulated over a period of time through on-the-job work. Experienced
inspectors gradually develop an understanding of the cause-eifect relationship of defects and also know
what to look for and where. Thus, there is a store of distributed knowledge or expertise residing in the
inspection organization. Individual inspectors normally have access to this disiributed knowledge through
informal contacts with fellow inspeciors, which leads us 1o the next section.

Information from Co-Workers. The relevant relationships in heavy maintenance have been identified by
Taylor {1990}, to include:

Superiors with subordinates

Members of same group with one ancther

Members of different work groups

People inside enterprise interacting with people outside that system.

BN

Airline inspectors typically work independently and occasionally in teams of two. The frequency of
formal meetings amongst inspectors varies from airline to airiine. In one airline. weekly safety meetings
are held where any communications from management are conveyed (o the inspectors.  In another case
there is a daily meeting at the beginning of the shift where the day’s work and assignments are discussed.
Drury, et al.. (1999), during the task analvsis of inspection in the airline industry, found few formal
meetings of mechanics or inspectors despite frequent informal contact among inspectors. and less frequent
contact between inspectors and mechanics.

Contact hetween inspectors. in different shifts, was observed ai some sites where shifts overiapped by an
hour or so. The mechanics and inspeciors contact each other for buy-back or for approval of 2 repair.
This coniact for advice/instruction is the only formal informaticn exchange between the inspector and the
mechanic. There appears 10 be no formally organized forum that can channel the distributed knowledge
for more efficient access by individuals who need this information.

Mechanics who find faults duning scheduled maintcnance notify the inspectors. Thus. an informal sysiem
of cominunicaticn exists. However, there are various ways in which such 2 system can break down, An
experienced inspecter might Xnow, for exampic, that the line maintenance people have in the past
improperly used magnetic screws around the landing light as a contingency measure. Thus, he/she wousd
examine the screws around the landing light in view of this knowledge. A new inspecior may not have
had access to this issue (which is not mentioned in a workcard or any documentation elsewhere) and couid
fail to catch such a fault. Similarly, an inspecter who documents a fault and the inspector who approves
the repair done on this favlt may not be the samo and thus, any inspecion eror in this case goes
unnoticed by the inspector because of a lack of a formal feedback system.

Command Information with Comparative Stangards. There seem 1o be almost no standords thai are
accessible to inspectors for defects like corrosion. cracks, dished/pooched rivets, wear, component play.
eic. A small subsei of standards does exist with the manufacturer, FAA, eic., but these have not been
organized into 2 scheme for utilizing comparative standards on the job. The closest inspectors come 1o
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8 standard in vispal inspection is to use adjacent areas to make a comparison. which is not a reliabie
method (Drury, 1991)

During a decision making process, both the internal and external retrieval of information is necessary.
The degree wiith which external and internal retrieval of information is reguired could be a major
aeterminan of the strategies adopted during decision making.

As an c¢xample, during visual search for corrosicn around rivets or in a door frame the inspector comes
across an indication, The inspector has to make a judgemeni call wheither this indication should be
marked as a defect or let go. I the corrosion is evident with.yat a doubt. then the decision process is
simple and the task is aimost like a pure search task. On the other hand, when the evidence for corrosion
in the indication is not conclusive . the inspecior has 10:

1. Retrieve internal information about instances of « Jrosion 10 make a match (recall patierns).
2. Approach peers or supervisors for heip on judgement.
3. Refer to comparison standards availabie at the work point.

It has been found that the higher the information load and the more likely the chance of error, the more
an operator is forced to remember or recal! information of relevance. Also, external information rctrieval
{from other inspectors) is a functioa of the operator’s perception of criticality of this panticular decision
and availability of inspeciors within a reasonable vicinity. For example, the inspector perched up on the
horizonial stabilizer of a2 DC-9 is less likely to go down and cal: a supervisor to come ep and have a look
at an indication, particularly if hie perceives that a2 wrong decision on his part may not be ¢ntcal.

It has been known for many vears that if comparison standards are available at the work point. more

~arate inspection will result. Yet in many cases such standards sre not available o the aireraft inspecior.
ror example, if the maximum allowable depth of g wear mark is given as (.01 inches. there IS neither
a convenient way I measure this, nor a readily avaiiable standard for comparison. ther examples are
play in bearings and cable runs, areas of corrosion. and louscness of rivers. All are considered 10 be
“judgement calls” by the inspector, but simple job aids, perhaps as part of the waorksheet. or standard
inspection tools, would remove a source of uncertainty. Leaving standards 10 unaided humon memory
may be expeditious, but it i3 also unreliable.

Utilization of Undersianding about the Fault Causation Mechanism in Aircraft. luspection of aircrafl is
largely composed of pure scarch activities followed by decision-making 1asks whose output 1s of the form
of "acceptable/non-accepiabie™. However, some areas of inspection involve utilization of cues. knowiedge
of how f{aulis arc caused. and knowledge of how the behavior of ome particular aircraft component
indicates behavior of relaied componenis. Examples are:

»  girt streaks around a rivet on the fuselage indicate a loose divet

«  halging of the paint on the aircraft skin indiczies underlying corrosion.

«  scraped paint ai the fairings indicates underlying fairings ase rubbing,

= play at the flap vanes points 0 worn out bearings or wacks,

. fiat spots on the wheel indicate a possible problem with the anti-skid system,
+ powdery material on the skin indicates probable corrosion.
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Use of such indirect evidence is a powerful technigue t¢ enhance detection and discovery of a fault,
particularly where faults are not directly accessible 10 pure visual/auditory/tactile search.

There is a necessity to gather the knowledge required for this indirect fauli indication from experienced
inspeciors who understand the utilization of such cues. There is also a need to identify the mappings
between defects and fault causation mechanisms for 2 wide variety of such defects. The decision-making
activity can ¥ .en be converted 10 a rule-based, procedural type of task. Rules thus formed can be used
in an effective training scheme to help inspectors increase the efficiency of the search and decision making
Process.

This approach can be extended further to form an inspection data base which can be continuaily revised
and updated to reflect the distributed knowledge that exists not only in a specific airline but across all
airtines. Such a global knowledge-base would thus receive its input from experiznced inspeciors ali over
ihe aviation industry, thus consistently benefitting all users. It is also conceivable that an expert sysiem
could be developed that makes use of such a data base and supports decision-making tasks. Such a system
would support queries like:

+  "lam in the tail compartment. Current inspection area is aft of APU comparntment bulkhead, list
keypoints.”

»  "Inspection area is APU shroud. list past history of cracks.”

- "Indications at rivet on lap joint at stringer S-34 between body station 890 and 9X) points 0
vofrosion, show graphics of tikely corrosion in this area.”

*+  "There is excessive play at the fiap vanes, what are the problems indicated by this.”, elc.

58.3.3.1.2 Feedback Information

Feedback information in aircrait inspection can be used either on the job or in training. Use of feedback
on the job has been found to reduce the number of false alarms as well as reduce missed defects. Training
scnemes implementing feegback have been useu 0 improve learning rates, to develop schemes, and for
the efficient transfer of training skills to on-the-iob performance.

On-The-Job Feedback. There seems to be no systematic and obvieus system in place that provides
feedback to the inspecior. For example, feedback during access can be given by a well designed workcard
system incorporating unique iandmarks in the figures (Drury, 1990h). Feedback in search/decision making
comes when the inspecior talks 1o a supervisor or a fellow inspector to confirm a borderline case, although
this occurs rarely. Also rare is the feedback that could come from the repairer or the buy-back inspector
who both have potential data on the fault.

Feedback also seems (o depend on the type of defect.  Airlines have a system to classify the various
defects found during inspecticn/maintenance. There are specific mies by the FAA for this classification.
Normally, defects get classified in three broad categories: A, B, and C. Type "A" defects are the most
critical ones and have to be immediately comrected. Type "B" defects are corrected immediately, or the
miaintenance action is deferred 10 a pre-specified time based on current and projected workioad. The "'C”
defects are generally deferred to the nexi inspection. Thus, there exisis a possibility of feedback in the
case of "A" defects, and some "B" defects. because of the time frame within which mainienance aciion
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is taken. This would normally occur through buy-back inspection. However, even this opportunity wouald
be lost if the buy-back inspecior is different from the one who wrote the non-routine defect item.

There is very littie feedback on any defect that the inspector misses. This feedback can only occur
through audits and guality contro! inspections, but these sysiems do nat ensure consistent feedback to all
inspectors on a regular basis.

At this point we have 1o also recognize thai, although it is very desirable 1o provide feedback, there are
bound 10 be instances where this would be economicaily infeasible, and in some cases impossible, due to
e patere of e 1ask. For example. providing seputar feedback on misszd defedis 1 not visble, as &t
would involve re-inspection similar 10 auditing on a regular basis. Similarly, having a system that calls
for feedback on every defect may be too expensive due 10 Hime factors and logistcs. In such cases,
alternate schemes like periodic re-training or off-line feedback could be utilized to re-calibrate inspectors.

Feedback in Training. As explained in the earlier seciion. the feedback in airerall inspection is relatively
scarce, and on the occasions that the inspector gets feedback (e.g., an audilj, it ig delayed in ume.
Delayed feedback makes learning by practice alone difficult (Woods. 1989}

The use of knowledge of resulis (feedback) in trainung is well documented. The trainee needs rapid,
accurate feedback in order to correctiy classify a defect or 1o know whether a search pattern was effective.
However, when waining is compieted, feedback is rare. The training program should start with rapid,
frequent feedback, and gradually delay this until the "working” level is reached. More feedback beyond
the end of ihe training program will help 1o keep the inspector calibrated (Drury and Kleiner. 1990).

We see thai there is a great deal of research support to indicate that use of feedback in initial raining is
beneficial. From the aisline inspection comtexi this points 1o the necessity of developing a waining
methodology that incorporates performance feedback. Drury and Gramopadhye (1990) have Gemonsirated
a training scheme for gamma ray inspection of a nozzle guide vane area of 3 JT9D engine. This includes
part naming and defect naming (cueing and active response). search, and decision training. Feedback is
used judiciously in this training scheme 10 help the trainee o build 2 schema.

5.3.3.2 Analysis of Information Requirements: Ar S-R-K Approach

So far it has been cstablished that (3) errors in aireraft inspection are cosily, and therefore must be
minimized. (b; human performance limitations can. and do, resuli in inspection errors, and () provision
of information in the correct form {(physical and cognitive aspects) is critical 1 reducing human ermors,

For effective use of fecdforward and feedback infonmnation, the ipformation requirements of human
inspection hiave to be identified. Furthermore, the information needs of expenis and povices may be very
different. Thus, we can posit that studying the behavior of the human iaspector inieracting with the
system (while performing the inspection} will help identify possible information support points, as well
as provide guidance to the type of information {either feedforward or feedback) that is needed at these
points. The skill-nule-knowledge based hierarchy of Rasmussen (1983) presented in Section 53.2.1.2
affords us a robust framework within which this analysis can be carried out, and will be mapped onto both
visual inspection and NDI.
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5.3.3.2.1 Visual Ipspection

Search and decision meking form the critical components of visual inspection. The search component ¢an
be further decomposed nto pre-aitentive search, and a detailed search consisting of foveal (pure search
or search plus decision making) and extra-foveal processes. Similarly, NDI can be decomposed into three
broad stages: calibration, probe movement, and display interpretation.  Identification of the behaviors
associated with each of these subtasks results in a2 many to many mapping as scen in Table 5.14 (Visual
Search) and Table 5.5 (NDI). These mappings have been identified for an expent inspecior. An
intessting aspect of these mappings is the existence of relatively few knowledge-based behaviors exhibited
by the expert inspector. This seems jogical since there is less problem-solving of active seasoning in
aircraft inspection and more detection, identification, and classification.

i""'—— e —_—— — ——— T —— —
!.gl VISUAL BEHAVIGR CATEGOHIES _“
! PROCESSES SKILL-BASED RULE-BASED KMOWLEDGE-BASED
f PRE-ATTENTIVE SEARCH Scan and
( Dstect
FOVEAL (PURE SEARCH) Fixate and
Detact
Il FoveaL pecision Idantify and
l Classify
EXTRA-FOVEAL SEARCH Trigger moveo
to next area i
DECISION-MAKING {CUTSIDE Move to next area, Reason and Decide }
OF SEARCH) Rulss of what to fook l
for

Table 5.14 Mapping 2 Visual Inspection Task to Cogaitive Behavior for an Expert Inspector

i BEHAVIOR CATEGORIES
NDI PROCESSES SKilL.-BASED RULE-BASED KNOWLEDGE-BASED Ii

_'l
CALIBRATION Probs Movermant Cver | Calibration Procsdures |

Tes! Specimen !
{ PROBE MOVEMENT Tracking Along Supportive Mode
Desired Path idenifving Boundary
l Conditions “
DISPLAY INTERFRETATION interprating Familiar interpreting Unfamiliar,

Signal

Unanticipated Signais i
Table 5.18 Mapping an NDI Process to Cognitive Behavior for an Expent Inspector
¢ SRX framework also aids understanding of how behavior wiil be gqualiatively modified as the

inspector goes from a novice to an expert. Thus, although both the novice and the expert exhibii, say.
rule-based behavior, the behavior of the expert will be guatitatively different from the novice {(Sanderson
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and Harwood, 1988). In Table 5.16 we have mapped a specific visual inspection task (inspection of
rivets) to the SRK framework, to represent the performance of an expert inspector. We can expect that
some of the defects identified at the skiil-based and rule-based levels by the expert will be identified at
the rule-based and knowledge-based ievels by the novice, indicating a rightward shift on Table 5.16,
corresponding to an upward movement on the SRK hierarchy. Thus, this analysis points to the need for
different levels of information support for the expert and the povice inspector. [t can also provide
guidelines to define training reguirements for novice inspectors based on identifying expert inspector
behaviors.

VISUAL BEHAVYIOR CATEGORIES
INSPECTION
PROCESSES SKILL-BASED RULE-BASED KNOWLEDGE-
g BASED
!g PRE-ATTENTIVE * Missing rivet
SEARCH ¢ Hole in skin
1 FOVEAL (PURE * Missing rivet
SEAHCH) * Hole in skin
+ Daep dents
+ lLame cracks !
+ Prominant
carmsion
FOVEAL DECISION « Bordaetine corrosion
* Siight wear
+ Dished rivels
s Ripples in skin
+ Small cracks —I
EXTRA-FOVEAL + Chipped paint in
SEARCH periphory laads
to next fixation
Ty
DECISION-MAKING - Streaks around + Defect typa not '
(OUTSIDE OF nvets tngger listed
SEARCH) inspaction for » Use of meta-
loose rivels knowledge
» Powdary
contamination
tnggers search
for corrosion
» Borderiine

dafects

Table 5.16 Visual Inspection of Rivets: Cognitive Behaviors for Different Defect Types

Tables 5.14, 5.15, and 5.16 also indicate the large roie that skill-based and rule-based behavicrs piay in
visual inspection. The visual search part of visual inspecticn is seen 1o be entirely skill and rule-based
for the expert inspector {(or afier training to criteria). The skiil-based behavior can be associated to the
scanning, fixating, and detecting activities (see Table 5.14). Since skill-based performance is essentially
unconscious and feedforward controlled, we can conclude that the information aid for this pan of the
visual search should be something that docs nct require active conscious use by the inspector. This points
to visual environment changes (better lighting, improved conirasi), and improved human detection
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capabilities {increasing visual lobe, increasing target conspicuity). At the same time, this also indicates
training as a critical need to attain satisfactory sensory performance.

Tables 5.14 and 5.16 also highlight rule-based behavior resulting in the identification and ciassification
of defects as a significant mode of visual inspection. Thus, finding corrosion, wear, small cracks and
similar difficult defects takes place because of rule-based behavior. It is pertinent to note at this point that
the work card sysiem used in the aircraft indusiry to control aircraft maintenance and inspection relies
heavily on a linear procedurai approach (Drury, 1991; Drury, Prabhu and Gramopadhye, 1990).
Ruie-based behavior also accounts for search strategics based on past experience and work card
instructions. Thus, we reach the conclusion that it is very important to develop procedural knowledge
{workcard design}, checklists, and comparison standards to support this behavior.

Knowledge-based behavior is often a slow and error-prone process and creates a high cognitive workload
for the human. Often in such circumstances the human will try to minimize cognitive strain by using
shortcuts in the reasoning and decision making processes, which can lead io suboptimal performance.
Thus, we should try to desigit the system and the information environment t0 minimize the need to indulge
in knowiedge-based behavior. Knowledge-based behavior in visua! inspection will be more evident in a
novice inspector; this provides a strong impetus to the design of adequate training programs to bring the
novice to expert levels and thus minimize knowledge-based behavior. Once a certain level of expertise
is attained the knowledge-based behavior will be neeced only in case of unfamiliar work sitnations. For
exampie, this can happen if an inspector who normally works on only a specific part of the aircrafi (e.g.,
the wing section) is asked 10 inspect a cargo door. Thus, it becomes important that the workcard
{(feedforward environment) be designed for usability and have the information needed to make a smooth
transition to an unfamiliar task. Feedback information from a buddy system, and efficient communication
lines with the supervisor, also have to be considered. Also important is the development of the knowledge
about the spatial and functional aspects of the aircraft, which is partly built through the vears of prior
experience of the inspector as an aviation mechanic. This is normally {ive years but is decreasing due o
a shortage of inspectors, with some inspectors having as litile as three years of maintenance experience.
There are cognitive error implications in to¢ rapid a promotion system.

5.3.3.2.2 Non-Destructive Inspecticn

Moving 10 NDI inspection, skill-based behavior is predominani while using the probe and is a
sensorimotor, feedback-controiled mevement. This indicates the need for manual control training on
tracking tasks (e.g.. circle drawing, tracking) which transfer to this movement control task. Similarly,
thought should be given to providing tracing paths (e.g., circles around rivets) which provide adeguate
feedback information. Templates can and are being used (although some inspectors do not like 10 use
them due to handling difficulties) and the improved design and use of such aids should be encouraged.
The rule-based behavior component of calibration points to the necessity of developing adequate and well
designed checklists, along with procedural knowledge, for reliable performance. Swain and Weston (1988}
point out that during the calibration procedures, powerplant technicians who very often have followed
written steps, rely on memory and this increases the probability of omissions. This points 1o a calibration
process design that is capable of providing cues to the next step on the display screen as well as detecting
wrong inputs by the operator. Where calibration can be rigidly defined, the checkiist is the obvious
cognitive aid, already extensively used in aviation. Those calibraton tasks which have some flexibility
must be clearly delineated for separate treatment.
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Display interpretation forms the critical portion of NDI and as such can be either rule-based, or
knowledge-based, or both. The information environment should thus support both these behaviors while
trying to ensure, through system design and training. that the need for knowledge-based behavior is
minimized. Since rule-based behavior is based on signs which trigger stored patterns which in turn control
our choices, Rasmussen and Vicente (1989) suggest that the design of the display should be such as to
provide action cues as signs which also have symbolic content, thus supporting both rule and
knowledge-based performances. Display screens for NDI that allow comparisons of the current patiern
(curve) with known defect curves for comparative decision making should be considered. Also, the
knowledge-based component found during display interpretation indicates the need 10 develop feedforward
information (training and documentation) to provide technology knowiedge, instrument knowledge, and
aircraft defect history.

It must be emphasized at this point that in aircraft inspection, skill-based, rule-based, and knowiedge-based
behaviors are not necessarily stand-alone, discrete behavior modes. Indeed. they overlap on some
occasions and support each other on others. For example, the skill-based behavior of probe movement
is supported by either knowledge-based (for the novice} or rule-based (for the expert) behavior that
ascertains the boundaries of the movement. For example, the probe should not cut the rivet head and a
movement 100 close o an edge should be avoided since hoth of these will show defect indications without
the presence of any defects. Similarly, rule-based behavior of defect identification and classification in
visual inspection is sometimes supported by knowledge-based behavior that uses active reasoning based
on a deeper and functional understanding of the aircrafi. For example, during visual inspection of the
wing leading edge, the inspector who is looking for dents may reason that a dent forward of the aileron
trim tab may be more important than one in another area because it could cause flow breakup in an area
important to flight control. This and the preceding example highlight the often symbiotic relationship of
the different behavior modes. Thus, while we concentrate on skill-based and rule-based behavior 0. the
inspector (since these are the dominant behaviors), we aiso need to understand and suppori the
knowledge-based behavior through adequate training schemes, documeniation, and communications.

From the discussion above, it is evident that the mapping of the inspection processes to the SRK
framework provides useful guidelines for, and a better understanding of, the type of information that has
to be provided for aircraft inspection. This has been compiled in Tabie 5.17 where the information
caiegories (feedforward and feedback) identified in the aircraft inspection information model (Figure 5.3)
have been assigned to the various inspection subtasks based on the type of behavior they would logically

support.

5.3.3.3 Analysis of Information Requirements: An Error Taxonomic Approach

in an analysis of 93 major accidents for a 24 year period from 1959 to 1983, Sears (1986) found that 12%
were caused by maintenance and inspection deficicncies.  Similarly, Nagel (1988) reports that
approximately four out of every hundred accidents that occurred in the worldwide jet fleet from 1977 to
1988, had maintenance error as one of the chief causes. As shown in Section 5.3.2, the effects of human
error are becoming increasingly unacceptable and the issue of maintenance and inspection error is being
closely examined and discussed in the aviation community (Drury, 1991).

Formulation of information environment requirements should include the notion of human crror and its
impact on aircraft inspection. Control of errors to an accepiable minimum is the implicit goal of all
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humarn-machine systems. In aircraft inspection, where the existence of certain defects in an aircraft ready
to fly is almost unacceptable, it is pertinent to make this goal explicit, by defining information
requirerents based on human error avoidance. it can be argued that information provided at the right
time, at the right place, in the right manner, is at Jeast a necessary condition for minimal error

performance.

INSPECTION
PROCESSES

—'_'——T’-_——-_"—'—\_ﬂﬂ——l—-.

ronewveowens ]

FEEDFORWARD

INFORMATION ENVIRONMENT

FEEDBACK

1. VISUAL {e.g9. Rivet
inspaction)

« Pra-Aftentive

» Training

* “oveal Search

« Training

» Qutput Feadback

» Foveal Decision

* Training
» Procedural Knowlsdge
+ Comparison Standards

» Cognitive Feadback
» Buddy System

iy

» Extra-Foveal

» Knowledge of Cues

« Feadback of Resulls

» Dacision Making

* Co-Worker Information

« Functiorial System Knowledge
*» Fault Causation Knowledge

» Aircraft History (Defects)

+ Communication Links
« Buddy System
» Cognitive Fesdback

2. NDI {a.g. Eddy Current)

+ Calibration

+ Checklists, Display Dosign

i « Probe Movement

= Training on Tracking and
Accurate Movement Control

= Probing Aids {Templates
or Markings Around
Rivets)

i — i

* Display
Interpratation

» Display Design

+ Functional System Knowledge

« Technical Instrument Knowledge
» Aircraft History

Table 5.17

b

« Cognitive Feedback

|

Information Requirements Identified from Mapping Inspection Processes to SRK

Framework for Two Examples

5.3.3.3.1 Methodology for Information Requiremen: Formulation

Human error can serve as an effective platiorm 1o study and formulate the information requirements of
aircraft inspection just as it was used in Section 3.3.2 to understand the overail inspection process. We
preseni below a methodology that attempts 1o guide the design of the information environment to
controlling human error:
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I, ldentify and define the levels of the system under consideration (¢ g, management, supervisory,
iead inspector, inspector).

2. At the level under analysis, define the functional reguirement of the level, cumrent allocalion of

human-computer functions, and interactions with the other levels,

Develop a human ervor taxonomy for the level under consideration.

4. Use the taxonomy and ihe funciions identified in step 2 1o vuthine the fafure modes (phenotypes)
and zssociated mechanisms of human malfunction arnd error shaping factors (geno-types) specific
10 ¢ach funciion.

5. Idendfy the component of the information system that would be necessary (o controf human crror
based on undersianding of the phenotypes and genotypes of siep 4.

6. Define the requirements of cach information component: (1} what inforntion to present
(information quality); (2) when to present such information (information fTow): and (3) how 1o
present this information (information display), so that the human error potential is minimized.

)

The above methodology combines a task analytic approach with a human crror taxonomy so that
information requiremems are formulated to control human eror. Obviously, the crror axonony
development is an important part of this approzch. A framework or guideline is presented. which can be
used to develop a taxonomy for use in this methodoiogy.

Rasmussen and Vicente (1990) suggest thet human error analysis can be performed ftom two different
perspectives,  The first perspective tries (o identify possible human errors and  their effects on system
performance, while the second perspeciive aims at improving system design 1o climinaie the effects
identified in the analysis from the first perspective. Based on the first perspective., Drury (1991) developed
an error taxonomy from the failure modes of each task in aircraft inspection. This taxonomy has been
developed based on the recognition that a pro-active approach to error controf 1s needed (o identify
potential errors. Thus, the taxonomy is aimed at the phenotypes of error (Hollnagel. 19389 Le., the way
errors are observed or appear in practice. In Section 5.3.2 it was also noted that Rasmussen and Vicente
{1990) propose a taxonomy from the viewpoint of identifying possible improvements in sysiem design
with categories of errors as related to: (a) effects of learning and adaptation. (b) interference among
competing control structures. (¢} lack of resources, and (d) stochastic variability,  They suggest that
different methods have to be adopted to conirol the errors associated with cach of the above four
categories. and that it is necessary to make the sysiem error-tolerant o achicve reliable systen
performance.

We propose that the failure modes identified in the taxenomy of aireralt inspection by Drury (1991) can
be classified using the systemic error mechanisms categorics and the cognitive control categories proposed
bv Rasmussen and Vicente (1989). (An example is given in Table 5.I8. for error modes in the decision
task.) In Tabie 5.19, such an assignment is shown using the faiture modes for the decision task. For cach
behavior mede (e, skill, rule. or knowledge) the genoiypes of errors can be then postulaied. Genotypes
are the contributing psychological causes of enors and are representative of the characteristics of the
human cognitive system {Hollnagel, 1989). Table 5.20 shows the g notypes assigned to the different
behavior modgs.
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TASK ERROR(S)

TASK 4 — DECISION

4.1 Interpret indication 4.1.1 Classify as wrong fault type.

4.2 Access msasuning equipmant. 4.2.1 Chooss wrng measunng equipment.

4.2.2 Maasuring equipment is not available.

4.2 3 Measunng equipment is not working.

4.2.4 Measuning eguipment 1s not calibrated.

4 2.5 Measunng equipment has wrong calibration.
4.2.6 Does not use measuring equipment.

i 4.3 Access companson standards. 4.3.1 Choose wrong companson standard.
4.3.2 Compansecn standarnd 1s not avatlable.
4.3.3 Companson standard 1s not comract.
4.3.4 Companson standard is incomplele.
4.2.5 Does not use comparison standard.

T R T T .
o P e e B A it S FY P e PV o i g

} 4.4 Decide on fault presence. 4.4.1 Type 1 aror, talse alam.
l 4.4.2 Type 2 eTor, missed fault.

4.5 Decide on acton. 4.5.1 Choose wrong action.

4.5.2 Second opinton i not nesded.

4.5.3 No second opinion if nesded.

4.5.4 Zall for buy-back whan not required.
4.5 5 Fail 1o call for required buy-back.

4.6 Remeamber decision/action. 4.6.1 Forgst dacision/action.
4.6.2 Fail to record decision/action.

OUTCCRME 4: All indications located are correctly classified, correctly labeiled as fault or no fault, and actions
correctly planned for sach indication.

Lo

Table 5.18 Task and Error Taxonomy tor inspection, Task 4, Decision

The above framework, then. aidlows the opportunity o examine cach failure mode within the context of
{a) the cognitive behavior from which it resuiis. {b) the systemic error caiegory in which it occurs, and
{c¢) the internal error mechanisms that are the probable causes of these malfunctions. An analysis of this
information can then form the basis of system design to minimize or ehiminate the falere modies. From
the information requirements viewpoint, sysiem design considerations should then drive thie specifications
as 1o the type, location, and temporal position of the information.  Preliminary recommendations on the
tvpe of information component have been listed in Table 5.20. In actual use, Tabie 5,26 should be utilized
as a framework for an error taxonomy which can be applied in the task analysis methodology proposed.

5.33.4 Testing the Information Framework

Using the inspection program developed for NDIE (Sectiorr 5.3.1.1) it is possible o maxe direct
xperimental tests of many of the predictions coming from the framework heing developed in Sections
3.3.2 and 5.3.33. As 2 demonsiration of the use of the NDI inspection program, a relatively simple
experiment based on the information requirements was conducied. I invoived fraining two groups of

13-4
&

e
5

subjects on the inspection task, then either providing or not providing off-line fecdback of erformance.
and finaily measuring inspection performance of boih groups.
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SEHAVIOR CATEGORIES l
SYSTEMIC [ ey

e =
ERROR SKILL-BASED PULE.-BASED KNOWLEDGE-BASED
BEHAVIOR BEHAVIOR BEHAVIOR
1.Effacis of 421,424 4286, 4.2 4 Fail to calibrate meas. egpt. 4.1.1 Classify as wrong fault.
Leaming 4.3.1, 435,451, 4.2.6 Fail to usa meas. sgpl 4.4.1 Falss alamn,
and 462 4.3.5 Fail 0 use comp. sid. 4.4.2 Missed fault
Adaptation 4.6 2 Fail to racord decision. 4.5.2 Wrong decision on getting.
4.2.1 Choose wrong maas. eqgpt. 4.5.5 Second opinicn.
4.3.1 Choose wrong comp. sid. 4.5.4, 45.5 Wrong decision on
4.5.1 Choose wrong action. calling for buyback,
4.2.5 Meas. sqpt. wrongly calib. 4.2 5 Wrong calibration of
4.1.1 Classify as wrong fauit. meaas. eqpt.

4.4.% Falss alaim.
4.4.2 Missed fault t

2, Interference 425 411,441,442 452, 453,454,
Among 411,444, 842 455
Compeling 451
Control 452 453,454,455
Structyras
3. Lack of 4.8.1 Forget decision
Resources 452 453
454,455
4.Stochastic 4.1.1,441, 442 461

Varnability

Table 5.19 Assignment of Systemic Error Mechanisms to Failure Based on Behavior Types for the
Decision Making Component of Aircrafi Inspection

As shown in Section 5.3.3.1. on-the-job feedback can be a powerful performance enhancer, but it is an
expensive one t¢ implement. [t involves re-inspection of an inspector’'s work by a (presumably more
reliable) auditor, a process which adds cost in proportion to the percentage of work audited. A more
realistic 2pproach would be 10 provide feedback, for example by having the inspector inspect a fest piece
with a known set of faults, between regular inspection 1asks. Feedback can easily be provided from such
a test piece, but we need to measure the effectiveness of such feedback. A test of this effectiveness also
provided a useful practical test of the NDI program, and indee¢ many pilot subjects were run and program
modifications were made before the complete experiment reported here was staried. The following is a
brief description of the experiment and iis results. These results are being presented in more detail in a
separate project repori.

5.3.3.4.1 Methodology

Two groups of eight subjects each were chosen randomly from a populaton replying 10 advertisements.
All were currently unemploved members of the work force, with males and fernales and a variety of ages
represented. Each subject was given two pre-tesis, both of which had been shown to correlate with
performance on industrial inspection: tasks. The first was the Embedded Figures Test (EFT) whick
classifies the cognitive style of a person as Field Dependent (e, highly influenced by the visual context
of a task) and Field Independent (i.¢.. more able to cognitively restructure a task independent of uts visual
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MECHANISMS OF HUMAN
MALFUNCTION AND ERRCR
BEHAVICR FAILURE MODE SHAPING FACTORS (GENOTYPES) INFORMATION
TYPE (PHENOTYPES) REQUIREMENTS
KNOWLEDGE- 4.11 Classity as wrong fault, o Salectwity o Lack of Training in favlt causation machanisims
BASED 441 Falso alam. 0 Incompiele knowledge
442 Missed faull, mantal model o Confirmation bias
452,453 Wrong docision on gelting a Overconfidence Crew resource managument braining
second opinion. o Incomplele knowledoe Outcome and cognitive leadback
454,455 Wrong decision on calling lor o Based reviewing
buy-back
4 25 Measuring equipment wrongly o Cvarconfidence Training and aiding for understanding
calibratud. o !ncomplete knowledge NDI systemn physics
RULE-BASED 424 Falwo cakbrate measunng equipment. o Recall error Chacilists
o Memory glip Feedback in NOI instrument
4 26 Fal o use measuring eguipmant. o Aacall ¢rror Chacklist
435 Fad o use companson standards, n Uvercontilonce
¢ Memoary slip
o Mindset or ngidity
462 Fal o record decision. o Recol giror, memoty slip More field-usable fauli-recording devices
o Availability
o Mindset
o Wrong rules
421 Choose wiong measunng equipment. o Stereolypo iakeover Chacklist
4 3.0 GChoose wiong compansen standards. 0 Memory ship GComputor entry and chacking of
4 5.1 Choose wrong action, o Fimt exceplions equipment and standarg ID's for
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context). The second test was the Matching Familiar Figures Test (MFFT) which measures the iendency
of subjects i opt for speed or accuracy in their speed/accuracy tradeoff (see Section £3.4). Foveal visual
acuity was also measured.

Both: groups were given the same training in the principles of eddy-current inspection of rivets for cracks,
in controtling of the poinier using the mouse, and in interpreting the meter needle moverenis. This
training occupied about four hours. Following training, the eight subjects in the conrel grc o were lested
on a task involving 420 rivets followed by a task involving 80 riveis, on each of four days. The
experimental group was given the same task except that they were provided with feedback on the missed
cracks, false alarms, and performance time on the 80 rivet task.

In the main task, the same measures of misses, faise alarms, and task time were taken tor each subject.

5.3.3.4.2 Results

Angzlyses of covariance were performed on the measures of fotal Ume, misses, false alarms, and derived
measures from Signal Detection Theory (Section 5.3.5) of sensitivity (d”) and criterion {X,). Each analysis
tested for differences between the iwo groups (G), for differences between the four days (D). as well as
for their interaction (D X G). Twe sets of covariates were derived from facior analvsis {0 contain the
following components:

Covariate 1: EFT Errors, EFT Times. MFFT Errors
Covariae 2: MFEFT Time (pegative). Visual Acuity

Covariate 1 represents poor accuracy performance and field dependence, while Covarlate 2 represents fast
nerformance with good vision. Table 5.21 summarizes the analyses of covariance of the measures taken.
There were no significant group effects, and only a single day effect, that on total ume for the task.
Covariate 2 was significant for toial fime and for criterion X.. Figore 5.8 shows plots of the results for
times, misses, faise alarms, and sensitivity {d’) comparing the experimenial and control groups across the
four days of the experiment.

Heasured Analyzed Groups (G} Days (D} GXD Covariate 1 i Covariate 2 ;
Total *me — P < 0.0004 — - P = 0.0235
Misses — — -— —_— — i’
H
False Alarms —_ — — — - }i
Sengitivity (d') — — —_ —_ _
i Criterion {X) l

" indcales that the Visual ACuty compaonert of cowanate £ was Sgntan 3t P < D.0244

Tabile 5.21 Summary of Analyses of Covariance for Off-Line Feedback Experiment
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5.3.3.4.3 Discussion

The major finding of this first experiment using the NDI program was one of very high between-subject
and day-to-day variability. The between-subject variability was expected, and it appears that somme of this
variability at least is predictable using the covariates derived. Because of this variability. the effects
shown in Figure 5.8 do not reach statistical significance with only e.ght subjects per group. Having s2ig
this, there is ar indication in all four parts of Figure 5.8 that the experimental group outperforms the
control group by the end of the experiment.

Over the four days of the experieem, accuracy performance, a2s measured by misses and false alarms.
improved slightly for the control group and somewhat more for the experimental group. Dospite this
overall improvement, the day-to-day improvement was erratic. Total time decreased for both groups. with
the experimental group being more rapid than the control group throughout.  Sensitivity, as defined in
Signal Detection Theory, marginally favored the conwol group untii the final day. when the experimental
group continued to improve while the control group regressed slightly.

During the course of the experiment, it was clear that the experimental group was using the off-line
feedback 10 modify their inspection strategy. However, this process invelved trizl and error, which gave
considerable variability of performance. The performance feedbach helped semewhat, but would have
been much easier 1o interpret if it had comained hints and steps that the inspectors could take (0 make the
improvements they knew were needed. Cognitive feedback, as posiulated in Section $3.3.1 appears ©
be required if inspectors are 1o make use of their own performance data.

5.3.3.4.4 Conclusions

While off-line performance feedback was murginally effective. the high varizhility between subjecis
prevented significant results from being obtained. Ar least pan of the day-to-day variabiliny was due ©
subjects using the feedback in an unguided mapner in an attlempt o improve, suggesting that cognitive
feedback may be needed to supplement off-line performance feedback. The smull size of the feedhack
task (80 rivets) might also have failed o provide sufficient data to significanily aid in transfer of feedback
resul's. The significant covariates for total ime and criterion wso indicate inflvence of other indeneadent
facte. <. namely visual acuity and cogritive style.

534 A FRAMEWORK FOR SPEED/ACCURACY TRADEQFF IN AIRCRAFT INSPECTION

In alinost any discussion wiih aircraft maintenance personnel, maintenanee managers, regulatory bodies,
or the waveling public, the general issue of inspection accouracy arises. More specificaliv, in the
post-deregulation environment of U.S. commercial aviation, the effect o timw prossures on the impection
sysiem (particularly the human inSpecion) is causing concern. THIS section feviews the functions and tasks
of aircraft inspectinon, based upon a two-vear observational study of the system., and uses prior studics of
human inspection to ¢xamine 1he possibilities of time pressure affecting accuney. A Speed/Accuracy
Tradeoff (SATO) perspective is taken. e, how do specd and accuracy co-very in inspoction.

Both specd and accuraey are relatively easy to define in inspection,
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Speed: The rate of inspecting items, usually measured as the reciprocal of the time( 7 )
taken 1o inspect a single item or defined area.

Accuracy: False Alarm (Type | error) The probability of an inspector responding that a
defect exists, when in truth it does not.
Miss (Type 2 error) The probability of an inspector failing to respond that a
defect exists, when in truth i1 does exist.

This section is concerned expiicitly with the co-variation of ( t ), False Alarms, and Misses.

From an airline management perspective, two goals need to be achieved by the system: safety and
profitability. The profitability goal can only be achieved by first ensuring that the safety goal is achieved
economicaliy. These objectives are passed through sometimes complex organizational systems (Taylor,
1990) to supervisors and finally 10 inspectors. At the inspector's level two goals need to be achieved by
the inspection system: accuracy and speed. Accuracy means deteciing those indications (faults) which
must be remedied for the safc operation of the aircraft while not activating the maintenance system for
non-faults. Speed means the task must be performed in a timely manner without the utitization of
excessive resources. These two criteria of the inspection system can be expected 10 be inversely related
at the inspection level (Drury, 1985).

When inspection is split into its task steps (Table 5.1 of Section 5.1.1), it can be seen that all of the tasks
require both speed and accuracy for their completion. However, the most error-prone activities in
industrial inspection are the search and decision making tasks (Drury, 1984) while access is an activity
whose time must be minimized for efficient operation.

The speed and accuracy with which each of the components is performed depends upon the relative
utilities of the various outcomes to the iaspectors. Ultility is a concept that can be used in models of the
inspector as a maximizer or optimizer (Drury, 1992} t¢ give a normative model as a starting point for
more realistic inspector models. Thus, the optimum speed and accuracy is not defined in terms of
minimizing or maximizing one particular aspect of inspection but is defined in terms of a performance
which yields the highast overall utility.

I a task can be performed at various levels of speed and accuracy. then it is poessible (Wickens, 1984} to
generate an operating characteristic curve (see Figure 5.9a) relating the two measures. Any point on the
speed/accuracy operating characteristic (SAQOC) curve shows the accuracy with which the task can be
performed at a particular speed. Hence to meet the designed sysiem objectives of speed and accuracy,
it is essential that the inspectors operate at the correct point on the correct operating-characteristic curve.

In order for an inspector to cheose a particular strategy from the set of availabie straiegies, it is necessary
to determine the utility of ail the candidate sirategies, as a function of speed and accuracy. The utility can
be computed for every point in the joint performance space (Speed. Accuracy;, whether that point is
achievable or noi. Now by knowing the utility function it is possibie fo determine the optimal operating
point, i.e. that which maximizes the expected utility. Typically. contours of equal utility are superimposed
upon the SAQC to show where ti s optimal operating peint occurs (see Figure 5.9b). This section
considers access, search. and decision making in turn, and uses medels of @ach to show the form of the
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SACC. Models are not developed in detail. For more information the original report (Drury and
Gramopadhye, 1991} can be consulted. Each model is an opiimization model, showing how an inspector
may be expected to choose between alternative strategies. In large decision tasks. there is considerable
evidence that they are satisfiers rather than maximizers (Wickens, 1991). However. in small task
componenis such as those found in inspeciion, optimization models represent a good starting point for
consideration of the factors involved (Drury, 1988; Chi, 1990).

Figure 5.92  Generaiized Speed/Accuracy Figure 59b  Generalized  Speed/Accuracy
Operating Characteristics Operating Characieristics (SAOC)
(SAOC)

5.3.4.1 Factors Affecting Access Tasks

The access task consists of physically reaching the area to be inspected. This may be an unaided human
task {c.g.. area inspection of lower fuselage skin), aided by access devices (e.g.. steps. scaffolding,
cherrypickers), or require access through intervening swucture (e.£.. inspection of interiors of wing fuel
tanks through access holes). All of these activities involve controlling the movement of the inspector’s
boudy, or body parts. within a restricted space. In general, control theoretic models of the huinan operator
in control iasks {Sheridan and Ferrell, 1974; Wickens, 1984) show that as more speed is demanded,
tracking accuracy decreases--a typical SATO. If the access task is modelled as moving accurately between
two boundaries without making an error of exceeding a boundary, then the seif-paced tracking models of
Drury (1971) and Montazer, Drury and Karwan {1987} can apply. Thus, moving the body along the
walkway of a scaffold without hitting {and possibly damaging) the aireraft structure on one side or the
scaffold rail on the other is such a task. Moving the hand (ur bead) through an access hole or moving
a4 cherrypicker aiong the fuselage upper skin, (although only one physical boundary exisis here) are further
examples.

The self-paced tracking model considers the inspector, or a vehicle controlled by the inspector, as choosing
& speed which will maximize the utility to the inspector. Utility is compuosed of rewards for speed and
penaities for error. in this case the emor of exceeding the fixed boundaries.  Model resuits, and
experimental daia from a variety of studies, have shown that the speed chosen increases with space
availabie {e.g., width) until some miting speed is reached. The three fuctorns aftecting performance are

16



Human Reliebility in Aircraft Inspection

thus space available, the ease of control (controllability) of the vehicle, and the inspector’s perception of
the relative utilities of speed and accuracy. Each will be considered in turn.

5.3.4.1.1 Space Available

Space available can be controlled relatively easily ground the aircraft, but access within the airframe itself
is largely determined at the design stage. With older aircraft there has been a history of unpleasant
surprises for maintenance personnel when they reached service, but manufacturers are now using
computer-manipulabie human anthropomorphic models (e.g., CREWCHIEF, SAMMIE) to examine access
for maintenance before structures are finalized. Note, however, that the SATO model shows that more
space improves performance, so that the minirmum necessary for physical access (e.g., for a 95th percentile
male) will not provide optimum performance. A human anthropomorphic model cnly gives the space
required for a person to statistically assume a posture. For movement (the essence of maintenance and
inspection) more access room is required beyond this minimum. The same considerations apply 0 access
around the aircrafi. Steps and walkways should be made wide enough to provide unhindered movement,
ot just wide enough to accomnmodate a large static human. As an example, Drury (1985) reports that for
movement through a doorway both performance time and errors decrease from the anihropometric
minimum width of about 20 incies to the unhindered width of 36 inches. Very similar findings are used
in the aviation industry 10 determine sizes of emergency doors for passengers.

During Phase NI of this work, explicit models and experimenis will be developed to test the effects of
space available, and human posture, on performance and stress in inspection and maintenance activities.

5.3.4.1.2 Controllability

Controllability of the system having access is 2 major determinant of access periormance. For most tasks.
the "system" is the inspector’s own body, the most naturally controllable system. However, controllability
can be adversely affected by equipment carried (flashlight, tools, work cards, NDI equipment) and by the
quality of clothing worn. Thus. coveralis and shoes should be minimally restrictive. Shoes should aiso
provide good grip on a variety of surfaces under both wet and dry environmentai conditions.
Controllability will be decreased by any impairment of the human, for example sickness, aicohol. or drugs,
reinforcing the control required over such conditions at the work place.

For contro! of systems such as vehicles (e.g., cherrypickers, wheeled steps. moveabie access scaffolds) a
considerable body of information exists {e.g., Wickens, 1984} on the human as controller. Most of these
recommendations apply equally to the self-paced access tasks considered here. Thus for exampie, controls
should move in the same directions and sense as the element they control. It should be noied that many
chemrypickers have hydraulic or electrical conirels which violate this principle. Direction of motion errors
are 1o be expected with such systcms, causing at best a slowing of the task and at worse damage 1o the
zircraft structure, depending upon the operator’s SATO choice. These same conwols are ofien not
progressive in operation, but "bang-bang” controls, either fully on or fully off. With such a degraded
control system, any designed speed setting is a poor compromise. At imes it is too slow. causing delay
and frustration in making long movements, while at other times it is too rapid, causing emors and
time-consuming maultiple corrections in making the final accuraie positioning movements. In addition, any
time lags or inertia 1n the system controlied witl have a negative impact on controllabilily.
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Within the maintenance hangar, there are other constraints on design {or choice) of access equipment.
Any equipment must be available if it is not to cause delays, suggesting both that a sufficient supply
exists, and that it is well-scheduled. The difficulty with maintaining 2 sufficient supply is thai such
equipment is both expensive and space-consuming. The typical management response is to have a mixiure
of special-purpose equipment, such as empennage access scaffolding, and standardized. flexible equipment,
such as stepladders, chemrypickers, and standard moveable platforms. When only a single aircrafi type is
to be serviced, as in most large airlines and specialist repair centers, purpose-built equipment should, and
does, predominate. In more general purpose organizations, the emphasis is on standardized, flexible
equipment. However, there are still tmes when schedules demand more access equipment than is
instanianeously available. It is at these times that available equipment is substituted for correci equipment
to avoid delays. The resuit is lower system controllability, with the potential for errors affecting both job
performance and personnel safety.

8.3.4.1.3 Perception of Utilities

Given the space available and the controllability of the system, the balance between speed and accuracy
is still finally chosen by the operator’s own SATO. As discussed earlier, this is where any gate pressures
or schedule demands can have an effect. As access is a task of inspection which appears noa-critical, it
can be one where time is saved for tasks perceived as more impoertant. In addition, access is where
pressures from other members of the maintenance team can be acute. Co-workers will at times need the
access equipment the insp2cior is using or vice versa, leading 10 time pressures over a short time scale
even where non¢ exist on the longer-term scale of a whole maintenance visit.

Inspectors’ errors in access are defined as reaching or exceeding the boundary of available space. They
thus include both damage to aircraft structure, and injury to the inspector. Humans are likely to
misperceive the risks associated with such rare events, both in terms of the consequences and probabilities
involved. Particularly with highly experienced personnel, such as inspectors, the probabilities of error are
typically rated lower than their objective values. This can be expected to lead o a choice of SATO
strategy favoring spegd rather than accuracy.

5.3.4.2 Factors Affecting Search Tasks

The process of visual search of an extended area, such as the area called out on a workcard, has been
successfully modeled since the start of human factors engineering. A human searcher {e.g., the inspector)
makes a sequence of fixations, centered on different points in the area. During a fixation, which typically
lasts 0.25-0.5 seconds, the inspector can detect defects in an area, called the visual lobe, arcund the
fixation center. Between fixaiions the cye moves very rapidly and can take in very little information. The
sequence of fixaiions can either be modelled as random (e.g.. Krendel and Wodinski, 1960) or systematic
with repeated scans (e.g., Williams, 1966). For both of these models, equaions can be developed relating
the probability of detection to the time spent searching {Morawski, Drury and Karwan, 1980).

In general, the longer an inspector searches an area, the greater the probability of a target being located.
with diminishing reiurns as search time is increased. Such curves are the SAQC’s of visual search, and
are shown in Figure 5.10. Given such SAQC’s, then the optimum time for scarching can be calculated
{Morawski, Drury and Karwan. 1992} based upon the reward for speed and the penalty for error.
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From the visval search models, three
groups of factors determine search
performance:

. p{detect befora time t)

{. Factors affecting the visual
lobe.

2. Factors affecting the search
suaiegy.

3. Factors affecting the SATO
and stopping policy.

Systematic

0&r

Based on the defect type, severity
ievel, and location, the defects can be
classified into critical and non-critical
defects.  Critical defects ase those
defects which affect the airworthiness
of the aircraft, hence whose detection
is criticaliy important. Non-critical
defects do not immediately ahiect the
airworthiness of the aircraft but have to
be detected in the long run. There is
clearly a heavy penalty for missing
critical defects, but the entire area
needs to be searched for both critical
and noncritical defects within a
specified time period. Thus, two goals need 1o k¢ achieved by the inspector, speed and accuracy, for
which the inspector needs to be efficient as well as effective. In order to understand the Speed/Accuracy
Tradeoffs in search where the inspector is looking for muitiple defect types, the factors which affect this
tradeot! and indeed the whole search process must be examined.

) 10 20 ap 40
Time {o Detect {t)

Figure 5.160  Typical Cumulative Search Time Disiribution,
Giving the SAOC for Visual Search

5.3.4.2.1 Visual Lobe Factors

According to Engel (1971) fault conspicuity is defined as that combination of properties of a visual object
in its background by which it atiracts attenticn via the visual system, and is seen as a conseguence. Monk
and Brown (1975) have shown thai mean search times increase as a function of the number of non-targets
in the targel susroundings. They have also shown that isolated 1argels are more easily detected than those
surrounded by non-targets. Williams {1966} has shown that the color and size of the targets can be used
by subjects to direct their eyc movements. Studies of information processing within a single fixation have
shown that the probability of target detection increases with increased target size and brightness contrast,
and decreases with angular distance from the fixation point (Overington, 1973). This decrease with
off-axis angle provides the basis for determining visual lobe size, i.e., the area within which a target may
be detecied (Bloomfield, 1975).

In aviation, this search performance has been eaiensively swudied and modeled 10 dewermine human
performance in detection of military targets (for example, ground targets or hostile aircraft). In terms of

119



Chapter Five

aviation maintenance inspection, the implication is that lighting and other target/background amplification
devices should be used to make the conspicuity of a defect as high as possible. and hence increase visual
iobe size.

There are, of course, individual differences in visual lobe size. Eye movement studies have shown that
subjects who have larger visual lobes are more efficient, or they detect targets (faulis) earlier on in the
search process (Scheonard, et al., 1973; Boynton, 1960). Johnsion (1965) provided evidence 1o suggest
that subjects who obtain high peripheral acuity scores exhibit relatively shorter search time. There is
evidence that the visual lobe size is amenable {0 training (Gramopadhye, Palanivel, Knapp, and Drury,
1991). There is no evidence that better inspectors have shorter fixation times, only that they make fewer
fixaticns, presumably because of the larger visual lobe size.

The implication for aviation inspectors is that individual differences may be quite large. but are amenable
to training. Other evidence (Gallwey, 1982; Drury and Wang, 1986) suggests that selection tests for visual

lobe size may well be task-specific, in that the ability 10 search for defect { D ) in background( B )

may be unrelated to the ability to search for a different defect ( D’ ) in a different background ( B .
As Drury and Gramopadhye (1990) have noted, training appears to be a more powerful intervention
strategy than selection for inspection tasks.

5.3.4.2,2 Search Swategy Factors

As noted earlier in this section, search strategy can be modeled as random or systematic. with humans
believed 1o lie in between these two extremes. A systematic search strategy is always more efficient than
a randem straiegy. Scanning strategy is dependent on an inspector’s:

1. Familiarity with the task (expericnce).

2. Ability 1o obtain and uiilize feedforward information from cues regarding defect tocations and
defect types unceriainty). Gould and Carn (1973) and Monk {1977) have shown that in tasks
which do not lend themselves readily to the adaptation of Systematic search strategy, search times
increase with increased fault uncertainty.

Search strategy in visual scarch is a global term which reflects many parameters of saccadic movement.
The speed with which search is performed is dependent on the eye movement parameters, such as those
listed by Megaw and Richardson, 1979: fixation times, spatial distribution of fixation. interfixation
distance, duration of eye movements, and sequential indices. Fixation times have already been considered
in the previous section on visual lobe factors.

Inspectors do not have uniform coverage of the area inspected (Schoonard. et al., 1973), with the central
portions given more attention than the edges. In agdition, inspectors may not always choose a correct
distance between successive fixation centers (Gould and Schaffer, 1967: Megaw and Richardson, 1979).
The scan path of an inspector changes with experience (Kundel and Lafolletie, 19720 Bhatnager, 1987)
to reflect a more consistent path, more even coverage, and more coverage where there is a higher
probabiiity of a fault being located.
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The studies of search strategy are not conclusive on how to take practical steps 10 improve that strategy.
although they do point to structuring of the search field as a way to increase the likelihood of sysiematic
search.

With a structured field, the current fixation point wiil serve as a memory aid to which areas have already
been searched. Suitable structuring devices may be panel lines, physical elements of complex parts {(doors.
landing gear), or superimposed temporary structures, such as inspectors’ markings on aircraft.

Any such structuring lines should be made cicar on the graphics included with workcards, and in any
training materials.

There are likely to be large individual differences in search straiegy, differences which are relatively stable
over time. The issue of training of search strategy is the subject of one of the experiments presented in
the training section (Section 5.3.5).

5.3.4.2.3 SATO and Stopning Policy Factors

Choice of operating point on the SAOC is determined by ihe perceived utilities of speed and accuracy.
The only error possible on a search task is a Miss, so that high accuracy implies locating all potential
defects in the structure. Inspectors are highly motivated for accuracy, as noted earlier (Shepherd, et al.,
1991), so that one would expeci an operating point on the SAGC representing long search times, with
repeated search being common. In practice, 1nspectors appear to siop at ihe end of a single scan of the
area, only repeating a fixation if some indication has been found. It appears that inspectors recognize the
"diminishing returns” aspect of search performance, and are confident enough in their abilities 1hat a single
scan at the appropriate level of detail is scen as optimal. Such a policy certainly reduces the memory load
and potential vigilance effects associated with multiple scans. However, the inspector will need to be
"recalibrated” at periodic intervals by retraining or by providing test sessions to ensure that the speed of
inspection chosen is appropriate to the accuracy demanded.

5.3.4.3 Factors Affecting Decision Making

Decision making is the task during which any potental defect (indication) located by the search task is
¢valuated to determine whether it should be reported. In this task both Type 1 errors (False Alarms) and
Type 2 errors (Misses) can occur.  These have their own tradeoff relationship so that some combined
accuracy measure must be derived before any tradeoff between speed and accuracy can be considered.

One particular model of the human as a rational economic maximizer which has received widespread
support in inspection is Signal Detection Theory (SDT). Originally proposed by Sweis and various
co-workers {e.g., Swets, 1967) as a model for how humans detect signals in noise. it was subsequently
appited successfully to inspection (Wallack and Adams. 1969, 1970; Shechan and Drury, 1971; Drury
and Addison, 1973).

In the SDT, the inspector is assumed (o be making a choice for each item inspected of whether the item
contains a defect ("signal”) or does not ("noise").  As the evidence for signal or noise is somewhat
equivocal, there is assumed to be an "evidence variable” which increases when a signal is present and
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decreases when only noise is present. An example would be the judgement of whether a dent in a
stabilizer leading edge should be reported. Deuts can range from almost imperceptible to obviously
reportable. The evidence variable (dent visual severity) mus! be judged against both written size standards
and the likely effect of the dent on flight characteristics.

SDT shows that the two efror probabilities, p (miss) and p” {false atarm), can be derived from a modei
in which the inspector chooses a criterion (X o) to report on the presence of a defect. As this criterion

varies from high {defects rarely reported as present) to low (defects often reporied as present), an
Operating Characteristic Curve is traced out. This carve has become known as the Receiver Operating
Characteristic (ROC) in SDT literature. A different ROC curve is traced out for different levels of

signal/noise ratio, known as discriminability and symbolized by d’ .

Wickens (1984} has divided tasks into those which are resource limited and those which are data limited.
In the former tasks, as the operator brings more resources 10 bear on a problem (¢.g. devotes greater time
to it) performance improves. In a data limited task, the quatity of the data received by the operator is the
limiting factor, so that more resources yield no better performance. It appears that SDT tasks are only
resource limited up to short times, after which they are data limited. Because aircraft inspection is
typically a matter of minutes and hours rather than seconds, a reasonable assumption is that its decision
making aspects are data limited. Thus there is unlikely to be a marked SATC for decision making during
the inspection task. However, the grosser aspects of decision may still show a SATO. For example, if
the inspector is unable to reach a decisicn, the supervisor {or other senior personnel) may be called in to
assist. Here the inspecior is attempting to improve accuracy at the cost of increased time.

From the SDT model, there are three groups of factors which can affect the overall speed and accuracy:
1. Discriminability or sensitivity.
2. Choice of criterion.

3. Choice of SATO operating point.

8.3.4.3.1 Factors Affecting Sensitivity

Most factors affecting discriminability or sensitivity are physical, and can be characterized as the perceived
difference between the observed indication and a standard. Thus, indications obviously well above or
betow the standard will have high d” values. Exampies would be large arcas of corrosion, cracks
noticeably larger than those allowed, or completely missing rivets. None would require difficult (i.e., error
prone) decisions. But "perceived difference” implies both high signal and tow noise in SDT ierminology.
Low noise means low levels of visual distraction (i.c., competent cleaning), low levels of fatigue (ie..
frequent task breaks), and very clear standards (i.e., weli-defined and well-presented job aids).  All of
these can be improved in aircraft inspection.

Comparison standards at the work place have been shown to be effective in improving discriminability
(Drury, 1990b). it should be possible for the inspecior 1 make a direct side-by-side comparison of an
indication with a standard. For ¢xample, the criticali amount of corrosion beyond which a report must be
made should be indicated by a life-sized diagram on the workcard. Also. if different corrosion types are
present, life-sized photographs help in positive identification (Harris and Chaney, 1969}
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5.3.43.2 Factors Afiecting Criterion

From SDT, the two factors affecting the choice of criterion are the relative costs of errors (misses and

false alarms) and the true rate of defects (p”). From these factors, the optitnum criterion can be
calcuiated, but this is rarely the exact criterion used by the inspector. In laboratory tasks, and in non-
aviation inspection tasks, inspectors choose a criterion in a conservative manner. Thus, if the criterion
should be low (i.e., they should be very willing to report indications as defects), inspectors choose a
criterion which is not low enough. Similarly, they choose a criterion which is not high enough when the
criterion should be high. Because of this conservatism inspectors may not react guickly enough in
changing their criterion as costs and probabilities change. Thus, it is important 10 provide accurate and
up-to-date feedforward information on the probabilities of defects in different arcas to allow the inspector
to make rapid criterion changes.

There are also known criterion shifts with both changing defect rate and time on task. There is little to
be done about increasing the defect raie: it is fixed by the state of the aircraft. The reduction in hit rate
at very low defect rates may well set a limit to the use of humans as detectors of rare events.
Paradoxically, as maintenance improves 1o give fewer defects, the capability of the inspector to detect the
few remaining defects worsens. There is clearly a need for more research into human/machine function
allocation to alleviate this low defect rate problem. Time on task, the vigilance phenomenon, only causes
a reduced detection rate due to criterion shift under special circumstances, i.e. uninterrupted performance.
This may not be a problem in aircraft inspection, although the heavy use of night shift inspection where
interruptions are less frequent and the human less vigilant, requires further study.

5.3.4.3.3 Factors Affecting SATO

The influence of decision time on sensitivity {(d’) was seen carlier. where it was suggested that it may
not be of great importance. The ability of the inspector to integrate signal information over ime may only
extend for very short periods, at least compared to the time spent on search. However, this signal
integration is not the only temporal aspect of decision making. When an irdication is found from search,
time is taken not so much in obtaining signal input as in locating and using sitandards, and performing the
response. Thus, an inspector may have to locate the relevant standard on the workcard (which is a
relatively rapid task) or in a manual (a longer task), or even through interpretation by others in
management, quality control, or engineering {4 much longer task). The response requires time to write,
and a memory load. This response will also produce more work for the maintenance team, and hence
potentially delay return to service. All of taese represent indirect time pressures on the inspector.

In practice, inspectors do not appear 1o respond to such ime pressures as much as may be expected. Their
training and management reinforcement is biased towards accuracy in any SATO. However, the managers
of inspectors do feel these pressures, and also feel the need 10 insulate "their” inspectors from the
pressures.
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§3.4.4 A General Framework for Improving Speed/Accuracy Tradeoff

In this section, a wide variety of temporal effects on inspection have been noted. In addition {0 the direct
effect of time pressures (SATO). effects of time-on-task and time-of-day can be expected where vigilance
or fatigue are relevant issues.

The main focus, however, has been on the joint performance measures of time-per-ilem and inspection
errors, or their complements--speed and accuracy. Modeis have been presented which show how speed
and accuracy are jointly determined. Access, search, and decision making all show a predictabie
speed/accuracy tradecft.

If the objective is ultimately to bring speed and accuracy jointly under control, then the same concepis
apply to all three key tasks. The equations defining the speed/accuracy operating characteristics have been
given in detail, but the essence of all is the same: the SAOC defines the enveiope of possible performance,
determined by the physical functioning of the human operator within a physically-defined system. The
choice of operating point on the SAGC is determined by the perceived costs of time and errors, and by
the perceived probability of a defect being present. Thus, there are two control modes. hopefully applied
in sequence:

1. Obtain the best SAQC envelope.

~

Z. Obtain the best operating point on the envelope.

Clearly, the first control mode gives the prospect of simuitancous improvement in speed and accuracy,
whereas the second control mode only substitutes one undesirable consequence (time) for another (errors).
The analogy with inspection instrumentation (a close analogy for decision making} is that the first control
mode represents increasing the signal-to-noise ratio of the instrument, while the second coniro! mode 15
equivalent 10 choosing an optimum threshold setting.

The first control mode can be represented for the three tasks considered as:

Access: Changing the controllability of the vehicle or the unaided human movement.
Search: Changing the visual lobe size, area to be searched, and fixation time.
Decision Making: Changing the sensitivity/discriminability of the defect.

All of these three parameters (%, f, d’) will take effort to improve, as they imply a change in either the
physicai system or the human training to deal with that system. The benefit from these changes, however,
is seen in both speed and accuracy. and wili be obtained. However, the speed/accuracy tradeoff is set
(within bread limits).

In comirast, the second control mode implies altering the human's perception of cosis/payoeffs and
probabilities to ensure that the balance the inspector chooses between speed and accuracy is the one which
is optimal. For all of the models, this comes down 10 the costs and prebabilities of errors and the costs
of time. Error costs come from peers and other co-workers, from the management, and ultimately from
society and its institutions {e.g., FAA) Costs of time come from perceived urgency of job compietion.
Examples are gate pressures, and the requirement for inspection to be completed early so that repairs can
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pe scheduled. 1 there are confiicis and inconsistencics between these costs from different spurces, or even
their perceived costs, then confusion and inconsistency will resuli. For ail convex SAOC curves,

averaging of two different operating points will produce 2n apparent operating point (C} on a lower
SAQOC. Inconsistency in the second control model can thus appear as a2 worsening in the first control
mode.

Control of perceived costs is largely a function of the organization: its structure and its information flows.
With a complex system such as aircraft maintenance and inspection {e.g., Tayior. 1990), intervention must
foilow careful technical analysis of the organization. For example, the more separated the inspection
subsystem is from the maintenance subsystem, the fewer the direct pressures on the inspector. However,
the price of this independence may well be lack of coordination and technical enderstanding between two
of the major groups involved in maintaining airworthiness. Observations made during this project have
pointed towards a tack of perceived time pressure on inspectors, largely Gue 1o their managers’ function
as insulators. No quantitative data {e.g.. from Surveys, questionnaires, or ratings) are available to
subsiantaie his observation, but an obvious nexi siep is 10 collect such data in a formal manner. The
outcome of such a data collection effort would be 2 baseline of how {and where) inspectors choose their
operating point on the SAOC. The options available for changing the SAOC and the operating point are
still those given in this section.

535 A FRAMEWORK FOR TRAINING FOR VISUAL INSPECTION

In parallel with development of training systems for diagoostic tasks {e.g.. Johnson. 1990) the
predominance of visual inspection requires studies of visual inspection training. Earlier reviews of training
in aircrafi inspection (Drury and Gramopadhve, 199{); Shepherd, ei al.. 1991) have shown how the
component tasks of inspecticn are amenable to training interventions. Literature from industrial inspection
training was reviewed and applied 10 aircrafl inspection.

Training is aimed at reducing both scarch errors (all misses) and decision ermors {misses and false alarms).
From a review of the various training interventions available (Gramopadhye, 1992), it becomes apparent
that some interventions are hetter suited 1o some component tasks. The following section presents part
of this review as a rescarch rationale which will kad to specific experimental tes's of iraining
interventions. The review in Section 5.3.5.1 covers three areas which are critical o inspection
performance: search, decision-making, and perceptiorn.

5.3.5.1 Results of Inspection Training Literature Review

§.3.5.1.1 Secarch

As noted in Sectien 5.3.4.2, scarch task performance is a function of visual lobe size ard search srategy.
Visual lobe training has been studied by Leachienaver (1978) for photo-interpreters, who found that
practice on a search task increased visual lobe size. However, practice on 2 visual iobe measurement 1ask

may also increase lobe size and transicr this increase to search performance.

Search strategy fraining 1s an under-represented wed in e hleratgre. From the literature it s seen that
systematic scarch is always more efficient than random search, so that a useful assumption is thai the

M.
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searcher is always trying 1o be systematic (Arani, Drury and Karwan. 1984). One training objective
should be to ensure systematic search, i.e. search in which all areas are fixated, and none are refixated
during a single scan. The major difference between systematic angd random search is whether or not an
area is refixated. The only logical reason for an inspector to refixale an area before a wotal scan is
completed is that the searcher does not remember whether or not that area has been fixated already.
Hence, ii is seen that it is necessary to provide 2 memory-aid {0 the inspector to indicate the points of
previous fixations to avoid refixations. This could be done by training the inspectors to use feedback from
gye movemenis, either continuously (on-line), or in a discrete manner at the end of a search task.

Feedback from eye movements can be provided regarding both the number of fixations and the
interfixation distance. Literalure suggesis that these parameters are correlated with an inspecior's
efficiency in locating possible defects. Providing this sort of feedback would be expected to result in the
inspector developing a more efficient search strategy.

§.3.5.1.2 Decision Making

Wickens (1924) states that training for decision making can be provided in the following ways:

»  Make the decision maker aware of the nature of limitations and hiases. Training operators 10 consider
alternative hypotheses might reduce the likelihood of cognitive tunnel vision.

= Provide comprehensive and immediate feedback so that the operators are torced 1o atterd to the degree
of success or failure of their rules.

« Capitalize on the natural efforts of humans {0 s¢ek causal relationships in integrating cues when
correlations between variables are known beforehand. Hence. providing information to the operator
$0 as 1o emphasize the co-relational structure would help in enteriaining particular hypotheses.

5.3.5.1.3 Perception

When the separate features that define all objects within a category may be variable. ohjects are assigned
to different perceprual categories. Thus, the operator needs 10 develop a pereeptual schema, a form of
knowledge or mental representation that people use 1o assign to ill-defined categories. The schema is a
general body of knowiedge about the characteristics of a pereeptual category that dogs ROt contain a strict
listing of its defining features {(e.g.. features which must all be present for a panicular instance to be
termed a category). Because of such fuzzy defining characterisiics, the schema is normally acquired as
a result of perceptual experience with examples rather than learning 2 simple defining set of rules,

According to Posner and Keele (1968, 197() the development of a schema consists of two components:

= a general representation of the mean, i¢.. the basic fosm from which all the forms are derived:
+ an abstract representation of the variability.

Research in sciiema formation suggests that the nature of mental representation which people use o

classify stimuli into categories is n0t a sirict st of the characterisiics of the protoiype but that the mental
representation also contains information concerniag the veriability around the template. This is suggested
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by Posner and Keele (1968) who found that exposure 1o a variety of instances of a schema induced better
performance than repeated exposure to a single instance.

Theories proposed by Medin and Schaffer (1978) state that assignment is not made by relating each new
instance to a ceniral prototype but rather relating it to the exemplar to which it is most similar and then
assigning each new instance to the residence category of that exemplar,

Thus, from the above discussion, it is seen that 1o help in the development of the schema the training
provided should be of variable instances of the category rather than a single instance of a prototypical
member or rules defining the features which would classify the members into categories. The amount of
variability provided in the training should be similar to that existing in the reat sefting.

5.3.5.2 Rationale for Research on Visual Inspection Training

From the above discussion, training for visual search would be exnected 10 result in reduced search errors
(Type 2 ervors) and reduced search time. Similarly, training for decision making and perception would
be expected to result in reduced Type 1 and Type 2 errors.  Although training can be used to improve
visual inspection performance, specific training schemes are not associated with factors that determine
improvement in visual inspection performance. Hence, ad hoc training schemes are developed that
guarantee improvements for a particular task without consideration whether such a training scheme could
be extended to a similar task or a different task, or whether the training is optimizing the use of instructor
and trainee time. Hence, the first step in the development of a rational training scheme is to identify the
factors that affect visual inspection periormance. The next step is to determine which of the functions f
the inspection task are trainabie. This in turn will establish the sensitivity of the inspection parameiers
10 training.

for any training scheme to be effective it should minimize both search errors and decision errors.  Thus.
referring to the earlier proposed model of visual inspection, it is observed that intervention strategies could
be developed at various stages of the inspeciion process which could be hypothesized to change the
inspection parameters, resulting in improved performance.

The foilowing factors are critical to the search process:

»  gbility io identify salient features which can be associated with a particular defect (so that features
can be searched in paraliel instead of requiring foveal attention);

»  visual lobe;

*  gye mevement scanmng straiegy.

In order to ‘mprove visual inspecion performance, it is necessary t develop training schermes which

predict improvements in the above factors. In the following section various training schemes are briefly
described.
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2.3.8.2.1 Visual i obe Training

The visua! lobe is a*‘\'fery important determinant of search performance. Johnston (1965) states that
¢bservers with a larger visual lobe require fewer fixations than observers with a smaller visual lobe. He
concluded that a Jarge visual iobe or peripheral acuity may account for superior search performance. We
still need 10 know how a large visual lobe can affect search performance and how peopie can be yained
5C as to increase the size of the visual jobe. If the above questions are answered, this would then result
in g strategy for improving the visual lobe. The more general question which arises is: how does lobe
size training generalize across tasks (e.g., targets and backgrounds). We are interested in understanding
whether the visual lobe training on a given targe. type would resull in an improved search performance
for a different 1arget type and the sensitivity of the search parameter to this type of training. Thus, it is
essential 1o identify whether such a cross-over effect exists. If it does, then it is sufficient 10 train the

person on one target type. If not, then it is essential 1o identify various targel subsets, say Tz, Tz. within

which ¢ross-over does occur. The people could be provided visual lcbe training on a single targat
bel~nging o each target subset.

5.3.5.2.2 Feedback Training

A person needs rapid and accurate feedback in order 'o correctly classify a defect, of 0 Know the
effectiveness of a search sirategy. Every iraining program showid begin with frequent feedback and
graduaily delay this until a level of preficiency has been reached. Additional feedback beyond the end
of the training program will help to keep the imspector calibrated (Drury and Kieiner, 1990). The
following feedback could be provided:

» Feedback regarding the comrectness of classifying defective items into categorics.
* [eedback of search strategy from menitoring eye movemeants.
+ Feedback of fixaticn times from the eye movement search.

The first is known to be essential to iearning in perceptual tasks (Annett, 1965). It provides the novice
information regarding the critical difference between a defective item and perfect item, thus helping 0
develop 2 mental templaie which has the internal characteristics of the defecuve item. We are, however,
still unsure as to what has improved. For example. has learning resulied in a pew internal conceplual
model of the task {i.e., is the inspector using only certain dimensio s of the feull to classify )7

It has been shown that an important difference between the best and the poorest search performance is the
length of the sweens between eye fixations during a search task (Boynton, Elworth, and Palmer, 1958).
Thus, there exists a difference between how a novice and an expert move their eves across the visual fieid.
Gould (1973), in a visual inspection study of circuit chips. found that most of the eye fixations oCcur
within a definite boundary, which is the area most likely 10 contaii. the targels. It is demonstrated that
eye movements in a visual search scenario occur based on know:_dge of the location of faulis and on the
probability of them occurring. The guestion that needs answerning is: doees feedback information regarding
the gye movements help improve the scanping straiegy? Here we hypothesize that providing such
feedback information would aid the inspectors by allowing them to ideniify areas not covergd or areas
where one speuds excessive time, and helping them develop a strategy to cover the enfire area more
effectively.
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5.3.5.2.3 Feedforward Truining

When a novice inspector has no knowledge of the type of faults, probability of faults, and cecurrence of
faulis, visual search would be expected to be inefficient. Providing feedforward information should result
in an improved search strategy because the uncertainty is reduced by the inspector knowiag both where
to look and what to icok for. Perhaps the inspector could use the information to achieve a more
systematic search strategy, guided by the knowledge of the fault characteristics. The inspector could use
fecdforward information in the following ways: 1) to ignore the information completely, 2) 1o selectively
incorporate some of the information, or 3) to incorperate this information only at later stages of inspection,
that is, only after gaining some verification. Kieiner (1983) suggesis that experienced inspectors make
use of feedforward information thas complemenis their sensitivity to the fault. It the fauli is one that is
not easily detected. then the inspector relies heavily on the information provided. According 10 McKeman
(1989). inspection tasks that will most likely benefit from the addition te prior information include those
in which the value of the fault is greater than the value of inspecion time, those in which the fault is
particularly difficult 1o detect, and those in which the product may contain rare, detrimental, and easily
overlooked, faulis,

5.3.5.2.4 Asribute Training

Consider an item A. Let the item be faulty on atributes Al, A2, A3 and A4. The inspector could be
trained on each of the above attributes. Such training would aliow the inspector t0 set a response Critefion
for each atiribute. The training should be generalizable in the sense that the inspector should be able 1o
classify the items as defective if the items are fazlty on one of mote of the attributes. The inspector could
be trained on which attributes to maich first based on the probability of the item being faulty on the
attributes and the ease with which the matching occurs. Experience and training of the inspectors
determine how defect attributes are arranged (Goldberg and Gibson, 1986).

A similar training scheme has been proposed by Saivendy and Seymour (1973) for developing industrial
skilis. Here, scparaie parts of the job are taught to criterion, and then successively larger sequences of
the job are integrated. Czaja and Drury (1981) and Kleiner (1983) used such progressive part training
very etffectively in inspection.

5.3.52.5 Schema Training

It is essential that the subject develop a valid mental template (internal representation) schema of the faul
The key to the development of 2 schema is that it should provide for successful extrapoiation 10 novel
situations which are stil recognizable instances of the schema.

We need to know how schemas are developed, whether inspectors can be trained to develop schemas, and
what sort of raiaing (rule based or knowledge based) should be provided 1o the inspectors for effective
development of such schemas.

The effects of two methods of training need to be evaluated in schema development: "active training” and

"passive training”. In active raining, the inspector is presenied with varicus instances of the fault and no-
fault, angd has to classify them as defective/non-defective. Feedback 1s provided regarding the cotreciness
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of classification. In conirast, passive training is where the inspector is merely presenied with various
instances of the faults without requiring an active response.

5.3.5.3 Testing the Visual lnspection Training Framework

1x order 1o test whether the above predictions of training intervention/task component match are correct,
a sequence of five experiments are to be undertaken as follows. Al use the visual inspection simulator
described in Section 5.3.1. Brief synopses of each experiment are presented, with more detail given for
Experiment 5, which has been completed.

Experiment i: Feedback Training. This compares a control group and three feedback groups, using on-
line and ofi-line feedback of both cognitive factors and performance factors {c.f. Section 5.3.3).

Experiment 2: Feedforward Training. Again, a control condition is used as a baseline against which io
compare ruic-based feedforward, knowledge-based feedforward, and combined feedforward.

Experiment 3: Attribute Training. Training for decision making using attribules training, i.e., providing
the trainee with several levels of severity and complexity, is compared 1o a control condition where
narrative descriptions are provided for the fault attributes.

Experiment 4: Schema Training. Schema development will be encouraged by exposing trainees 10 a wide
variety of schema instances {(corrosion levels and pattemns) in both active and passive schemes.

Experiment 5: Visual Lobe Training. This experiment iests for tite possible cross-over effects on the size
of visual Jobe measured for differeni fault types.

The objectives of this experiment were to determine the rejationship between visual iobe and search
perfcrmance, relate changes in lobe size 0 search performance, and evaluate the effectiveness of lobe
training. In particular, the experiment measured whether crossover effects exist in visual lobe training.
It used two types of rivet fault (cracks and loose rivets) and iwo types of area fault {corrosion and dents)
to determine whether visual lobe training on one fau!t would generalize to other faults of the same or
different classes.

5.3.5.3.1 Method

Twenty-{Hur subjects were used for this study and were randomily assigned 1o four different groups, Gi,
GZ, G3 and G4. Subjects were teswed for 20020 vision and color blindness.  All the subjects were
adminisiered the EFT (Embedded Figure Test) and MEFT (Matching Familiar Figure Test), which have
been shown to correlate with different aspects of industrial inspection performance.

Group GG1: Subjects assigned 1o this group initially performed the visual search task on the above four
fauit types (randomiy ordered) followed by visual lobe iraining on rivet cracks. The visual lobe training
consisted of performing the visual lohe task five times. The raining session was followed by a search
task on the four fasht types.
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Group G2: Subjects assigned 10 this group also initially performed visual scarch tasks on ali four targets
(ordered randomly). They foliowed this by visual lobe training on one area fault and dent. The visual
lobe training consisted of performing the lobe task five times. The training session was followed by a
search task on all four fault types.

Group G3: Subjects assigned to this group performed the visual search task in a similar manner 10
subjects in Groups G1 and G2. However, this was followed by visual lobe training on a neutral target,
a computer-generated character. This training session was followed by a similar visual search task

Group G4: Subjects assigned (o this group performed similar visual search tasks. However, they did not
undergo any visual lobe training. Subjects in Group 4 performed a computer task for a duration equal to
the time required for the completion of the visual lobe training session in Groups G1, G2, and G3. This
was followad by a visual search task.

5.3.53.2 Tasks

Visual Search Task. The visual search task was the simulated airframe visual inspection task described
in Section 5.3.1. Subjecis had te search for a singie fault type in a given area. Visual search periormance
of the subjects was evaluated on four faults which were classified into two types:

1.  Area Faults - 1) corrosion, and 2) dent
2. Rivet Faults - 1) rivet crack, and 2) loose rivets (indicated by streaks of dirt on the rivet edge).

The task was unpaced. During each of the four visual search tasks. the subjeets had to search for one of
the predefined faulis. Subjects were instructed 10 work as rapidly as possible consistent with accuracy.
Subjects verified their response by clicking on the fault with the mouse button. Once a fault was located
in a given area subjects inspecied the next area.

Visual Lobe Task. The purpose of the lobe task was to determine the size of the visual fobe; i.e., how
far into the periphery a subject could see in a single fixation. The basic procedure consisted of
determining at what disiance from the central fixation point the target was completely seen by the subject
in a single fixation of the fault screen. The exposure duration was kept sufficiently short (.33 s} to ailow
the subject a single fixation only. Subjects had to identify a single fault (a rivet fault in group G1, an area
fault in group G2 and a neutral fauli in group G3). The fault would appear on the horizonial cenier line
of the target screen, at six equally spaced predetermined locations on the horizontal center line, three
posidons on either side of the ceniral fixation point. No prior information concerning the position of the
target was provided 1o the subjecis. The subjects identified the position of the target, cither to the left or
to the right of the origin and accordingly pressed the key "Q" and "P" 1o register their responsc.  Subjects
were requesied to avoid guessing and register responses only if they were sure as 1o the position of the
targets. The fault screen alternated with a fixation screen, consisting of crosswires at the central fixation
point exposed for a period of 2 seconds. The purpose of the fixation screen was 0 help the subjects fixate
in the center of the screen after each viewing of the target screen.
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5.35.3.3 Hvypotheses Tested

1. Visual lobe training on one rivet fault (rivet crack) will result in improved viseal search
performance in detecting rivet faults (rivet cracks and loose rivets).

2. Visual lobe training on one area fault (dent) will tesult in improved search performance in
detecting area faults (dents and corrosion).

3. Search performance on a fault will be superior in the case of subjects whe underwent visual tobe
trafaing on the particular (aull than for subipcts win under wenr training oo a newgal arget, or
subjects who did not undergo any visual lobe training.

Hypotheses 1 and 2 tested for crossover effects of visual Iobe training and hypothesis 3 tested for the
effectiveness of visual lobe training in improving visual search performance.

5.3.5.3.4 Experimental Design

The design was a 4 groups x 2 trials factional design with six subjects nested within cach group. The
following performance measures were collected:

I.  Number of correct responses for each of the six fault positions in the visual lohe task.
2. Time 1o detect a fault in cach screen for the visual search task.

5.3.5.3.5 Resulis

To determine whether the visual lobe increased in size during the training, an Analysis of Variance
(ANOVA) was conducted for the lobe size for the three groups (1, 2. and 3) receiving lobe training. Over
the five training trials, significant effects of group (¥ (2,15) = 11.05, P < 0.0011), training trial (¥ (4,60)
= [3.46, P < 0.0000) and their interaction (F (8.60) = 1.75, P < (. 1046) were found. To test whether the
visual lobe training transferred to the visual search task, ANOVAs were performed on the mean search
times for cach fauli type. These analyzes are summarized in Table 5.22, showing no main cffects of
groups, but highiy significant group X trial imteraction. Figure 5.11 shows these group X tnal
interactions, where it can be seen thai the two faults trained in the visual lobe training had the largest
improvement. For the faglts not tzained by visual lobe training. the improvement was greater where there
was more similarity to the visual lobe fault. Neutral training had a smailer amount of transfer, while no
training, i.e., spending equivalent time on other computer tasks, bad no beneficial effect.

!l Search Time ”
Analyzed Group {G) Trial (M) Group X Trial

[ Loose Rivet P>025 P < 0.005 P <005

[ Rivet Crack P> 025 P < 0.005 P <010 4

lrﬂent P>025 P < 0.01 <005

"—Corrosion P>015 P < 0.05 P<0o05

l Overall ] P>025 P < 0.000% P < 0.005 j}!

Table 5.22 Summary of Analyses of Variance of Mean Scarch Times
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Similar results can also be secn when the changes in visual lobe size during training are related 0 the
changes in search time after training. Table 5.23 relates the dependence of scarch tine {or each fault type
to the increases in lobe size, using the coefficient of determination (r°) as the measure of dependence.

e r————

Pearcent Increase in Percent Decrease in Search Time For: I
Visual Lobe Size ] —— — —
For: L.oose Rivet Rivet Crack Corrosion Dent I
! Group 1 (Loose Rivet) 0.75 0.33 0.01 .21
Group 2 {Dent) .09 0.00 0.68 0.85
Group 3 (Neutral} 0.16 .05 1 0.74 0.00 il

Table 5.23 Dependence (r') of Percent Changes in Search Time on Percent Changes in Visual $Lobe
Stze for Each Group

There was a direct transfer from the fault used in visual lobe training o that fault in visual search, with
a smaller transfer to the other fault in the same group (rivet or arca). The neutral fault visual lobe training

transferred only to one area fault,

5.3.5.3.6 Discussion and Conclusions

Providing training. even just repeated practce, in rapidly detecting a fault in peripheral vision, does indeed
increase the size of the area in which that Fault can be detected in a single glimpse, i.e.. the visual lobe.
This tncreased visual lobe is not merely a result of increased familiority with the experimental visual lobe
1ask, as it wansfers to a more realistic inspecion task, visual scarch. Thus, even such a basic aspect of
inspection performance a$ the visual fobe can be improved through training.  For cach fault type there
was 4 20-30% increase in lobe size over just five practice trials. This transferred to the search task with
percentage changes in overall visual scarch time of:

Group I (Loose Rivet) 0%
Group 2 (Dent) 329
Group 3 (Neutral) 184G
Group 4 (No Training) -4

There is a close correspondence between the training on actual faults (Groups 1 and 2) and improvement
in search tmes, and even some improvement for training on 2 neatral fault, e, one which did rot appear
in any scarch tasks. No training, as expected, produced no effect.

Froni Section 5.3.4, it was seen that visual search follows a speed/accuracy tradeof? curve, so that what
has been measured here as search times, can also be interpreted as scarch accuracy in a given, fixed time.
Thus, this experiment has demonstrated the value of training in increasing the inspector’s ability to receive
and interpret peripheral visual information. The implication is that tasks simifar o the visual lobe task
given here need to be derived and used with inspectors. The benefils of a simple, simuiator-based study
in rapidly determiping the feasibidity of new training techniques has also peen demonstiated. A study
based on actual faults on a real aircrati structare would have been impossible as single glimpses cannot
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be repeated without the inspector learning the true identity of each fault. A study using hardware o
simulate the faults would be extremely cumbersome, with hundreds of fuselage samples identical apar
from fault location being required.

53,5 INTERNATIONAL COMPARISONS IN AIRCRAFT INSPECTION

As noted in Section 5.1, a joint study of inspection practices in the U.K. and U.S.A. was underizken as
part of a Memorandum of Agreement between the CAA and FAA. The Lock and Strut? report (1985) was
in fact prepared earlier in that decade, so that the CAA, for whom the report was produced, initiated an
update by M. W. B. Lock in 1990. As the techniques of observation were similar to those used by the
FAA/AAM team, a joint venture was created to allow direct comparisen of UJ.S.A. and UK. proctices.
Both C. G. Drury and M. W. B. Lock were participanis, and have issued a joint report (Drury and Lock,
1992), so that only a bricfer summary is presented here.

The aircraft to be maintained are designed and sold for world-wide markets, so that much of the inspection
and maintenance is pre-determined by the manufacturers.  However, the various regulatory authorities
around the world (e.g., FAA, CAA, JAA) have differeat requirements. In addition, the way in which an
airline chooses to meet these requirements leaves some atitude for local and culiural variations.

Although many points of difference were noted, perhaps the most obvious is in the way in which the
inspection/maintenance job is scheduled and controlled. In the UK., the management structures of
maintenance and inspeciion are usually closely intermeshed. In the past it was frequently the case that
the engineering manager and the quality control chief were the same person.  Although this not the case
in large transport aircraft, it can still be the case in smaller commuter airlines. Work arising from an
inspection can be allocated by the inspector, wha is often also a supervigor, or by a senior person who has
responsibility for both inspection and maintenance. The inspecior is frequently consulted during the defect
rectification, in some cases is the actual supervisor of that work, and will asually be the person to buy
back the repair.

n the U.S A, the management structures of maintenance and inspection are separated up 1o a level well
beyond the hangar floor. A wide variation of management authority was found whereby cither
maintenance, inspection, or even planning, could dominate {Taylor, 1990). In a few companics visited
there was provision for coordination between maintenance and inspection by an engineer whose job was
to ensure some cross talk. The engineer served as shift change coordinator. Typically though, work
arising from an inspection is allocated by a maintenance supervisor so that the inspector who raised the
defect has no responsibility for defect rectification and may not he the inspector who does the buy-back
mspection,

The separation of the two management siructures in the U.S.A. is dictated largely by the existing Federal
Airworthiness Regulations, driven by a deeply-felt need for checks and balances as an ervor reduction
mechanism. At the hangar floor level the general view is that repair and mainienance would suffer if the
repairer knew that certain inspectors were “buying oack’ the work, as some are known 1o be less stringent
than others. The general view in the U.K. was that the system of having the same inspector responsible
throughout for any particular defect and its rectification was preferable as the repair ceuld be moaitored
at appropriate stages, ensuring that the job had been performed correctly.
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Both systems lead to different requirements for training in managerial skilis. Despite the greater direct
management responsibilities of inspectors in the UK., little formal training in managerial skills was
evident.

A number of visits were undertaken by each participant in each country, cither separately or together.
There was no attempt at comprehensive sampling; rather the knowledge of cach participant was used to
select sites which wouid be illustraiive of various features. For example, in the UK, visits were made to
specialist third-party NDT companics which serviced civil aviation because they represent a major source
of NDT expertise utilized by some airlines.

At each site, the visit was divided into two sections, although these often overlapped in coverage:

» Systems Overview. First the management of the maintenance of the site was probed in management
interviews. The structure of the maintenance and inspection organization(s) was clicited during
discussions with managers, shift supervisors, foremen, and often with staff who were outside the line
management structure. These could include training personnel, archive keepers, work card preparers,
planners, and so on depending upon the initial discussions with management. The aim was to be able
to write a short description of how the sysiem should operate, and the management philosophy behind
this system structure and functioning.

* Hangar-Floor Operations. Detailed observations of the practice of ingpection, and its organizational
constrainis, were made by following an inspector for all or part of a shift.  As the inspector progressed
through a job, questions were asked concerning the inspection itself and ancillary operations, such as
spares availability from stores, or time availability for training. Thus a rcasonably comnlete task
description and analysis could be written on the inspection task itself, while obtaining information on
the wider context of the inspector’s job.  This wechnique also allowed the collection of anecdotal
recollections of previous jobs, and other events from the past. While these had an obviously lower
evidence value than direct observation of task performance, they did provide a valuable adjunct to the
data collection process.

Sites visited included major air carriers, regional or second-level airlines. repair stations, and NDT
companies. In addition visits were made to FAA and CAA personnei and o a Royal Air Force base
where maintenance and inSpection procedures are written.

5.4 CONCLUSIONS

As the FAA/AAM program on human factors moves from its second to third phases, work has progressed
from ohservation to demonstrations of concepts for doing maintenance and inspection. The original
approach, developed in Phase 1 and reporied in Shepherd, et al, (1991) was to have human factors
engineers study aircraft inspection and maintenance 5o as to defermine a strategy.  Enough depth and
breadth of study was maintained to be able to find critical intersections between human factors knowledge
and technigues on ore hand, and field problems of inspection and maintenance on the other. This involved
hoth top-down analysis, taking a systems view, and bottom-up analysis, performing detatled task analyses
of ipspector’s jobs.
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Phase Il has rather closely followed the recommpendations made in Phase [ Observation of field activities
has been scaled down and re-focussed onto very specific areas. Theze have evolved into the on-going
sequence of demonstration projects. While results from the first two such projects are not scheduled o
be available until the summer of 1992, the concept appears to be working well.  Airline personnel at all
levels recognize that improvements are possible, and thus, are being most cooperative with the human
factors team.

As Phase III approaches, more of the projects listed in the Phase I report will be performed, as well as
new ones added. For example, the whole fieid of inspection and maintenance scheduling could benefit
from human factors research into combined human/automated scheduling systems {¢.g., Sanderson, 1989).
When projects are completed, a dissemination of results and lessons Icarned will be needed, presumably
by prescatations and published papers. Both the FAA and the airline maintenance organizations need to
consider the best ways for rapid dissemination and application of demonstration project resulis.

The detailed application of human factors knowledge (often modeis) to specific problems (Sections 5.3.1-
5.3.5) has yiclded insights for the experimental program and the demonstration projects. Feedback is now
required from the industry on whether it finds this work adds to its operational understanding. The
experimental program is just starting, following hardware procurement and software development. As this
progresses, the same simulations should be available for specific experiments supported by industry, as
well as for the on-going programs presented here.

The long-term aim of the whole project is to provide phased solutions of practical use to industry to
improve the already high performance of aircraft inspection and maintenance.
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Chapter Six
A Human Factors Guide For Aviation Maintenance

6.0 INTRODUCTION

The U.S. air carrier industry and the Federal Aviation Administration are dedicated to the highest level
of safety in commercial aviation. To achieve this goal, they must rely on effective and efficient
maintenance operations. Proper maintenance support is indispensable to safety, to aircraft availability, and
to airline profitability. The safety requirements dictate that maintenance be effectively error-free. Aircraft
inspectors and aircraft mechanics must work in an environment and use procedures and equipment all
carefully structured to work well and to minimize any potential for error. The design of procedures and
equipment must ensure that errors are not built into the system.

The maintenance effort to ensure continuing airworthiness of the air carrier fleet is demanding and costly.
The maintenance industry continues to grow in parallel with that of airline operations. Table 6.1 shows
that, in 1991, about 59,000 mochicnics were employed in this industry, with maintenance expenscs of
approximately $9 billion. These numbers reflect significant growth over the last decade but do not
indicate the changing character of the industry. Maintenance operations are being recast to account for
the introduction of new and more complex aircraft and the use of more sophisticated maintenance and
inspection procedures.

Aviation maintenance is in fact a
large industrial system which includes
many clements such as the aircraft, Mechanics smployed 58,819
the mainienance facility, supervisory
forces, inspection eqguipment, repair
equipment, and the maintenance
technician, Al of these elements Major carriers contract approximately 11% of maintenance work
together comprise the "maintcnance
system” (Figure 6.1). Within this Table 6.1 Maintenance Parameters for U.S. Scheduled
system, the technician functions and Airlines (1991 data) ATA (1992); Office of
should be viewed as one would view Technology Assessment {OTA) (1988).

any other clement. A maintenance

technician has a set of operating characteristics. Conceptually this human can be considercd in essentially
the same manner as other system elements such as, for example, items of electronic equipment. The major
difference is that the human is significantly more complex and not nearly as predictabie. However, anyone
responsible for desighing or operating a system, such as a maintenance system, must understand the
operating characteristics of each element within the system, and this includes the human.

Maintenance expenses $8.8 billion

{11.5% of operating expensas)

Human factors is a discipline which secks to understand the laws of human behavior, the capabilities and
limits of humans, and the effects of environmental and other factors on human behavior. A key goal of
human factors is to provide guidelines for the op'imum use of humans in operating systems.  An allied
goal is to define the mai:ner in which variables internal and external to a system affect human performance
within the system.
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The operation of any system can only
be optimized if every system element
is working properly and if each
element is carefully coordinated with
every other element. The manager of || ©
a system such as a maintenance I!
operation should have all necessary
information concerning mainienance
technicians and, in particular, those
features of the maintenance

environment which serve either to
enhance or to degrade technician
performance. The manager or
supervisor of a maintenance activity
can be aided through use of a Human
Factors Guide that will provide this
information in a form suitable for day- -
to-day reference use. Figure 6.1 The Mainicnance System
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A Human Factors Guide will present established principles of job design and work. These principles, if
well applied, can make a major contribution toward the control of human error in aircraft maintenance and
inspection.  Issucs of communications, equipment ulilization, work scheduling and load, work
environment, and management relations all are of importance in determining worker effectiveness. A
Human Factors Guide should cover these and other issues of human performance that can be applied in
aviation mainienance. In presenting these principles, the Guide should see that the information is
especially addressed to aviation maintenance and inspection neceds.

The preparation of a Human Factors Guide is timely for a number of reasons. The most important of
these reasons include:

1. There is a necd. Safety is always a matier of concern. The Guide can contribute t© maintenance
efficiency and to the control of human error in maintenance. This in furn will support coniinuing
safety.  There also is the matter of cost control. Maintenance effectiveness contributes to cost
reduction.

2. Human factors is a mature and growing discipline. The knowledge within this discipline should be
used to support maintenance operatons in the same manner as information from the engineering
sciences support specific maint¢nance procedures.

3. Considerable information concerning human factors in aviation maintenance has been developed both
through the research conducted by the FAA Human Factors Team and through the conduct of human
factors meetings during which beneficial recommendations have been made by representatives of air
carrier maintenance. All of this information should be incorporated into a Human Factors Guide.

The Human Factors Guide. as envisioned now, will be directed primarily toward those conceraed with the
development and operation of air carrier maintenance organizations.  However, the Guide will be
structured to meet the needs also of a larger audicnce interested in and responsible for aviation
maintenance. In gencral, the Guide should provide human faciors principles and data of use 10:
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Mainterance planners and supervisors
Mainienance inspectors and technicians
FAA management and FAA inspectors
Air carrier operators

Designers of maintenance equipment
Aircraft design teams

Aircraft manufacturers

6.1 DEVELOPMENT OF A HUMAN FACTORS GUIDE

The development of a Human Factors Guide for Aviation Maintenance is underway. The first step in this
development was to consider the premise on which the Guide shouid be constructed. This premise is that
the Guide, or any ~uch document, is of little if any value if it is not used. The aviation mainicnance
community must the Human Factors Guide f the Guide is to serve any real purpose. For the Guide
to be used, it must meet ongoing needs of maintenance personnel and must be prepared in such a manner
as to foster use by this group.

In order to collect information 1o satisfy the above requirements, a sampling of aviaton maintenance
personnel was conducted. The information solicited was designed to ensure that the real needs of
maintenance personnel would be mei and that the Guide could be consistent with the ways in which this
sample stated they were likely to use such a Guide.

Approximately 60 individuals affiliated in some manner with the air carrier mainienance industry were
contacted to provide guidance on significant maintenance topics. Names were selected from the list of
attendees at earlier FAA Human Factors Mectings. The iist included persons bath from the United States
and from foreign countries. The role of these persons in aviation maintenance, based on their replies, is
shown in Table 6.2. The fact that most replies were received from "Inspection/ Maintenance Managers”
is t0 be expected since this job category constiuted the bulk of the initial mailing.

The next question concerned i-—-————————————————
the value users would place Work Classification Number “

on a Human Factors Guide

for their work. Noi Inspaction/Maintenance Manager z2 l!
. . , Educator/Trainer 7

surprisingly. éfimafSt -ail of " Aircraft Designer 2

those who replied indicated a Other (Senior Management, 7

Human Factors Guide would Quality Assurance, Consultant, Resgarch,

be "y ery valuabie" or AMT Associate, Crew Systoms Analyst)

"valuable." Since these L——“—_L——————

replies were given by persons Table 6.2 Occupation of Respondents

who had evidenced inicrest in
this topic by attending human factors meetings, these replies were anticipated.

The individuals were questioned on the anticipated frequency of use for a Human Factors Gaide, if the
Guide contained appropriale information. This question was asked in order to determine whether the
Guide should be prepared as a working document (as a job aid)} or as a reference manual. Table 6.3
presents the replies to this question.
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The replies indicate the preferred use tor a Human Factors Guide would be as 2 working document
consulted on a number of occasions during the year.

6.2 HUMAN FACTORS = e
COVERAGE Number of

Frequency of Use Replies

The coverage provided in a o 1

Human Factors Guide is of g:;;aw initizsly 3

great importance if the Guide Weekly 20

is to be (uly useful Monthiy 13
Rarely

Centainly, the topics included
in this Guide should be those
which members of the Table 6.3 Frequency of Anticipated Use for a Human Factors
maintenance community Guide

consider important. In order

to coliect information o —_— =

concerning desired coverage,
an outline of a proiotype
Guide was prepared.  Each Human Errer in Maintenance 178
person was presented a list of || fiformation Exchange and

Topic Weighted Score

. Communications 178
chapter headings from the Maintenance Training and Practices 173
prototype outline and asked to Human Capabilities and Limits 168
3 ’ Human Performance 166
udge the uapertance of the .
3 g L ce of . Work Regquirements 163
topic on a five-step scale The Maintenance Workplace 160
ranging from "very imporfant” Job Performance Aids 157
(xveighﬁng Of ﬁve) l'U "noi M?n-Macthe intefface ‘l%
. tant” iohti f one Workplace Fealures 152
1mporian (Welg ng of one). Automation in Aircraft Maintenance 151

With this system, had each of
the respondents judged a given
topic to be "very important,”
that topic would have received
a total score of 190. Results
for this question are presented in Table 6.4. While there is a dispersion of total scores, it is quite apparent
that most topics were judged either as "very important” or "important.” The topics in Table 6.4 are listed
in terms of decreasing order of judged importance.

Table 6.4 importance of Specific Topics for Inclusion in a Human
Factors Guide

Prior 1o the contact with the 60 individuals, a question had arisen abour the desirability of inciuding a
section within the Human Factors Guide concerning emotional factors. For this reason, a separate guestion
was included that asked "Should the Human Factors Guide contain a section, not usually included in texts
of this type, that addresses social and emaotional factors that can affect the performance of a workes?” The
following responses were received:

Yes = 32 No = 6

Obviously, the majority of the respondents believe that a section coptaining the above information shouid
be included in the Guide.
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To ensure that no appropriate topics were missed, each respondent was asked te note any additional topics
believed important for a Guide of this type. Quitc a few replies were received; most appeared to be
variants of the topics in the initial list presented in the mailing. However, a few were indeed new and are
listed below:

1. Requalification, limitations, and competency verification for aviation maintenance
technicians.

2. Minimum individual qualifications (eyesight, color blindness. and manual dexierity) for
specific maintenance functions.

3. Sexval harassmient.  (This could become increasingly important as workfcree
demographics change.)

4. Working with the handicapped. (The recently passed Americans With Disabilities Act

gives impetus to this topic.)

6.3 FORMAT

For a Guide to be useful, it not only must contain appropriate information but also must be presented in
a manner designed to make it

casy to use. Several questions =
addressed the general issue of Lengtt: Responses
format, The first question
concerned optimum length. || Less than 100 pages 18
The ontacted individuals were || o0 200 Pages o

e contacted individuals were Over 300 pages o
asked "To be most usable, Size is of no concem 6

what size should a Human
Factors Guide be?" Table 6.5 Tupte 6.5
presents the responses.

Desired Length of a Human Factors Guide

The above replies clearly point to a shorter rather than a longer Guide. These data are supported by a
comment submiited by one respondent:

A Human Factors Guide I o

should be 50-75 pages Number of
for handout 1o line “ Format Selections
management p ersoniel. Key information and recommaendations

It should be 160-300 in bullet form, with ilustrations 20
pages for managers and ’i
supervisors with

decision making ,’ Running prose, with illustrations 8

Short statements, with illustrations 8

capabilities jor
resources and monies. Other (Please Specify) _ 2
{Combine short statemen's, with
illustrations, and key information and
recommendations in buliet form, with
illustrations; uss running prose - segmented
by topic statements; use electronic/digital
format with key word search.)

The next item asked "What
format would you find most
useful?”  This question is
considered quite important

Table 6.6 Preferred Format for a Human Factors Guide
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since the manner in which information s presented can affect the extent to which individuals will seck
and use information concerning the topic being presented. Table 6.6 shows the results for this question.

Results indicate the desired
forinat would be one in which

. A Alternatives Number
information is presented tersely
and concisely, either in builet | A sherer guide, prasenting brief 21
. discussions and recommendations, with

form or _uSmg short statements. supporting data elsewhers (possibly
Hlustrations should support the in another book or in a computer
materials as needed. F data base)?

) A lenger guide, with supporting data 17
A QUCSHOH next was HSde included as appendicgs?
which relates both o the L

length of the Guide and the
manner in which materials are
presented. Two alternative
were given with a request for a preference between these two. Table 6.7 lists the two alternatives and
shows the replies.

Preference for Physical Structure of a Human Factors
Guide

Table 6.7

These results show a slight preference for a shorter Guide, even if one has to look elsewhere for data
supporting and elaborating the concise information presented in the Guide. One supporiing comment
illustrates this: "A shorter Guide. Computerized supporting data would be very nice.”

6.4 SUMMARY

The replies of the mainienance personnel, combined with other discussions with those likely to use a
Human Factors Guide, lead to the following conclusions conceraning the content and structure of the Guide.

Audience. The principal users of a Human Factors Guide will be air carrier maintenance planners and
supervisors. However, care must be taken that the structure of the Guide not be oriented entirely toward
this group. A Human Factors Guide also can be used to advantage by other groups, including FAA
management and FAA inspectors as well as aircraft design teams and designers of maintenance equipment.
The document also could be used profitably in training operations,

Content. Three topics have been identified as most imporant for inclusion in a Human Factors Guide.
These topics are:

. Human error in maintenance
. Information exchange and communrications
. Maintenance training and practices

All topics must be given appropriate coverage in the Guide. Greatest attention. however, will be given
to the three topics listed above.

Size. The Human Factors Guide should not be a large document and probably should not exceed 200
pages in length. A larger document might well impact use, particularly if the document is to be carried
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around within the maintenance facility. Current thinking is that supporiing materials, which couid be quite
lengthy, would best be coatained in a computerized data base in a CD-ROM system. With proper search
strategies, data supporting the Guide could be cbtained quite rapidly.

Style. Information within the Human Factors Guide, such as basic human factors principles applied to
specific maintenance labor, should be presented concisely, possibly using a bullet format, with supporting
illustrations. Introductory chapters and materials can be more in a running prose form. The language
should be simple and straightforward English. This will make it more likely that the message is conveyed
as intended. Use of simiple English also will help should the Guide be translared into a foreign language
for use in overseas maintenance activities.

6.5 REFERENCES

Air Transport Association. (1992). Air Transport 1992, Annuai report of the U.S. scheduled airline
industry. Washington, DC:  Author,

Office of Technology Assessmeni. (1988). Safe skies for tomorrow. (Report No. OTA-SET-381).
Washington, BC: U.S. Governmemn Printing Oifice.
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Chapter Six Appendix
Sample Section Cf A Human Factors Guide

The following section illustrares the manner in which the above concepts and rules would be applied in
the preparation of a section for the Human Factors Guide. The section is presented in highly abbreviated
form simply to show the appearance and general content of a part of the Guide. This section does not
indicate the depth of coverage planned for individual topics.

1.0 SECTION I: AREA AND TASK LIGHTING

1.1 Impertance of Lighting in Industrial Operations

‘\

Lighting conditions in an industrial r‘——:'L——+——~’"—— = = —
workplace ar¢ important both for
worker produciivity and for worker
comfort, Numercus studies have
examined the effect on  worker
productivity of varying levels of task
illumination (see Cushinan, 1987). In
general, these studies show that
performance under low iiflumination
improves to a point as the illumination
level is increased. Figure ¥ shows the
reduced time required to complete a
typical industrial task (reading a
micrometer) as the level of
ililumination on the task is increased.
Note that when the illumination
reaches about 100 footcandles, no
additional improvement is seen. In

50 -

TIME (SECONDS)
o
wn
o-

—_— Y e e e 1

1 5 19 56 100 500
ILLUM!HAT!C'N {FOQTCANDLES)

general, industrial tasks show smaller Figure 1 Effect of illumination level on time to complete
and smaller improvemenat in a typical industrial task (micrometer reading).
performance as  illumination is Adapied from Sanders and McCormick, 1987.

increased. However, the peint where
performance finally ievels off is task-dependent. Tasks that are visually difficult, as might be true for
inspection activities, will require more light to achieve best performance than will easier tasks.

Research conducted 10 assess the effectiveness of illumination on performance must deal with two issues
which can affect the resulte. First, motivational factors must be conirolled. Subiject, or workers, who
know they are in a study will tend to perform better independent of the illumination level. Sccond. the
age of subjects is important. Workers who are over 45 years

of age will show more improvement with increasing illumination than will younger workers. If a work
group contains older workers. illumination should be increased 1o account for this,

[
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Recommendations for proper illumination levels for various aciivities have been prepared by the
Hiuminating Engineering Society and are presented in Table 1.

Sanders and McCormick
{1987) point out problems in f————m=—== == =

artiving at recommendations Activity Leve! {footcandles) i
for adequate illumination 10 lF
ensure proper task Working spaces with cccasional 10 -20

- . visua! tasks
performance. Interestingly,
they note that recommended #  Pedormance of visual tasks of 20 - 50
levels continually increase || highcontrastoriarge size
tnrough the years. Current Performancs of visual tasks of 50 - 100
recommended levels are about mediura contrast
five times greater than levels A ,
recommended 30 years ago for || Feformance of visual tasks of 100 - 2c0

- = low contrast or very small size !
the same tasks. {

Performance of visual tasks of 206 - 500

Even shough proper levels of low contrast and very smail size

N over a prolonged pernod

illumination are¢ provided, task { i
performance can be degraded I — ST T

if glare sources are present. Table Recommended Hiuminance Values for Different Types of
Glare is of two types. Direct Activity. Adapted from Kantowitz & Serkin, 1983.
glare 15 produced when a

bright light source is in the visual field. Indirect glare, often called reflected glare. is reflected from the
work surface and reduces the apparent contrast of task materials. Either direct or indirect giare can
degrade task performance. Table 2 offers suggestions concerning ways to control the effects of glare
SOUICES.

1.2 Lighting Conditions in Aviation Maintenance

A study of illumination conditions within major air carriers was accomplished as part of an FAA zudit
{Thackray, 1992). In these facilities, overhead lighting typically is supplied by mercury vapor, melal
halide, or bigh-pressure sodium lights. The principal dificrence here is in terms of the color rendition of
the lights. While color rendition is probably not toe important for aircraft exierior maintenance 1asks, the
levei of illumination could be. Table 3 shows average illumination levels measured at different
mzintenance work areas. both for day shifts and night shifts. Table 3 also presents recommended
illumination Ievels for aircraft repair and inspection tasks. Although slightly below recommended levels,
the illumination for work 0n upper and lateral surfaces of an aircrafl appear adequate. For repair and
inspection conducted below wings, the fuselage, and within cargo and engine areas, measured Hlumination
levels are not adequate and supplemental light sources are required. In general, supplemental lighting is
provided through guartz halogen stand lights, dual 40-watl fluorescent stand fixtures, single hand-held
fluorescent tamps, and fiashiights.
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To Control Direct Glare

Pesition lighting units as far from the operaloer’s line of sight
as practical

Uss several low-intensity lights instead of one bnght ong

Use lights that produce a batwing light disinbution and
position workers so that the highest Light level comas from
ths sides, not front and back

Usa lights with iouvers or prsmalic lanses

Use indirect lighting

Uss fight shields, hoods and visors at the workplace if other
methods ars impractical

To Control Indirect Glare

Avord placing lights in the indirect-glare

Use lights with diffusing or polanzing ienses

Use surfaces that diffuse light, such as flat paint, non-gloss
paper, and textured finishas

Change the cnentaton of 2 workplace, task, viewing angle,
or vigwing direction until maximum visibility is achieved

Tabie 2

Use of supplemental lighting

Techniques for Controlling Glare, Adapted {rom Rodgers, 1987.

does not  necessarily  solve

o

|

existing lighting problems. easured (Footcandles} ‘
The FAA audit of major 5 Ray Nignt
carriers found ihat Hangar area 86 51
suppiemental lighting systems Below wings, fuselage and in cargo areas 26 15
frequently were placed too far || Within fuseiage 23 18
from the work bein Visual nspection 100-50C
d cing {2 D-cali lashlight)
performed and were too few i
in number. e result was A E
, : . N ecommended {Foolcandlcs)
t%xat,Aeuen with SPpple.mu.nal M. Level
lighting, the iilumination —
direcily at the work site was Awrcralt repair, genaral 75
Aircraft visual inspection

less than adequate. Ordinary area 50

D:Hicult 100
Aijrcraft inspectors generally Highly difficult 200
use small flashlights as

y At - - . . < .

supplementary sources. ‘ Table 3 Measured Hlumination Levels at Majer Alr Carriers

times, small lights mounted on
headbands may be used. The
flashlights provide

Compared with Recommended ievels. Adapted from
Thackray, §990.

illumination ranging from 100 to 51X} footcandics and are acceptanle for visual inspection. However, use

of the flashlight means that one hand cannot be used for manipulation of the systems being inspected.

In an attempt 10 produce more even lighting within maintenance bays, some carriers have painted the walls
and even the floors with a bright white refiective pant. While this does tend to reduce shadow effects.
other problems can arise. The principal one is glare. Refected light from bright sources produces glare
which can both cause discomfort and reduce visibility of key features of the maintenance task. The glare

tends 10 obscure or veil part of the visual task.
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1.3 Gaidelines

The goal of controlling human ervor in aviation maintenance requires that maintenance be conducted under
proper lighting conditions. This is true both for area lighting, that which illuminates the full working area,
and task lighting, that directed toward specific work activities. Improper or insufficient lighting can lead
to mistakes in work tasks or can simply increase the time required to do the work. In a program directed
toward proper lighting conditicns, the following guidelines should be observed:

Guidelines

. Arez lighting within a maintenance facility should be a minimum of 75 footcandies. A
level of 100-150 footcandles is prefencd.

. Care must be exercised to see that the light level available for night maintenance activities
in particular does not drop below recommended levels. Any lighting studies must be
conducied both during the day and at night.

. Task lighting for aircraft inspection requires a minimum of 100 footcandles of
ithamination.  For difficult inspections or fine machine work, 200-500 footcandles of
illumination is necessary.

. Supplementai lighting must be adequate for the task at hand, best judged by the worker.
Task lighting shouid be placed close (o the work being done and, if feasible, should leave
both of the worker’s hands free for the work. If systems must be manipulated, lights
mounted on headbands are preferred to flashiights,

. If the workforce contains a substantial percentage of older workers. i.c. those greater than
45 years of age, recommended lighting levels should be increased. probably on the order
of 50 percent.

. Glare sources should be controfled. Supplemental lighting should be placed as far from
a worker’s line of sight as practical. Reflecied glare can be changed by reorienting the
work surface or changing the position of lights. Worker complaints are the best means
for identifying offending glare sources.

i4 Procedures for Evaluating Light Conditions

The best procedure for determining if lighting conditons are adequaie is through the services of either the
industrial hygiene department or the safety department of the air carrier. Individuals in these departments
typically are trained in procedures for conducting an environmental audit, possess the necessary
measurement equipment, and understand the problems involved in obtaining meaningful measurements.
Specialists from these depariments also will be able to provide a proper evaluation of the audit results.

If the services of specialists are not available, maintenance managers can assess lighting conditions
themselves. Photometric equipment is avaiiable which will provide accurate (generally plus or minus five
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percent) measurement of facility lighting. [lluminometers/photemeters are available commerciaily for a
price in the order of $1,000. Catalogs of scientific equipment describe these items.
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Chapter Seven
The Effects of Crew Resopurce Management (CRM) Training in Maintenance:
An Early Demenstration of Training Effects on Attitudes and Performance

7.0 INTRODUCTION

There are encouraging resulls from initial daia on the effects of a CRM raining program for fechnical
operations managers on attitudes and mainierance performance.

The study is intended as an illustration of results beginning to emerge after only a few months experience
in a long term program of effective communication W improve safe, dependable and efficient pertformance.
Specifically. the analyses reported here compare managers” pre- and post-training attitudes about a variety
of management and organizational factors as well as pre- and post-performance measures in several
maintenance {and related) depaniments. Some highlights are as follows:

I} Participants’ immediate response (o the tradning was very positive. They were even more posiiive
than those from other studies iovestgating CRM in maintenance or in flight operations.

X%

Changes in relevant attitudes measured immediately before and after training reveal strong and
positive changes foliowing training. for three of the four indices measured. Follow-up results
several months after training. reveal that these changes are stable: forthcoming data should
continue 1o strengthen these conclusions.

L
N

Most maintenance performance ineasured before and after the CRM iraining sessions. examined
in the present paper. show significant changes mn the expected direction. indicating a positive
effect of training.

4) A pattern of relationships in the expected direction were observed beiween the post-iraining
attitudes and the post-training performance.  In particular. those measures predicted (by the
program’s trainers and managers; io be particularly sensitive o the effects of the CRM training
were affected.

A
i)

Finally, in follow-up surveys', managers responses lﬂdlLdIQ that. when transferring skills and
knowledge, they tend 1o indtate interactive bcha iors instead of passive ones. Anccdotal evidence
is also beginning 1o confirm these changes and their p{, sitive impact on pericrmance.

7.1 THE EFFECTIVE-COMMUNICATION PROGRAM: CREW RESOURCE
MANAGEMENT TRAINING

Resource management waining for airiine flight crews was introduced inthe Jate 19707s (Helmreich, 1979).
It has spread 1o many air carriers in the U.S. comimercial aviaton industry, to several foreign carriers and
to variocus sectors of U.S. and Canadian mililary aviation. That training huas been ::x‘x.,hdui from the

-Al surveys ;md q uestonnaires were distributed by the atrdine e airline employees. The survey
instruments were not developed or distribuied by the FAA,

HESE
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cockpit 10 cabin crews, 10 mainienance teams and to air traffic centers and is now referred 10 as Crew
Resource Management (CRM) training. Although specific programs differ from one organization 10
another, Crew Resource Management typically involves training in several team-related concepis:
communication skills, self-knowledge, situational awareness, and assertiveness skills.

The effect of Crew Resource Management training in airiine flight operations has been widely studied
during the 1980s. Numerous reports document CRM's positive impact on the attitudes and performance
of flight crews (cf., Helmreich, Foushee, Beason, & Russini, 1986; Helmreich, Predmore, Irwin, Butler,
Taggart, Wilthelm, Clothier, 1991). Taken together, the evidence shows that team coordination among
aviation "managers,” and between them and subordinates, improves system effectiveness and safety.

As a result of recent work researching team concepts in aviation maintenance, further investigations have
been recommended by both industry and government groups as a national priority (Federal Aviation
Administration, "The National Plan for Aviation Human Factors,” Washington, DC: 1991). A first
instance of an airline appiying CRM to maintenance operations was reported by Taggart (199(). Others
are in beginning or planning stages. This report describes the case of a second company’s program {©
apply CRM-type waining in maintenance.

7.2 THE PRESENT STUDY

The analyses reported below will assess the relationships among managers’ pre- and post-training attitudes
about a variety of management and organizational factors and the levels of mainienance performance
measures in a large U.S. airline (horeinafier called "the company”).

7.2.1 The Purpose of the Program and the Course

The program’s champion is the company’s Senior Vice President for Technical Operations. He has stated
that his aim for the training and evaluation program is to improve human resource (HR) management
using science-based tools and techniques for diffusion and cvaluation. Further. the effectiveness of this
training, as measured by the ongoing evaluation 0f it, can help to direct the industry’s HR praciices in the
future; and to guide the development of future ATA and FAA training policies and reguiations. The
training is a technical operations program entirely. It is managed and administered by technical operations
people, and the trainers (assisted by proiessional communicaiions training consultants) are technical
operations people t0o. An Editor from Aviation Week & Space Techinolegy participated in ihe training
at the invitation of the company. The two articles he wrote (Fotos. 1991) further describe top
management’'s reasons for undertaking the program, and provide impressions of the training itself.

Course obiectives. The purpose of the training, as stated by trainers on the first day of cach training
session, is "To equip all Technical Operations personnei  [management first] with the skill to use ali
resources to improve safety and efficiency.” The objectives (the more specific goals of the training) are
aiso clearly siated during the trainers’ introductory remarks. They are as foliows:

Diagnose organizational "norms” and their effect on safety,
Promote assertive behavior.

Understand individual leadership styles.

Understand and manage stress.

Al I e
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5. Enhance raticnal problem solving and decision making skills.
6. Enhance interpersonal skills

The course as designed for the objectives. The aims and objectives of the training are facilitated through
a course syllabus containing 12 modules (Appendix A contains the current syllabus).

State of training completed. To date, less than half of the technical mainterance operations siations.
departments, or functional divisions in the company have been able 1o send all of their managerss to the
training -- (his can only be done over time 10 avoid the absence of all managers and supervisors, at the
same time, from their departments or stations while training is conducied. Thus, the present analysis uses
data from roughly onc-quarter of the whole technical operations management staff whe will eventually
complete the training. Overall, however, most cities among the company’s 31 locaiions have had at least
one-third of their maintenance managers atiend a session. By the end of 1991, the majority of people
remaining to compiete the course are located in the company’s three largest cities -- they comprise mainly
maintenance supervisors (over 50% of whom still need to attend); and assistant supervisors (nearly 75%
who have yet 1o attend).

Maintenance work units as the focus of the analyses. The analyses described in this report are intended
to illustrate the effect of changes in work-unit attitudes (data collected from individual managers who
underwent the training, combined into averages for the units to which they belong) and the performance
data (classified into safety, dependability, and efficiency categories) constructed into measures for the same
woOrk units.

How is the course
experienced?
Summary results of
answers 10 a post-
training question
concerning the
perceived usefulness
of the CRM training
are shown in Figure
7.1. This figure
compares the sample
from the present Stlldy | | Fl.ght Gperaticn, 4 Flight Operat.ons, B e Operatans. & Tech Operations
with  two flight | Co 1 Cs 2 Coz Co 4
operations samples {Haleaxch, 1585] {Helrsech, 1985 {7 aggant. 7330 {(Present Casel

from other companies =

t

(Helmreich, 1989) and rigure 7.1 Ratiné;;)f Usefulness of CRM Training for Flight Operations and
N Technical Operations

Waste of Shghdy Somewhat Ve Extremely
Time Usetul Useful Useful Usgetud

O O S UV — S

with one other
technical  operations
sample (Taggart, 1990)). Like the other maintenance depantment measured, the data from the Technical
Operations division of the present company reveals high enthusiasm about the training. None of the
respondents in either mainicnance department sample said that the CRM ifraining was cither 4 "waste of
time"” or oaly "slightly useful.” In addition, a very high percemage (68%) of the present company found
the training to be "extremely useful.” This training appears to be very well received by #ts "customers.”
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7.3 CREW RESOURCE MANAGEMENT/TECHNICAL OPERATIONS QUESTICNNAIRE
7.3.1 Background Related to Measurement of CRM Training

A questionnaire called "CMAQ" (for Cockpit Management Attimdes Questionnaire) has long been a
recognized measure for assessing flight crew attitudes (Helmreich et al.. 1986). The CMAQ contains 25
items measuring attitudes that are either conceptually or empirically related to CRM. Taggant (1990)
revised the CMAQ for use in a technical operations department, and reported positive initial results
fotiowing CRM training.

A recent study involved the analysis of the CMAQ instrumient through the use of Factor Analysis, a
technique to explore for a consistent internal structure (Gregorich et al,, 1990). In their study these
authors showed the relationships among the 25 CMAQ items clustered into the following four
constellations of attitudes: Sharing Command Responsibility, Value of Communication and Coordination,
Recognizing Stressor Effects, and Avoiding Conflict.

Because multiple items tap into specific aspects of CRM (e.g., “communication,” and “interpersonal
skills"), Gregorich et al., (1990) combined the items into composite indices. Such index scales permit
more detailed assessment of separate but related atiitudes than a single total score for the entire
questionnaire, and they also provice more accurate and reliable results than are available from ¢ach of the
individual questionnaire itlems alone.

7.3.2 Survey Used in the Present Study

Measurement of attitudes. The "Crew Resources Management/Technical Operations Questionnaire”
(CRM/T(OQ)) as used in the present study is a modified version of Taggart’s (1990) revised CMAQ.

The CRM/TOQ contains 26 muitiple response items.  The company’s modifications of the CMAQ
involved removing five questions and adding six others. The five guestions were removed because they
cither lacked predictive validity (as reported by earlier flight crew studies; Helmireich et al., 1986} or, in
the company’s opinion, lacked relevance to technical operations.

Six questions were also added to the CRM/TOQ. based on items intended to measure respondents’
perceptions of behaviors dealing with attainment of work goals (Geirland & Cotter. 199(h.

Measurement over time. At the time of this writing (some six months into an 18 month training process)
the data sets are necessarily incomplete. Over 300 of 1,8(¥) te1al managers have already attended the two-
day training program. Virtually all those attending ihe training have completed the CRM/TOQ both pre-
and post-training.  Some 400} of the 5000 pre- and post-training CRM/TOQ completed have been entered
into the data base and will be used in the present demonstration. 1t is still 100 carly in the training and
evaluation process to have abundani data for the CRM/TOQ follow-up {two and six month), or many
months of performance data subsequent to the training; but the present report will describe the resulis of
some 50 two-month and 50 six-month follow-up questionnaires returned so far. This follow-up version
of the CRM/TOQ was maiied in early October, 1991, to the homes of those managers who had attended
the CRM training in May or June for ihe "sik-month” measure, whiie stiendance during Jaly and August
qualified for the two-month follow-up,
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Collecting bascline data for testing statistical goodness of data. During the last week in May 1991 and
before the training program began, the CRM/TQG was sent to the homes of all directors, managers.
supervisors, and assislant supervisors (1,787 total). Within five weeks over 900 questionnaires had been
returned for a return rate of over 50%. A return rate this high is considered quite acceptable with paper
and pencil surveys of this type (Borg & Gall, 1986) -- especially since a reminder or prompt was noi
possibie, given that the training program was due to be announced and start within two wecks of the
mailing. This questionnaire was termed the "baseline” survey. A sample of the "baseline” questionnaire
and one of the "foliow-up” questionnaires are included here in Appendix B and Appendix C. respectively.

The mean scores of o |

the bascline rcsults
could reveal bias with
a2 50% return, but
continuing
comparisons between
those baseline data and

immediaie pre-training
resuits  {(where  very
close to 1009 retum ! ©

wqlirn, 253. -
rcjiEC.S are . iLahZLd) Cormmand Commuricaton Recognition of Vace Goal Goal
similar relative levels I Responshidy & Coprdinaton Stiesoes Disageement Astarmment wih Attanment wath “
for the six C()mpOSii’C Efects Owr Gioup Cthes Group
. ]
index scales are TG Baseine  —t— Presuivey |
revealed.  Figure 7.2 e S — ‘_________.J
presents the Figure 7.2 Mean Scores of Indexes for Baseline and Pre-Seminar for
comparison  profiles. Technical Operations

These results  show
few differences in absoiute scores and similar profiles.

7.4 PERFORMANCE DATA DESCRIBED

Techiical Operations managers in the company already collect performance data in abundance. Table
7.1 presents the 14 measures used as end-result criteria in the present study., Three conditions were met
in order to inciude these measures in the work-unit analysis reported here. First (and obviously) the
performance measures need to be available by work unidi, and not just by department or function. Second
the measures mist be ones that people in the work unit can aftect by their actions and not merely ones
that are conveniently assigned to a unit -- but for which it can do litile. The third condition applied was
that the measures not be directly related 1o or completely determined by, other measures in the set

The 14 measures are ciassificd into three performance categories: Safety, Dependability and Efficiency;
and this classification is shown in Table 7.1. The trainers and administrators of the CRM course
evaluated the 14 performance measures and predicted which of them would be more sensitive to effects
of CRM training. Their conclusions were that six measures were the most readily improved by the
training. These six performance measures incieded both aireraft safety tems {ground damage and
turnbacks). days lost to occupationai injury, dependability based on departures witnin 5 and 15 minutes
and delays due t0 maintenance error. Their second ranked performance measures likely w improve in
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response to training included sick days lost, departures within 60 minutes, canceled flights due to laie from
maintenance, base maintenance performance o plan, hours applied to production and overtime paid. The
performance indicators rated least likely to improve as a function of the training were departures later than
60 minutes and warehouse parts service levels.

A. Safety of Aircrait

1. Number of Ground Damage incidents® (44)
2. Number of Air Tumbacks/Diversions caused by human srror*® {31)

B. Personal Safety
3. % QOccupational Injury Days Lost" (60)

4. % Sick Days Los?t (80)
I. MEASURES OF DEPENDABILITY

A. Departure Performance (Line Station data only, n=31)
5. % Dsparture within 5 minutes*
6. % Departure within 15 minutes®
7. % Departure within 60 minutes®
8. % Departure over 60 minutes, but not canceled l

. MEASURES OF SAFETY

2. Number of Delays due to late from Maintenance®® (n=35)

8. Service Lavels (Materials Servicas onily, n=9)
10. % Rotable parts available®
11. % Expendable parts available®

C. Bage performance o plan (n=4) ‘
12. % Heoavy Checks on ime to intial plan®
1. MEASURES OF EFFICIENCY

A. Productivity
13. Aatio of Hours paid 1o those applied to producton® (7)

8. Cost
14. % Overtime paid to total wage bilf (60} “

{maximum number of work units possible are in parentheses)

a= Measures evaluated most sansitive to effects of CRM training
b= Maasures evazluated moderately sensitive o effacts of CRM training
¢= Measuras evaluated ieast sensitive to effects of CRM traiming

d= These meatures exhibit skewnass and lack of variability

Table 7.1 Technical Operations Performance Measures Available by Work Unit

The present analysis employs four months of performance data. June and July 1991 are considered “pre-
training,” since they are coincident with, or precede, most of the training sessions measured here. August
and Scptember are used as the post-training measures. These performance data are available for 31 line
ingintenance stations, 4 base maintenance stations, 3 shops, 9 materials services warchouses, and 13
inspection/qualily assurance units, for a maximum of 60 data points each month. The planning and

engineering umits in technical operations do not yet have uait performance data which they can twe
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measured against, although the company is deveioping such measures for inclusion in later analyses. As
noted above, the attitudinal data are not yet avaitable for all 60 work units: and in some cases performance
data is unavailable for certain work units for the four months analyzed ‘or this report. Because of this,
the full number of maintenance units availabie for the present analysis is somewhat dess than the full set,

7.5 THFE. ANALYSIS PLLAN DESCRIBED

7.5.1 A Maodel for Testing Relationships

The theory tested is that training in teamwork and communications influcnces maintenance personnel
attitudes and perceptions, and these in turn produce positive changes in group behavior wiich impact
performance. The analysis of the moded, specified in Figure 7.3, tests these influences by postulating
sysicmatic relations among a sct of explanatory variables.  Figure 7.3 provides a diagram of the
suppositio or small "theory” examined in this modet.

The conglusive

2-Month Follow-up

assessment will be a Quesionnaice |
causal analysis proving o
y p é_ Bazehn Pia-ls Post- hm 12 f . S—Honlh Foﬁonup ]2'“0““'5_’-“0?'1"
o - anng .
the strength of Qu‘,‘me n)qu.,,.,,m_, Questionnake Guestionnaise -~ P
influcnce the training 5
has oo subsequent “‘8
[ N N H 1Y) Age, Tenure,
safety,  dependability Job Title,
and cfficiency.  The i \ °°P°'“°"‘
!
present data do not yet \ / . .
establish true  causal ‘ a v v
: Py vy h Pre-tiasning Po:t—h W Pos! biasmang Post trainang
nkapes. YWCVLT, I siang — >
li kdé&' Howewe Patiomance 12 Peticimance b?etk‘uame > FPalmmance
the present data do
show  associations
Numbes | soend

between pre- and post- o
training attitudes and Aitgw Legend Time senes Compansons T ety Delwert 31y o jwrhies 3 e
perceplions (mieasured  fj ——P Predictve relabonshps tested 1 Wicoson Test & [rscrmangr Arasss

. N - 2 Repeated m ANOVA & Spesmar M LY
by the CRM/TOQ). - B> Tobe tested a5 data become avaiabie 3M;Tva:alez:;8‘:;; le::;:m::n: o i
and  between post- B == == : = =
training  CRM/TOQ Figure 7.3 A Model of CRM Tratning, Attitude Change. and Toechmieud
cesults and Operations Performance
performance.
7.6 RESULTS OF STATISTICAL ANALYSIS

7.6.1 Factor Analysis of Suyrvey Items

Among other statistical procedures undertaken 1o assess the goodness of the CRM/TOQ micasure, two
Factor Analyses were performed. using data from the 990-plus compieted quostionnaizes from the
"hascline” survey. The first Facior Analysic was condacted to determine the underlyine infernal structure
among the answers to the 20 aititude questions . and the second was run for the six questions that mwasured
percepiions of behaviors dealing with attainment of work goals.
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First, the structure of the attitude data was found to be very similur to the structure reported by Gregorich
¢t al. (1990). On the strength of this similarity, it was decided 1o apply the same names to the first three
of the four CRM/TOQ factors that Gregorich applied to the CMAQ. Because all factors derived from the
revised CMAQ were statistically strong, even the "avoiding conflict” composite (not subsequently used
py Gregoricn, ¢t al., (1990)) was retained here as the reflected index "Willingness 10 Voice
Disagreement.”  The item sums for cach factor were averaged to form four index scores for cach
respondent. The four factors were titled (1) Comimand Responsibility, (2) Communication and
Cooidipation, (3) Recognition of Stressor Effects, and (4) Willingness to Voice Disagreement.  The
reliabilities were good for scales of this Iength, ranging between .54 and .56 for Indices I, 2, and 4. The
reliabitity coefficient of .39 for Index 3 was lewer than desired for coniidence in a stable index. bui the
association among the contributing items "communalities” were reasonably high at .58 and .59.

Secondiy, items measuring attainment of work goals foaded on two separate factors. One factor consisted
of items assessing "Goal Attainment with My Group and the other "Goal Attainment with Other Groups;”
their respective reliability coefficients were (77 and .74, Two additional indices were formed based upon
these resulis.

7.6.2  Attitude Changes Over Time

Pre- and posi-training scores. The "before” and "after” scores for the four composiic atiitude scales were
compared and  scores of the 385 individual managers (whose pre- and post- questionnajres could be
nuiched) combined and averaged by the work units they belong (o, Several analyses aliow comparison
of pre-traiping attitudes, to post-training attitudes, as measured by the CRM/TOQ. Both the Wilcoxon
Matched-Pairs Signed-Ranks Test and the Repeated-Measures Analysis of Variance tests were used o
assess differences between pre- and post-measures and each test has its advantages. depending upon the
nature of the daia set

(SPSS - User’s Guide. g g
19903, In additiocn, 5 Umnuany 1852
Muitivariate Analysis
of Variance
(MANOVA) was
employed 1o fest the
effects. across time, of
denographic variables.,
such as job tile, job
enure or age.  on
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attitudes and of ; 250 Command C ormumcanon Reoognimon of Voce

different  deparntments Fespongbdity™ and Swessor Disegregment i
on  performance Comarann crece”

MICAsUres. Figure 7.4 1 (i Presurvey B Pocisurvey ;

shows the comparison \' i )
of overall averages for Figure 7.4 Mean Scores of Indexes for Pre- and Post-Semvinar Technical
the  four  composite Operations

attitnde scales.
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All of the pre-training ard post-training changes arc in the expected direction except for "Willingness to
Voice Disagreement,” which shows a shift away from voicing disagreement and toward avoiding conftict.
All of the differences are significant at the .05 level or better.

Willingness to Voice Disagreement: Effect of Age and Job. Figures 7.5 and 7.6 preseni the change in

"Wiilingness to Veice Disagreemenmt” for the age of the maintenance personnel and for the given
categories of job classifications, respectively. Each of these categories interacted with the repeated
variable (pre-post survey). affecting the magnitude of negative shifi (#1e-Post x Age. F=1.96, p <.10); Pre-
Post x Job: F=5.20, p <.01).

These interactions are
interesting  because
they further explain
the negative shift in
attitude on the
"Willingness to Veice
Disagreement” scale.

Figure 7.5 shows that
the oldest and
youngest members of
the sampie exhibit the
greatest negative shift,
whereas the remainder
show  very  ittle
change in "Willingness
t o V oice
Disagreement”
immediately foliowing
the  training. in
addition, Figure 7.6
shows taat  the
assistant  supervisors
{who are over-
represented by the
youngest and  oldest
members  of  the
sample) and managers
have the  greatest
negative  shitt  in
attitude.
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Mean Scores for Pre- and Post-Seminar "Willingness o Voice
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Mean Scores for Pre- and Post-Seminar "Wiilingness o Voice
Disagreement”™ by Job Title
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Recognition of Stressor BEffects: Effects of Departinent.

The magnitude of change in attitudes on the

index "Recognition of Stressor Effecis” were affected by the department affiliation of the respondent,

revealing a significant

interaction  hetween
attitude  change  and
depariment  (Pre-Post
x  Deptt F=2.25,
p<.0)5). Fipure 7.7
shows that the
attitudes  of haxf.:l
mainiepance  aand
quality  departments
change little over time
whereas those of line
maintenance  and
planning depanments
improve considerahly.

{;oal Auvasinment. The

scores for two goal
attainment scales can

L

ve5

255 X ;
Posttranrng

Pre-amng
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A Plarang

£ Line Mepdt < Quaity Contrat 4 Shop
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Pie Post by Department lrdetacnon Sgrhicant p¢ 05 Jaraary 1992

also he  compared
nefore  and  after
training.  Since these

Figure 7.7

Mean Scores, bre- and Post-Training, tor "Recogaition of
Siressor Eifects” by Oepartmien

are perceptions of behavior, and not measares o attitudes, goal attainment scales were initially not
expected 10 show changes because there would not be time to change the behaviors which were the focus
of the measures. Because perceplons are not behavior, like aftitudes, they can be more quickiy influenced

by exposure o new
information, or by
reconsidering initial
assessments. One
statistically  significant
change was found in the
goal  attainment with

one’s group immediately
following training.
Figure 7.8 shows the
pre-post  averages  for
hoth of these measures.

it is interesting o note
the direction of changes
in Figure 7.8 For the
scale  fogused on
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Figure 7.8 NMean Scores Pre and Post-Scemitnar tor Croai Attainment Indexes

hehaviors to achieve goal attaininent in one’s own group o negative change occuried G, the fevels of
discussion and encouragement were reported 1o be higher betore the training than atterwardsy. This might
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he ¢xplained as unrealistic assessments (Lo, over-optimistic view of their own groups) of this group
bechavior which were challenged by exposure 1o the case analyses and discussions during the CRM
training.

The slight positive shift in poreeption of activity to share goals with other groups’ approaches shows a
tendency, but is not significant {p> .15). This trend may aiso be explained as a probable etfect of raining
which provided new information (and more importantly new experiences with people from othe
departments during the training) about the simifarity of goals pursued by other groups and functions in
techaical operations.

Posi-training attitudes compared with two- and six-month follow-up.  Scores for the four indexes were
compared with resuits from the tellow-up surveys  These resulls compare the post-test scores with the
50 or 41 individual managers whose posi-training and 2-month or 6-moath follow-up questionnaires could
be matched. None of the differences are significant at the (05 level or better (in fact none approached
significance any sironger than p <.15).

Taken  togeiher, the
results shiow that
attitedes  about
communication/
coordination and
sharing command
responsibility  remain 3

=< T =0 05 “Jan,an, 1632

en
high in the months ~

following CRM

training.  The  goul 230

attainment measures Command Corr mun.cancn Foorgnton o W ngress o

were ot included in Fesponsibity * Leeramon f-ir: :;,-,e:f%:fme.-z
Figures 7.9 and 7.10 — — A

and  no  statistically ‘ %ﬁ?a-%:\,emaa: B ToobMoom Foonwms

significant  changes A N _

were found for them Figure 7.9 Mean Scores of Indexes lor Post-Sceminar and Two Month
clthier. Follow-up for Technical Operations

7.6.3 Performance Changes Over Time

Pre- and post-training scores. The "betore” and "alter” scores tor the 14 perfoninance measures were
compared and tested for statistical significance. Once agan thie Wilcoxon tost, the Repear A-Measures
anaiysis and the Muluvariaic Analysis of Variance IMANOVA) were used. These tests iepresent a unit
by unit comparison of the scores of the work units Jor which the specific measeres applicd. Many of the
ditferences are significant at the 035 level or betier, but some are in the apposite direction from that
expected 1f the changes are to be atirthuted to changes from the CRM wraining. The next four figures
(7.11, 7.12, 7.13 and 7.14) present the overall scores averaged over zil the work uniis for which the
performance measures apply. The statistically significant ditferences are displuved with the histogians
in the figures as noted helow.
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Measures  of  Safety
Performance: Safety of
Ajrcraft. Figure 7.11
presents  before-and |
after-training |
comparisons  of two
measures  of aircraft | ;¢
safety performance --
number of  Ground-
Damage incidents for § 25¢
44 work units, and Command Commuricaton Recagriton ot Vaillingness o

Responsibibty and Stressor Efects Noice
number of Turaback ~ "
of Turabacks Ceordnaton LasagreeTent

450

e

or Flight Diversions ,
caused by human error {3 most-Sermnar Six Mo Foloweup |
for 31 iine stations. ; A
Both of these Figure 7.10  Mean Scores of Indexes for Post-Seminar and Six Month Follow-
differences are in the up for Technical Operations

predicted direction and

significant {p<.05). Although there are ample alternative explanations for these improvements between
June/July and August/September. it is important o note that CRM training could be responsible for at least
some of the observed

changes. The trainers iy TEpe O] e
and training #v
R I L
administrators  had [
redicted  that these §5 a2 ——————
two  safety  measures o1s : '
HE) !

most likely o improve

o
would be among the I!i
because  of the

raining. .
d | 1
e 3 RO
Meusures  of  Sgfety i Grour s Dermage A
, t T - it e IR 3
Performance: Personal B i~c.zents Tt acs Diversio:

Safetv.  Figure 7.12 £ fepur
presems  comparisons
for the wo measures
percent Days Lost o
Occupational  Injury,
and percent Sick Days Lost for the 35 and 34 work gnits respectively for which data were availuble

A g une Lanyt B Courcar e R PPt fe e

Figure 7.11 Mean Scores, Pre- and Post-Training, for Safety of Aircrafy
erformance Measures

Both of these differences are statistically significant, but onby one s in the predicied direction.
Occupationat injury days decreased significanily from the pre- to post-training period. Sick days ost, on
the other hand, significantly increased durning the peried. The training plansers and managers had
predicied that improved fost time due 1o injury would improve more readily than sick davs ost following
the training.
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Mcasures of
Dependability. Figure
7.13 presents before-
and  after-training
comparisons  for
depariures within S
minutes, within 15
ninwies,  within - 60
minutes,  over 60
minutes, and  an
overall  departure
performance  measure
which includes all of
the above.

Taree  of tnese
differences  are
statistically significant,
two of which are in the
significanily from pre-
fraincrs.

Doargra
lx et

of depasiages
within 60 minutes
significantly decreases
(the reverse direction
1o that predicted) pre-
to  post-ir2ining.
Initially, this result
appears puzzling. but,
upon refection. it s
not unexpecied.  The
two  performance
indicators  (departures
within § mipates. and
within 6) minues),
aithough not
completely
independent of  one
ancther  in their
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expected direcion. Departures within 5 minutes and the overall measure improve
to post-training periods and this result is consisient with the assessments of the
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nmeasurement. can vary widely in practice. To iliustraie this, consider the busy summer season when all
on-time performance. The wypical station (unabie W0 subsiamially increase s
manpower or overiime} could decide o sacritice the schedule of aireraft that require =5 much @x an hour
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One other measure of dependability, "expendable parts service level,” decreases (an unexpected result}
between pre and post periods (pre=957% < post=93.3%; 7=-1.83, n=4, p=.07). The other measyres of
dependability -- "number of defays due to late from maintenance” (n=33), "rotable parts service” (n=¥}
and "heavy checks on time to initial plan” (n=4) -- did not show measurable change in pre and post levels
of performance.

Mcasures of [ -

Efficiency, Figure o

7.14 shows the pro- 63%27' !

post comparisons  for SSE’:%‘ ?

the percentage  of 4:&'/ T
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500% >
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results of 2 series of . ﬂ'::} Pretaineg (ure. Juy) B ~osrvenng ifugus Setermey

analyses conducied to L AR
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department  and

performance nmreasured

revealed that onjy overlime charged was related to depanimient. These results show significant main effecis
of Pre-Post change (F=4.14. P < 05} and depariment (F = 271, n < %) indicaiing it depariments,
exeept Quality contrel, redeced overtinie after raining. Flgure 718 displays these changes in har chur
g til
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"Willingness o Yoice Disagreement.” Spearman Rank-order Correlations that west the relaiionship between
these indices and the 12 performance measures are presented in Tables 7.2, 7.3, and 7.4, Because the
present data are limited in sampic size statistical significance conventions are exiended o show not only

probabilitv levels of 1% and 5%. but alse 10% and 15% to gid in examining puatterns of expected resulis.

ATTITUDE INDEX

“SHARING CO.AMAND” “COMMUNICATION AND "RECOGNITICN OF “WILLINGNESS TO VOICE
RESPONSIBILITY™ COORDINATION™ STRESSOR EFFECTS” DISAGREEMENT"

MEASURES OF SAFETY

Number of Ground Damage inGdents' (n=35}

-.C4 ~.18 -.03 +.30"

% Cooupational injury Days Lost’ {n=37}

+.28" +.14 -G8 -08

% Sick Days Lost' {n=36}

-.28° - 12 -.02 - L5

*p<O0f; ‘p<.05
' These itams score lower whan performance is positive, thus the direction of the statistics are mirrorea to reflect
positive when ralationships are in the sxpected direction.

Table 7.2 Spearman-Rho Correlations chccn Post-Training CRM/TOQ Resuits and Post-Training
Maintenance Safety Performance

The matrix of results reveals that post-training attitudes predict the performance of the work units. These
relationships are especially consistent for attitudes regarding the willingness of units o share command
responsibility and to veice disagreement. These resulis are discussed below in more detaih,

It's usetul to pote that the total number of positive and significant relationships retative to their
proportion to the totel number of fesis presented in Tables 7.2, 7.3, and 7.4 is substantiaily above that
expected by chance alone. Twenty Spearmian "Rhos™ were less than or equal o a probability of (15, from
a total of 48 tests conducted (ZO/48 = 42% ), and seven of them were less than 05 (7748 = 15% ).

Measures of Safety Performance. Post-training responsces for somie 61 the attitude indices were associated
with the mcasures of Safety performance (See Fable 7.2).  Specitically "Wiliingness o Voice
Disagreement” was refated 1o the number of ground-damuge incidents. This relltonship implhies that the
more willing manuagers were 1o voice disagrecment ihe botter that their units perterined tepl, had fewer
incidents of ground damage).
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Similarly, attitudes about "Sharing Command Responsibility” were positively associated with percentage
of occupatdonal injury days lost. That is, the more favorable the attitudes were about "Sharing Command
Responsibility” the better were the outcomies; positive attitudes were associated with fewer days lost (o
occupational injury.  Finatly, attitudes on this same index, "Sharing Command Responsibility.” were
negatively related to percentage of sick days lost.  This relationship is not in the expected direction,
suggesting that more sick days are taken among units who are more willing to share command
responsibility.

Measures of Dependability.  Departures within § and 15 minutes ot schedule (the two most salient
Dependability measures) and 60 minutes display significant positive relationships with most or all of the
four attitudes {Sce Table 7.3).

Taken together, these results suggest that positive attitudes toward the concepts learned in training have
a facilitative effect on the departure performance of units. For exampile, those units favorable towards the
sharing command responsibitity tend to have better departure performance measured within 5. 15, and 60
minutes. A similar pattern of positive relationships between recognition of stressor effects and these
departure performance assessments emerged as well.  Line managers who advocate the importance of
recognizing stress are more likely to guide their mechanics 1o perform weil on the percentage of goal
achieved for depariure in 5, 15, and 60 minutes.

Warehouse service levels show few positive relationships with post-training attitudes (sce Table 7.3).
Percentage of rotable parts available is moderately correlated {p< . 1() with attitudes on the index "Sharing
Command Responsibility.” Warehouse service levels in expendable parts, however, show a negative
relationship (p< . 1() to "Willingness 1o Voice Disagreement.”

Finally, the dependability measure. heavy-checks-on-time-to-plan, shows two perfect positive correlations
with "Sharing Command Responsibility” and "Recognition of Stressor Effects” as well as a marginally
significant but high correlation with "Willingness to Voice Disagreement.” Although the number of units
available for this measurement are unavoidably fow (available n=4) the consistent pattern of positive
relationships suggest that positive post-training attitudes are related to achieving the standards of the initial
plan.

Measures of Efficiency. Tabie 7.4 shows that atitudes sbout sharing command responsibitity predict
units” performance for one of the measures of efficiency, "ratio of hours paid to applied to production.”
This relationship suggests that the more the pnit agrees with the principle of sharing command
responsibility the betier will be the ratio of efficiency.  Such & positive relationship, however, is not
evident when considering the percentage of overume-paid-to-total-wage.  In fact. there is a modest
negative relationship between this efficiency measure and both "Sharing Command Responsibility” and
"Willingness to Voice Disagreement.”
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ATTITUDE INDEX

"SHARING COMMAND" “COMMUNICATION AND "RECOGNITION OF “WILLINGNESS TO VOICE
RESPONSIBILITY" COCRDINATION" STRESSOH EFFECTS” DISAGREEMENT"

MEASURES OF DEPENDABILITY

% Departure within 5 munutes {(n=26)

+.32" + 30t +.271 +.24%

% Departure within 15 minutes {(n=26)

+25t% +.31% +.25% + 15

% Deparfure within 60 minidss (n=26)

+.34" +.09 +.25% +21%

% Daparure over 60 min, but not cancelad{n=28}

+.06 +.09 -.09 +.22%

% Rotable pars available {n=4)
+.80t =20 -.20 -.20

% Expsndabiz paris availablo {n=4)

-.40 +.40 -.50 - 80t

% Heavy checks on tme io initial pian (n=4)

+1.0° +.40 ~1.0° .80t
*p<.O01 * p<.05 t p<.10 ¥ p<.15
Table 7.3 Spearman-Rho Correlations Between Posi-Training CRM/TOQ Resuits and Post-Training

Maintenance Dependability Performance
7.7 QUALITATIVE DATA OBTAINED AFTER THE CRM TRAINING
Mot all indicators used are quantitative. The casce study approach is aiso beginning 1o provide evidence
for the program’s success. In additoen, there are several open-ended guestions included in the immediate

post-training CRM/TOQ, as well as in the 2- and 6-momh follow-up questionnaires. These two potential
sources of evidence will be described and illustrated below.

175



Chapter Seven

ATTITUDE INDEX
l “SHARING COMMAND" “COMMUNICATION AND "RECOGNITION OF "WILLINGNESS TO VOICE
: RESPONSISILITY" COORDINATION" STRESSOR EFFECTS" DISAGREEMENT"
[MEASURES OF EFFICIENCY i

+. 77 +.23 +.20 +.31

|
!P Ratis of Hotirs paxd 1o applied 1 production {n=6)
i
ii

% Ovarime paid 10 1ot wage' (n=37)

-.19% -.09 12 -.20%

*p<.0f * p<.05 Tt p<.i0 t p<.15
': Thess items score lower when performance is positive, thus the direction of the statislice are mirrored to reflect
pogitive whan reiationships are in the expected direction.

Table 7.4 Spearman-Rho Correlations Between Post-Training CRM/TOG Results and Post-Training
Muaintenance Rificiency Performance

7.7.1 The Case Study Approach

One such anecdote involves participant reaction to the stress-management module of the CRM course, and
how it led to discovering how effective the course could be in heavy maintenance planning.  Meeting
objectives for completion times (called estimated time for return, or "ETRS") from base maintenance
overhauol are abways raised as examples of "high stress” parts of the job by managers in the CRM course.
During a CRM session in November 1991, six months after the onset of the CRM training in Technical
Opcrations, Planning and Maintenance Managers from one maintenance base did not report ETRs as 4
source of stress. With a little encouragement these managers revealed that, beginning two or three months
before, Mainicnance and Planning functions mecet together frequently to confirm FTRs, or to change them
if required. The net effect is an improvement not only in the performance o plan, but in the timeliness
and guality of the aircraft delivered from base maintenance. The Director of Maintenance for that base,
it turned oul, had attended a CRM sg¢ssion three months eariier where he had shown an increased
acceptance for the concepts -- having ended the two day training saying, "Maybe this stuff has a place in
management after all.” It should be noted that quantitative results, presented carlier, evidence the
rehationship between several atiitude indices and heavy maintenance periormance W plan.

7.7.2 Written Comments from the Post-training and Follow-up CRM/TOQ

"How will the CRM training be used on the job?" Immediately following the training this question was
most frequently answered "Better communication” (active transferring of information), "Betier histening”
(a passive improvement made within the person), "Bring more aware of others™ (a puassive, reactive
behavior), and "Dealing better with others” (nteractive, problent-solving).
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"How did vou use the CRM ruinine on e job?” For he sample of respondents who returned the (ust
2-month and 6-month foliow-up questionnaires (in Octoher, 1991) the largest numbers, saying what they
had used from the CRM training, reported actions in those sume four categories. Tables 7.5 and 7.6 show
these comparisons for the immediate Post-training survey with the two-month and six-month {ollow-up
surveys, respectively.

Most respondents ia both sumples emphasized that they had tried to listen betier, and o "deal better with
others™ (often specifving weam work, decision making and problem solving as ways of doing this). The
largest numbers in both the two- and six-month  follow-up samples  stated  emphatically  that
"Communicating better,” and "Using more teamwork” (the tatter accounting for over half of the responses
included in "dealing better with others”) was what they intended to further use from what they learned in
CRKM training.

These open-ended responses tend to continm that improved interpersonat behaviors have resulted frony the
positive attitudes which tollowed the raining.  Forthermore, the preferred behaviors tend 1o have shified
from those peopte could do by themselves (e.g., "be a better fistener” and being more aware of others),
1o those pehaviors which involve others, such as "communicating better,” and dealing betier with others.

—
SURVEY PERIOD
RESPCNSE POST-TRAINING TWO MONTH TWO MONTH
WILL USE WAS USED WilL USE
Befter Communication 20% 15% 17% |
Bettar Listaning 16 20 3 j'
l Beg More Aware of Others 11 15 1 “
Deoal Better with Others 10 25 25 "
{ Usa in Daily Tasks } 6 5 3
Table 7.5 Percentage of Written-in Responses Indicating How Training Will be Used and Was Used
on the Job for Post-training and Two Month Follow-up
{ SURVEY PERIOD ‘
RESPONSE POST-TRAINING SIX MONTH SIX MONTH
WILL USE WAS USED WilL USE
Better Communication 20% 20% 26%
Better Listening 16 17 6
Be More Aware of Others 11 14 §
[ Deal Better with Othars H 21 23
[ Use in Daly Tasks 6 2 2 H
‘Table 7.6 Pereentage of Writien-in Responses Indicating How Training Will be Used and Was Used

on the Job lor Post-training and Six Month Follow-up
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"What could be done 1o improve the training?” Most answers 10 this guestion, immediately afier waining
were "do nothing” or "it’s fine as it is.” Two and »i< months later the largest single category of answers
was "do more of this” or "bring us back for follow-up training.” Table 7.7 presents these resulits for both
the two month and six month follow-up surveys co.apared with the immediate post raining questionnaire,
From this sample, at least. participants ¢learly believe they would henefit from {urther CRM type training.

u SURVEY PERIOD

l RESPONSE POST-TRAINING TWO MONTH SiX MONTH

Fk FOLLOW-UP FOLLOW-UP
Needs Nothing 35% 16% 12%
tMore Training & Follow-up 11 27 28
More Roie Plaving 7 11 4
Add Tima to Training 7 5 4
More Case Studies 6 7 7
Better Mix of Participants 6 5 7

Tabie 7.7 Percentage of Written-in Responses Indicating How Training Might be Improved for Post-

training, Two, and Six Month Follow-up
7.8 CONCLUSIONS
7.8.1 Strengths of the CRM Training Pregram

The CRM training for maintenance managers evaluated here has been successtul, after as short a time as
six. mombs, i improving attitudes which appear 1o have mfluenced safe, dependable and efficient
performance.  Some specific findings should be emphasized:

1y The timing and content of the prosram has beer well received by participants.  The immediate
evaluation of the training was even more positive than had been the case in other companies using
CRM in maintenance as well as flight operations.  Figure 7.1 presented this dramatic dilference.

2y The training produces a significant improvement in most agitudes measured.  Changes in relevant
attitudes measured immediately before and afier training reveal strong and positive changes following
training, for three of the four indices measured (cf., Figure 7.4). Follow-up results several montihs
after training tend to confirm that most (if not all) these changes are stable (Figures 7.9 and 7.10).

3y Performance appears to improve due to CRM training. Changes in most maintenance perforiance
measured before and afier the CRM training sessions exantined in the present paper show significant
changes in the expected direction (e.g.. Figures 7.11-7.13).
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4) Specific attitude changes seem to cause specific performance. A patiern of significant relationships
in the expected direction was noted between the post-training attitudes and the post-training
performance. Those measures predicted (by the program’s trainers and managers) to be especiaily
sensitive 1o the effects of the CRM training were affected (¢f., Tables 7.2, 7.3). In particular, positive
attitudes about "Sharing Command Responsibility” and "Willingness to Voice Disagrecment” both
show the most association with improved performance.

5y More active change is occurring. Finally, the program is reporied ia follow-up surveys 1o be
stimulating changes from the "easier” more passive behaviors (such as “better listening”), to the more
interactive ones in working with others, such as holding meetings and undertaking joint problem-
solving. Aneccdotal evidence is beginning to confirm these changes and their impact on periormance.

Continuous Improvement. A few of the strengths, such as the final one noted above, also provide
guidance where the training design for this, and future programs. can bhe improved.

The resuits presented in this report reflect the program as it was in November, 1991, The training
facilitators anG administrators of the program receive abundant verbal participant feedback at the end of
each training session. They have also received the earlier reposts issued through this research project.
A watchword of those managing this program is its flexibility and adaptability fo the necds (as well as
constraints) of the company, as well as to increased learning about this new kKind of maintenance training.
Several of the concerns and opportunities noted below have been successfully addressed by the trainers
since November, 1991. These efforts will be briefly described.

The ambitious syliabus for the two-Gay training evaluated here (Appendix A) contains many imporiant
content categories; and it has little room for added exercises or activities. This tight program has created
a dilemma for the trainers {from its enset.  For them, the opportunities {or program improvement usually
require classroom tme 1o exploit. The trainers have devised an innovative solution to this dilemma in at
least one area of poteniial improvement described below.

7.8.2 Opportunities for Improvement in Maintenance CRM Training

1) Help participants plan what and how to use their new-found skills back at work. The finding that a
substantial portion of participants months later report that they are ready and willing to try more active
behaviors -- those actually involving others as well as themselves -- suggests that the training program
migh{ be improved (o help the "graduates” to design or develop their own approach to implementation.
Such impiemeniation could help participants actually plan, during the training, how and what they
would try 10 change when they returned to work. Part of this awareness could include research results
{such as those contained in this repont) for participants so that they understand that listening and
stress-management skills are useful and iinportant, but that the assertiveness and team eadership skills
could impact safety even more. Another avenue 10 impact active improvement would be to expand
the course module on assertivencss training.

2y Focus directly on assertiveness skill traiping. The research evidence presented in this report shows
that, of the four major attitude clusters derived from the CRM/TO questionnaire, "Willingness to
Voice Disagreement” forms a mixed picture. Although assertivencss is mentioned throughout the
ralning, the average scores reveal kess posiiive atitudes about voicing disagreement (or waniing 10
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3)

7.9

Latt

"avord conilict”) following the course than before it. This shift is most marked for the youngest snd
the oldest; and {or the lowest and bighest in the management hicrarchy. Those in the middle of the
age range and hicrarchy tend o show some shift oward addressing disagreements.” What is intended
of the CRM training in this regard? As an active social skill, assertiveness {orms a theme throughout
the two-day program, but it hasn't been emphasized at the expense of othier aspects of the course.
Perhaps more time directly with assertiveness skills is required. There are ample materials atready
developed and included in the participanis™ CRM handboeok, which contain theery and skill practice
sections, on assertiveness, but Himited classroom time has not permitted the intensive coverage this
maicrial deserves, (reater use of role-plaving exercises could also help participants” bearn how to be
asserttve and participative, and o give them confidence that they can skillfully employ these
behaviors, but this too requires time,

Trainers in the present program feel very strongly about the need tor practical application of all of
the CRM concepts -- and assertiveness in panicelar. They are also sensitive about the contrived
nuture of even the best role-playing cases as scen by the very pragmatic audience they are training.
In an effort io emphasize "real life” rather than contrived siteations, the irainers have replaced one of
the two role-plays dealing with "supporting and confronting others™ (a mazjor aspect of assertivencess
skill) with intensive smatl-group and whole-group discussions dealing with the same concepis. hut
focused on personal illustrations volunteered from the participants, It is oo soon o quantitatively
measure the eliccts of this innovation. hut trainers’ indtial reporls are encouraging.

The results of association between post-training attitudes and unit performance (e, Table 7.2} tend
to show that positive feetings about assertiveness and sharing authority are most related to satety and
dependabitity. Further improving and/or expunding ihe training design could well leverage this
advantage by increasing the numbers of participants with & positive opinion about assertiveness.

Plan and publicize recurrent CRM training.  Another way 1o develop active leadership and toliower
skills, while recognizing the unbitious syilabus in a two-day training course, would be to plau and
publicize u CRM program that includes 2 follow-up training modole (or even successive recurrent
fraining). (Given that many CRM graduates say that they would like to receive additional training like
this, expansion of the program curriculum could provide a real advantage, For instance, the CRM
training program could be designed 1o fiest awaken awareness of CRM and develop casily agtainable
successes umd then subscauently develop and exercise team and assertiveness skills.
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CoHect Pre-semingr questonnatre,

Eaplain purpose & imporance ol 1D4.

Gronp introdaces themselves,

Show video, idennty resource mignu

problems: relate Portdand problrems
to work place. Prepare Mpehast,

Bevelop expectations of individuats
w course. Write on chan, compare
u course ohjectives.

lnaduce concept of Perception vs
Realsty
Show DC-10 Video GUM,

Tablework: What were "Chain of Events”

that fed to the accident?

Discuss “ASSUMPTIONS™ that led or

cantributed to aceident.
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Module

Behavior

Breok
Behariors
Comt'd
Break

Stress
Munagement

Time

1:00pm
{75 min}
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(15 min)

2:30pm
(60 min)

3:30pm
(15 min)

3:45 pm
(60 min)

Technical Operations Division

Crew Coordination Concepts Syltabus
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HF

HF

TOMF

Method

Discuss use of Instruments; admin
SDI; develop Behay Dim Model;
discuss concept of "'Assertive Behavior.”

Scores SDI: Interpret SDI: draw

arrows; discussiapply

"Assertiveness''

Behavior modification approx. for effective
supervision.

TO-Introduce/understand stress

W hat are sources of stress in our jobs?

Develop list of Stressors.

HE-Identify body's reaction 1o stress,

Ways to deal with stress,

TO-WMWork on how to deal with 2 examples.
ETR’S, MANPOWER. PARTS AVAILABILITY

Objective

Understand behavior differences; understand strengths
and vweahness of behavior stylos; assertivenesy
involve using a variety of styles positively 1

Peuple are different; behuviors influence
communication. values, perceptions of others,
decision making & conflict resolution methuds,

Stress is normal; stress can be managed:
Recognize signs of excess stress,

Effects of safety & effiency.

Application of CCC to reduce siress.
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Technical Operations Division
Crew Coordination Concepts Syllabus

Module Time Facilitator Method

Day 2

Opening 8:15am TO Show GUM 041 video with breakfast.
C-10 Video (30 min} Address loose ends from Day 1
GUM a1 Outline schedule for Day 2.

Review lessons learned in context
of video (Gum 041)

Sub Artic B:45am TO Purpose of simulaiion.
Survival (60 min) Make individual decisions (step 2).
Break 9:45am
(15 min)
SAS I 10:00am HF Define/develop rational decision
(61 min) process; apply process to simulation;

complete SAS; critique team cffect
devetop lossons learned/apply to job.

Break 11:00am
(15 min)
Norms/ i1:15am TO Identify tole of norms in Tech Ops.
AL 855 (45 min) Introduce concept, give examples.
Allow time to review EAIL 855,
Assign each table a role.
What were norms that led to accident?
Groups develop lists of good/band C{} Norms,
Discuss how to manage norms and
prevent accidents,
Lunch 12:00pm
{60 ntin)

OBJECTIVE

Transition and clarification; group at ease
where they've been and are heading;
NOT A REVIEW!

Tic into Day 1; position as a competition
This is fun!

Problem solving involves a rational process;
consensus decisions ave better than individusl
Inteepersonal  Skills impact decision-
muaking.

Norms play powerful role ln orgunizations,

Have & direct impact on sufety & cfficiency.
Assumptions must be tested.

Norms are unwritten rules enforced by the group.
MGMT & FAA are powerless to change norms,
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Date

Chapter Seven Appendix B

Airlines
Technical Operations Division
CCC WorkShop Survey

BASELINE

Picase angwer by writing heside each tem the nember thar best relfects your personal opinion. Choose e pumber rom
the scale below,

:

8

!

in
:{.\

t~

.
EEx SLaie E 3 3

i 2 3 3 5
Disagree Disagree Neutral Agree Agree
Strongly Slightiy Slight!y Siongly

Tech. Ops. team members should avoid disagreeing with others because conflicts create ension
and reduce team effectiveness.

It 15 important to avoid negative comments about the procedures and techniques of other team
members.

Casual. soctal conversation on the job during periods of low workload can improve Tech. Ops.
team coordination.

Good communications and tezm coordination are as imporiant as technical profiency for aircrust
safety and operational effectiveness.

We should be aware of and sensitive to the persenal problems of other Tech. Ops. weam
members.

The manager. supervisor, or asst, supervisor in charge should take nands-on contol and make
all decisions in emergency and non-standard sttuations.

Tech. Ops. team members.

Tech. Ops. team members should not guestion the decisions or actions of the manager,
SUPErvisor, or asst. supervisor except when they threaen the safety of the operation.

Even when fatigued. I perform effectively during cnucal phases of work.

[
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EE + ] SCAi4E * % %

! 2 3 4 5
Disagree Disagree Neutral Agree Agree
Strongly Slightly Shighily Strongly

5 10. Managers, supervisors and asst. supervisors should @ncourage questions duning normal

N

I}
e

operations and in special situations.

. There are no circumstances where the subordinate should assume control of a project.

A debriefing and critique of procedures and decision after exch major task is an importast part
of developing and maintaining effective team ccordination.

QOverall, successful Tech. Ops. management is primarily a fancuon of the manager's.
supervisor's, or asst. sepervisor's technical proficiency.

. Training is one of the manager’s most imporant responsibilities.

Because individuals function less effectively under high stress. good team coordination is more
important in emergency or abnormal situations.

The stant-of-shift team briefing is important for safety and for effective eam maragement.

Effective team coordination requires each person to take into account the personalities of other
team members.

. The responsibilities of the manager, supervisor, or asst. supervisor . clude coordination

between his or her work team and other support arezs.

A truly professional manager. supervisor or asst. supervisor can leave personal problems
behind.

My decision-making ability is as good in abnormal situations as in routine daily operations.

%8
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&K SCALE k%

1 2 3 4 5
Disagree Disagree  Neutral Agree Agree
Strongly Slightly Slightiy Strongly

In the following questions, "my management group” refers to those people who report to the same
manager that | do.

1 21, T am kept informed by others in my management group about the goals and objectives of this
organization {e.g., cost. quality, service, etc.).

—=__22. Work goals and priorities are understood and agreed to by members of my management group.

In the following items. "my work group” refers to those people who report 10 me.
Z23. Employees in my work group receive detailed feedback regarding the organization's
performance.

Z4. If employees in my work group disagree with the goal and priorities that have been
established, they feel free to raise their concerns with supervision.

__25. Employees in other groups within Tech. Ops. plan and coordinate their activities effectively
together with people in my work group.

26. Employees in: other groups. departments and divisions through the company act as if they shar
many of the same organizational goais that we do.
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BACKGROUND INFORMATION

Year of Birth
Total Years at </
Sex (M aor F)

Current

Department

o Maintenance

e Engineering

v Quality Control

e Planning

o Logistics

o Shop

— Material Services
Job Title:

Years in present position: ¢d

Past Experience/Training {# of Years):
Military

Trade Schooi

College v

Other Airlines v
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Chapter Seven Appendix C

Daie_ re i

AJRLINES
TECHNICAL OPERATION DIVISION
CCC WORKSHOP SURVEY

"Two-month Follow-up’ Questionnaire

Please enter the five digit Personal ldentification Number that vou selected
at the beginning of the seminar.

Identification Code ____

Now, please answer by writing beside each item the number that best reflects your
personal attitude. Choose the number {from the scale below. All date are strictly
confidential.

** SCALE **

i 2 3 4 5
Discgree Disagree Neutra) Agree Agree
Strongly Slightly Slightly Strongy

1. Technical Operations team 1.embers should aveid disagreeing with others.

<__ 2. Tt is important 16 avoid negative comments abcut the procedures and techniques
of other team members.

3. Casual, social conversation on the job during periods of low worked can improve
Technical Operations team coordmation,

4. Good commur.cations and team coordination are as important as technical
proficiency for atrcraft <afety and operational effectiveness.

-
H

“ 5. We should be aware of aud sensitive te the personal problems of other Technical

Operations team members.

6. The manager, superviscr, or assistant supervisor in charge should verbalize pians
for procedures or actions and should be sure that the information is understood
and acknowledged by the other Techrical Operations team members.

“ 7. The manager, supervisor. or assistant supervisor in charge should verbalize plans
for procedures or actions and should be sure that the information is understood
and acknowledged by the other Technical Operations team members.
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1 2 3 4 5
Disagree Disagree  Neutral Agree Agree
Strongly Slightly Slightiy Strongly

Technical Operations tzam members should not questicn the decisions or
actions of the manager, supervisor, or assistant supervisor except when they
threaten the safety of the operation.

Even when fatigued, I perform effectively during critical phases of work.

Managers, supervisors, and assistant sup~rvisors should encourage questions
during normal operations and in special situations.

There are no circumstances where “he subordinate should assume control of a
project.

A debriefing and critique of procedures and decisions after each major task 1s
an important part of developing and maintaining effective team coordination,

Overall, successful Technical Operations management is primartly a function
of the manager’s. supervisor’s, or assistant supervisor's technicai proficiency.

Training is one of the manager’s most imporiant responsibilities.

Because individuals function less effectively under high stress, good team
coordination is more important in emergency or abnormal situations.

The start-of-snift icam briefing is important for safety and for effective team
management.

Effective team ccordination requires ¢ach person to take into account the
personalities of other team members.

The responsibilities of the manrager, supervisor, or assistant supervisor include
coordination between his or her work team and other support areas.

A truly professional manager, supervisor, or assistant supervisor can leave
personal problems behind.

My decision-making is as good in abnormal situations as in routine daily
operations.
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¥ex SCALE *o*

! P 3 4 5
Disagree Disagree Neutral Agree Agree
Strongtly Slightly Stightly Strongly

In the following questions, "'my management group' refers o $hose people who
report {0 the szme manager that § do.

“ 21. [ amn kept informed by others in my management group about the goa's and
objectives of this orgamization (e.g.. cost, quality, service, etc.).

_ 22 Work goals and prioritics are understood and agreed to by members of my
management proup.

In the following iteins, "my work group” refers 1o those people who report to me.

" _23. Employees in my work group receive detatled feedback regarding the
organization’s performance.

24, If employees in work group disagree with the goals and priorties that have
been established, they feel fiee to raise their concerns with supervision.

25. Employees in other groups within Technical Operations plan and coordinate
their activities effectively together with people in my work group.

26. Employees in other groups, depantments and divisions throughout the company
act as if they share many of the same organizational goals that we do.

27 How useful has the CCC wraining been for cthers? (Circle one}

A Waste Stightly Somewhat  Very Extremely
of Time Useful Useful Jseful Pisetui

28. How much has the CCC traiming changed your behavior on the job? (Circle one)

No Change A Shight A Moderate A Large
Change Change Change

R
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29 What changes have you made as a result of the CCC waining?

. .
o - - 2
[Pl TP 22 AP x

IR ‘Y

30. How will you further use the CCC training in the coming months?

- s
Sratie,, P e R Tt B S

£ r,yé({r’fl, 5 s 4

31. Looking back on it now, what aspects of the training were particularty good?

]
3 4

32. What do vou think could be done to improve CCC training?
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| Yearof Binh 222/ |
LTO&&I years at 5 E
|
|

Sex (M or F) il
CURRENT DEPARTMENT
v Line Maintenance

Base Maintenance

Quality Control

e Planning
- Shop
- Material Servic, .}
- Engineering
- Other
I_‘.?Vork Location - City
rlob Title: JRsnt wpmevis el
Years in present position: z :
Past experience/training (# of years):
Military .
Trade School 2
College - i
| Other Airline / }

This completes the questionnaire
Thanks for your help.



