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1.0 INTRODUCTION

From the extensive series of task analyses performed during site visits to aircraft inspection operations
(Shepherd, et al., 1991) it became clear that supplying the inspector with appropriate information was a

key contribution to inspector reliability. Information reaches the inspector through a variety of pathways,
such as documentation, training and job aids which are subject to separate studies within the FAA/OAM
program. For example, at this conference there are papers on training (Drury and Gramopadhye, 1992)

and workcard design (Patel, Prabhu, and Drury, 1992). The design issues are similar for any
information system:

* What information to present (issues of information sufficiency)
*  When to present thisinformation (temporal issues)

* How to present this information (information display issues) so that there are gainsto be
made by ensuing consistency across information sources. Hence this paper provides a
framework for research in all areas of information design. In particular it combines concepts
from the human factors knowledge base with specific needs of aircraft inspection. Specifically,
it starts with the classification from Drury (1990) of aircraft inspection information into two
sources: feedforward information and feedback information. Feedforward includes relatively
general command information, and aircraft specific feedforward information.

2.0 A MODEL OF INFORMATION FLOW IN AIRCRAFT INSPECTION

The proposed model represents both the physical work flow as well as the information flow. It also
highlights the cognitive aspects of the inspection task. It isadescriptive model in the sense that it
represents the current state of the information flow in commercial aviation aircraft inspection. Itisa
genera representation of how the aircraft inspector gathers, receives and uses information during the
task and as such, is not specific to any particular aircraft operator's inspection system.
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Figurel Model of Information Flow in Maintenance and Aircraft I nspection

2.1 FEEDFORWARD INFORMATION

From the model (Figure 1), 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.

Command information in the form of standards.

6. Utilization of understanding about the fault causation mechanism in aircraft.

ag s wbdhPE

Initial Training. 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. No formal inspection
training programs were observed or reported at any of the airlines. Typically, inspectors hold an A and
P license and have maintenance experience. 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.
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Documentation. There is an immense amount of potentially useful information available both in paper
(hard copies) and paperless (computer, microfiches) form. The documents are generated by atriad
consisting of the Federal Aviation Administration (FAA), aircraft manufacturers and aircraft operators.
There is a complex, multi-dimensional interaction in the flow of data between these three.

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 to a different facility (other
than the one it normally goesto) isvery rare and occursin case of contingencies or in case of heavy
workload at the regular facility. Similarly, movement of personnel between different facilitiesis very
low. Thus, most maintenance and inspection personnel accumulate experience on a particular type of
aircraft. The effect of such job specialization on the occasional inspection of adifferent 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-effect relationship of
defects and also know what to look for and where.

Information from Co-Workers. Airline inspectors typically work independently and occasionally in
teams of two. The frequency of formal meetings amongst inspectors varies from airline to airline.
Drury, Prabhu, and Gramopadhye, (1990) during the task analysis 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. The mechanics and inspectors
contact each other for buy-back or for the approval of arepair. Mechanics finding faults during
scheduled maintenance tell inspectors about this. This contact for advice/instruction is at times the only
formal information exchange between the inspector and the mechanic.

Comparative Standards. There seems to be almost no standards that are accessible to inspectors at the
worksite for defects like corrosion, cracks, dished/pouched rivets, wear, component play, etc. A small
subset of standards does exist with the manufacturer, FAA, etc. but these have not been organized into a
scheme for utilizing comparative standards on the job. The closest inspectors come to a standard in
visual inspection isto use adjacent areas to make a comparison, which is not areliable method (Drury,

1990).

Understanding Fault Causation Mechanisms in Aircraft. Inspection of aircraft islargely composed of
pure search activities followed by decision-making tasks whose output is of the form of "acceptable/non-
acceptable." However, some areas of inspection involve utilization of cues, knowledge of how faults are
caused, and knowledge of how the behavior of one particular aircraft component indicates behavior of
related components. Examples are: dirt streaks around arivet on the fuselage indicate aloose rivet,
bulging of the paint on the aircraft skin indicates underlying corrosion, scraped paint at the fairings
indicates underlying fairings are rubbing, play at the flap vanes points to worn out bearings or tracks,

etc. Use of such indirect evidence is a powerful technique to enhance detection and discovery of afault,
particularly where faults are not directly accessible to pure visual/auditory/tactile search.

2.2 FEEDBACK INFORMATION
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From the mode, it is seen that feedback can be 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
schemes implementing feedback have been used to improve learning rates, to develop schemes, and for
the efficient transfer of training skills to on-the-job performance.

On-The-Job Feedback. There seemsto be no systematic and obvious system in place that provides
feedback to the inspector. Feedback in search/decision making comes when the inspector talksto a
supervisor or afellow inspector to confirm a borderline case, although this occursrarely. Alsorareis
the feedback that could come from the repairer or the buy-back inspector who both have potential data
onthefault. Thereisvery little feedback on any defect that the inspector misses. This feedback can
only occur through audits and quality control inspections, but these systems do not ensure a consistent
feedback to all inspectors on aregular basis.

Feedback in Training. As explained in the earlier section, the feedback in aircraft inspection is relatively
scarce and on the occasions that the inspector getsit (e.g., audit) it isdelayed in time. Delayed feedback
makes learning by practice alone difficult (Woods, 1989). The current state of training is that much
emphasisis placed on both the procedural aspects of the task (e.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., troubleshooting an
elevator control circuit). However, the inspectors we have studied in 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, by blocks? How do you judge whether corrosion is severe enough to be
reported?

3.0 ANALYSIS OF INFORMATION REQUIREMENTS: AN S-R-K BASED

APPROACH

For effective use of feedforward and feedback information, the information requirements of human
inspection have to be identified for both the expert and novice whose needs may be very different.
Thus, we can posit that studying the behavior of the human inspector interacting with the system (while
performing the inspection) will help identify possible information support points as well as providing
guidance to the type of information (either feedforward or feedback) that is needed at these points. The
skill-rule-knowledge based hierarchy of Rasmussen (1983) affords us a robust framework within which
thisanalysis can be carried out, and will be mapped onto both visual inspection and NDI.

3.1 VISUAL INSPECTION



Search and decision making form the critical components of visual inspection. The search component
can be further decomposed into pre-attentive search, and a detailed search consisting of foveal (pure
search or search plus decision making) and extra-foveal processes. |dentification of the behaviors
associated with each of these subtasks results in a many to many mapping asseenin Table 1. These
mappings have been identified for an expert inspector. An interesting aspect of these mappingsisthe
existence of relatively few knowledge-based behaviors exhibited by the expert inspector. This seems
logical since thereisless problem-solving or active reasoning in aircraft inspection and more detection,
identification and classification.

Table1l Mapping a Visual Inspection Task to Cognitive Behavior for Expert

| nspector
Yisual Behavior Categornies
Ingpection
Frocesses Skill-Bazed Rule-Bazed Knowledge-B azed
Fre-tittentive Search Scan and Detect
Fowveal [Pure Search) Fisate and Detect
Foveal Decizion [dentifp and Clazziby
Extra-Foveal Search Trigger mowve
o next area
Decizion-taking [Outzide Move to nest area, Rules | Reazon and Decide
of Search) af what ta look, for

The SRK framework aids understanding of how behavior will be qualitatively modified as the inspector
goes from anovice to an expert. Thus, although both the novice and the expert exhibit, say, rule-based
behavior, the behavior of the expert will be qualitatively different from the novice (Sanderson and
Harwood, 1988). In Table 2 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 skill-based and rule-based levels by the expert will be identified at the rule-
based and knowledge-based levels by the novice, indicating a rightward shift on Table 2 corresponding

to an upward movement on the SRK hierarchy. Thus, this analysis pointsto the need for different levels
of information support for the expert and the novice inspector. It can also provide guidelines to define
training requirements for novice inspectors based on identifying expert inspector behaviors.

Table2 Visual Inspection of Rivets. Cognitive Behaviorsfor Different Defect Types
1. Missing Rivets 4. Cracks 7. Pooched or Dished Rivet
2. Holein Skin 5. Ripplesin Skin 8. Wear

3. Dents 6. Loose Rivets 9. Corrosion
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Table 1 and Table 2 also indicate the large role that skill-based and rule-based behaviors play in visual

inspection. The visual search part of visual inspection is seen to be entirely skill and rule-based for the
expert inspector (or after training to criteria). The skill-based behavior can be associated to the
scanning, fixating and detection activities (see Table 1). Since skill-based performance is essentially
unconscious and feedforward controlled, we can conclude that the information aid for this part of the
visual search should be something that does not require active conscious use by the inspector. This
points to visual environment changes (better lighting, improved contrast), and improving human
detection capabilities (increasing visual lobe, increasing target conspicuity). At the same time, thisalso
indicates training as a critical need to attain satisfactory sensory performance.
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Table 1 and Table 2 also highlight rule-based behavior as a significant mode of visual inspection,

resulting in the identification and classification of defects. Thus, finding corrosion, wear, small cracks
and similar difficult defects takes place due to rule-based behavior. It is pertinent to note at this point
that the work card system used in the aircraft industry to control aircraft maintenance and inspection
relies heavily on alinear procedura approach (Drury, 1991; Drury, Prabhu and Gramopadhye, 1990).
Rule-based behavior aso accounts for search strategy 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, besides creating 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 process, which can lead to suboptimal performance.
Thus, we should try to design the system and the information environment to minimize the need to
indulge in knowledge-based behavior. Knowledge-based behavior in visual inspection will be more
evident in a novice inspector, providing a strong impetus to the design of adequate training programs to
bring the novice to expert levels and thus minimize knowledge-based behavior. Once acertain level of
expertise is attained the knowledge-based behavior will be needed only in case of unfamiliar work
situations. This can, for example, happen if an inspector who normally works only a specific part of the
aircraft (e.g., the wing section) is asked to inspect acargo door. Thus, it becomes important that the
workcard (feedforward environment) be designed for usability as well as 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 hasto be considered. Also important isthe
development of the knowledge about the spatial and functional aspects of the aircraft, which is partly
built through the years of prior experience of the inspector as an aviation mechanic. Thisisnormally
five years, but is decreasing due to a shortage of inspectors, with some inspectors having as little as three
years of maintenance experience. There are cognitive error implications in too rapid a promotion system.

3.2 NON-DESTRUCTIVE INSPECTION

NDI can be decomposed into three broad stages -- calibration, probe movement, and display
interpretation (Table 3). Skill-based behavior isindulged in while using the probe and is a sensorimotor,

feedback-controlled movement. 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 adequate feedback
information. Templates can be and are being used (although some inspectors do not like to use them due
to handling difficulties) and the improved design and use of such aids should be encouraged. Therule-
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 pointsto
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 checklist isthe
obvious cognitive aid, already extensively used in aviation. Those calibration tasks which have some
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flexibility must be clearly delineated for separate treatment.
Table3 Mapping a NDI Processto Cognitive Behavior for Expert Instructor

BEHAYIOR CATEGORIES
NDI PROCESSES | gkILL-BASED | RULE-BASED | KMOWLEDGE-BASED
CALIBRATION Frobe Moverment | Calibration
over test Frocedures
SPECIME
FROBE MOWVEMEMT Tracking Along Suppaortive Mode
Dezred Path [dentifring
Boundary
Conditions
DISPLAY [rterpreting Irterpreting Unfarniliar,
INTERPRETATION Farniliar Signal Unanhicipated Signals

Display interpretation forms the critical portion part 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
asto 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 pattern
(curve) with known defect curves for comparative decision making should be considered for viability
utilizing the human's ability to compare complex patterns presented together. Also, the knowledge-
based component found during display interpretation indicates the need to develop feedforward
information (training and documentation) to provide technology knowledge, instrument knowledge, and
aircraft defect history.

From the discussion above, it is evident that the mapping of the inspection processes to the SRK
framework provides useful guidelinesfor, and a better understanding of, the type of information that has
to be provided for aircraft inspection. This has been compiled in Table 4 where the information
categories (feedforward and feedback) identified in the aircraft inspection information model (Figure 1)
have been assigned to the various inspection subtasks based on the ty1 pe of behavior they would
logically support.

Table4 Information Requirements|dentified from Mapping | nspection Processesto
SRK Framework for Two Examples
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INFORMATION ENVIRONMENT
INSPECTION
PROCESSES FEEDFORWARD FEEDBACK
1. VISUAL [e.q. Rivet
Inzpection]
o Pre-Attentive o Training
o Foveal Search a Training o Dutput Feedback,
o Foveal Decizion o Training o Cogritive Feedback
o Procedural K.nowledge o Buddy System
o Companzon Standards
o Eutra-Foveal o Knowledge of Cues o Feedback of Resulks
o Decizion Making o Coforker Information o Cormrmurnication Links
o Functional Spsterm o Buddy System
K.nowledge o Cogritive Feedback
o Fault Caugation
K.nowledge
o Aircraft Histor [Defects)
2 MNDI [e.q.
Eddy Current]
o Calibration o Checkliztz, Dizplay Dezign
o Frobe Movernent o [ramung on Tracking and o Frobing Aids
Accurate Movement [Templates
Control or Markings Around
Rivets)
o Dizplay o Dizplay Dezign o Cogritive Feedback,
[nterpretation o Functional Spsterm
K.nowledge
o Techrical Instrument
K.nowledge
o Aircraft History

4.0 SUMMARY

In the preceding sections we have presented a general descriptive model of information flow in aircraft
Inspection, and a methodology (using the S-R-K framework) to identify the information requirements of
the aircraft inspector.



We need to develop training procedures for the search and decision making components of aircraft
Inspection using human factors techniques that include use of cueing, feedback, active training and
progressive part training as suggested by Drury and Gramopadhye (1990). It has been found that off-line
controlled training successfully transfers to the more complex on-the-job environment. We see that there
isagreat deal of research support to indicate that use of feedback in initial training is beneficial. From
the airline inspection context this points to the necessity of developing a training methodology that
incorporates performance feedback. Drury and Gramopadhye (1990) have demonstrated atraining
scheme for gammaray inspection of a nozzle guide vane area of a JT9D engine.

We have to understand the problems created by the mismatches between the needs of the inspector (who
Islooking for information) and the design of the documents (that present data). Thereisacritical 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 flow design and system design
should ensure the availability of documents at the right place at the right time. The demonstration
project on workcard design presented el sewhere in this proceedings is an example of applying such
document design principles.

It has been known for many years that if comparison standards are available at the work point, more
accurate inspection will result. Yet in many cases such standards are not available to the aircraft
inspector. If the maximum allowable depth of awear mark is given as 0.010 inches, there is neither a
convenient way to measure this, nor areadily available standard for comparison. Other examples are
play in bearings and cable runs, areas of corrosion, or looseness of rivets. All are considered to be
"judgement calls" by the inspector, but ssmple job aids, perhaps as part of the worksheet, or standard
Inspection tools, would remove a source of uncertainty. Leaving standards to unaided human memory
may be expeditious, but it is aso unreliable.

Thereis a necessity to gather the meta knowledge required for thisindirect fault indication from
experienced inspectors (through knowledge of engineering) who understand the utilization of such cues.
Thereis also aneed to identify the mappings between defects and fault causation mechanisms for awide
variety of such defects. The decision-making activity can then be converted to 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 continually revised and updated to reflect the distributed
knowledge that exists not only in a specific airline but across all airlines. Such a global knowledge-base
would thus receive its input from experienced inspectors al over the aviation industry, thus consistently
benefitting al users. It isaso conceivable that an expert system could be developed that makes use of
such a data base and supports decision-making tasks.

The information components identified in the model are connected to a particular task component using
the methodology. In other words, task specific information needs are identified. We have to develop
the information components identified by the model so that the cognitive behaviors that are needed for
an inspection task are supported.
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