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ABSTRACT cockpit has, for the most part, increas_l pi!or e'ffteicncy and
reduced workload, however, some unexpected _esutis have

The National Aeronautics and Space Administration (NASA) been observed, lt has been found that the primary reduction
sponsored a project at the Idaho National Engineering in workload occurs during periods when workload is already
Laboratory (INEL) to investigate pilot errors that occur low (e.g., during long periods of cruise), but that workload
during interaction with automated systems in advanced can actually increase during busy times (e.g., when the
technology ("glass cockpit") aircraft. In particular, we landing clearance is changed during descent into a busy
investigated the causes and potential corrective measures for terminal control area). In addition, entirely new types of error
pilot errors that resulted in altitude deviation incidents (i.e. have been introduced. A significant number of errors have
failure to capture or maintain the altitude assigned by air been observed because the pilot does not fully understand
traffic control). To do this, we analyzed altitude deviation how the automated systems function during ali modes of
events that have been reported in the Aviation Safety operation. Because of these unexpected effects of automated
Reporting System (ASRS), NASA's data base of incidents self- systems on pilot performance, there is a substantial interest in
reported by pilots and air traffic controllers. We developed investigating the causes of these new types of error. Some
models of the pilot tasks that are performed to capture and studies have already been conducted. Sarter and Woods
maintain altitude. Two types of models were developed to performed a study of pilot experiences and opinions
provide complementary perspectives of these tasks: sequential regarding the advanced systems available in the cockpit, t
models and functional models. Both types of models show They found that many pilots do not understand the logic and
the errors that occur in actual altitude deviation events in algorithms that underlie the automation, and hence cannot
advanced technology aircraft. Then, errors from the ASRS always anticipate what the automation will do, and are
data base were categorized according to the models, to help sometimes surprised by mode transitions they do not expect.
understand the potential causes of the different error types. Pilots have also expressed the concern of not understanding
This paper summarizes the methodology used to analyze pilot the effects of a partial failure of the flight management
errors, the lessons learned from the study of altitude deviation system.
errors, and the application of these results for the introduction
of advanced teclmology in nuclear power plants. The systematic identification and assessment of human

errors has been practiced in the nuclear power industry for the
past twenty years or so, and has received increased attention

I. BACKGROUND since the accident at the Three Mile Island (TMI) nuclear
power plant in 1979. The National Aeronautics and Space

lt is often assumed the introduction of advanced Administration (NASA) commissioned a study at the Idaho
computer-based systems into the operating environment will National Engineering Laboratory (INEL) to investigate the
decrease operator workload and reduce the frequency of applicability of methods of human error analysis and human
errors. This viewpoint is used to justify the introduction of reliability analysis, as used in the nuclear power industry, to
new technology into reactor control rooms, without detailed the study of altitude deviation errors that occur in "glass
thought about the effects of automated systems on operator cockpit" aircraft. This paper describes how these methods
roles and performance. Introduction of automated systems were used to analyze pilot errors, the results of the analysis,
using such a "technology-centered" philosophy brings with and potential applications of the lessons learned to the nuclear
it the risk of unexpected new opportunities for error. Before industry.
the nuclear industry Implements increased automation in new
reactor designs, it would be beneficial to look at the lessons
learned in other applications, and to use this experience to
develop a philosophy of "human-centered automation" for
the nuclear industry.

The industry with the longest experience in automated
systems is commercial aviation. Beginning with the
introduction of autopilots in the 1930's to today's CRT-based
"glass cockpit" aircraft with Hight Management Systems
(FMSs) that can automate essentially ali phases of flight, the

aviation industry has a large experience base that the nuclear _I }_i_'_ [ _
industry can benefit from. Advanced technology in the
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II. METHOD A functional model provided a complementary
perspective. The functional model is a hierarchical structure

A. Development of Task Models. that starts at the top with an overall objective (for this project
the overall objective was to safely complete a flight to a

Models of the tasks that are performed to prescribed destination), the critical functions that must be
capture and maintain altitude in "glass cockpit" aircraft were performed to reach the objective, the tasks and subtasks that
developed. In order to provide a more complete picture of contribute to the performance of the critical functions, and the
altitude deviation errors, two complementary perspectives were resource options (e.g. hardware systems) that are available to
used, based on different approaches to the modeling of the crew for performing the tasks. The kind of hierarchical
human error. The first, called the sequential model, was structures used in this study are called response trees because
designed to show the prescribed sequence of actions involved they graphically display the range of responses that are
in altitude maintenance, and the points at which errors can available to the crew for responding to challenges to the
occur. The technique we used to show the sequential critical functions. 3 Modem transport aircraft are designed so
modeling perspective was the HRA event tree, originally that there is more than one way to perform many of the
developed as part of the THERP method. 2 The HRA models critical functions, so that safety can be maintained even if
developed for this study were based on a relatively high level certain component failures occur. The different methods for
task analysis provided by NASA Ames. Two types of maintaining each critical function are referred to as success
representational modeling, I) a probabilistic risk assessment paths. Response trees can be exercised manually or by
(PRA) event tree and, 2) the related HRA event trees, were computer to show the effects of different combinations of
incorporated in this analysis. The PRA event tree depicts a hardware or human failures, and the options or success paths
series of human actions and hardware events involved in that remain available to the flight crew for coping with the
altitude deviation scenarios. The HRA event trees depict the situation.
identified human actions decomposed into their critical
subtasks. The top level functional model that was developed for

this project is shown in Figure 3. This model of flight
The PRA event tree is presented in Figure 1. High includes six functions: Takeoff, Flight Control, Monitor

level descriptions of the human actions and hardware events Flight Conditions, Navigation Planning, Monitor Navigation
depicted on the tree are provided in Tables 1 and 2. The tree Process, and Landing. Each of these are broken down into
depicts twenty-six scenarios representing the possible tasks, and the tasks are further broken down into subtasks and
successes or failures of each action and event. Each human the resources needed 1'o perform each of the tasks and/or
action appearing in the PRA event tree and described at a high subtasks.
level in Table 1 was further depicted in an HRA event tree.
An example HRA event tree is presented in Figure 2.
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• Table 1. Human Actions on Altitude Deviation Event Tree

ALTMq'R-CALIB Hight crew checks and notes altimeter discrepancies before takeoff.

BARO-SET Proper reference ba_metiqc preSsUre obtained and set by flight crew

NEWALT-'CLE.M_ANCE Hight crew receivd_"new altitude clearance (inClUdes Xi Ni3 RestriCtions)

-S_UP:,h,P-ALTCHNG - Flight c:reW pr0_riy progr_s and engages Auto Pilot (AP) for altitude
__c_h__geand c__a_p_ye.

P-:AI.I"J_-W._Rg-i " Hight crew monitors altitude change ifi terms 0('_earance and an};'crossing
restrictions

WA'b"J_L"_t:llqi_ .... i_iigh't CreW--reprogramsAPi 0r-disengagesAP and flies ciimi_/descentt0 .............
meet clearance and crossing ` restrictions. .......................................................

nPT--IvTON--iT'O'R--'TA'L-TL"e'gV_ i_iig_it ci:ew-monii0rs apisi:0achingcapture altitude and altitude capture by
the AP.

"'['-'ZU_'I__fRES-A--L'T Hig-[it crewdisengages _ _dflies altitude capturel ...................

"'P'TATT_W_I_I_-2 ................................r'fflig-fit crew _tltu e an mamtmns vtgl ance or evtauo_
warnings.

PiLOT-HOLDS-ALT Flig[at _rew reprograms Al:', or disengages AP and flies, tO hold altitude. '

Table 2. Hardware Events on Altitude Deviation Event Tree

AP-CLIMB/DESCEND AP climbs/descends as programmed to meet clearance and any crossing
restrictions

,_P-CAPTU_S-ALT AP captures altitude as programmed to meet clearance
.........................................................................................................................

AP-HOLDS'ALT AP holds altitude as programmed

SE']['UP.AP-ALTCHNG

a A Pilot fails to enter new altitude in the
"altitude reminder window" (ARW)

(Omission)

b B 2nd pilot fails to remind/set new
alt. in ARW (Omiss., Recovery)

c C Pilot enters wrong alt. in ARW (Commission)

d D 2nd pilot fails to verify correct alt. in ARW
[ Crosscheck] (Omission)

e E Pilot crosscheck fails to verify correct alt. set in
ARW (Commission)

f F PF fails to engage "Altitude Capture" AP mode (Omission)

g G PNF fails to remind PF to engage "Altitude Capture" AI:'mode
(Recovery)

h H PF fails to engage "Altitu0e Capture" Ai:'mode (Commission)

! I PF fails to check mode light and monitor initial AP & AT response(Recovery)

j J PF inadvertantly disengages "Alt. Cap" by bumping another mode or fails to recognize capture
mode cancelled when another mode selected (Commission) [could be decomposed further]

k K PNF fails to recognize "Altitude. Capture" disengaged or cancelled (Recovery)

Figure 2. Setup-AP-Altchng HRA Event Tree.
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Figure 3. Overview of functional model of flight

B. Data. , D. Identification of error categories.

The primary source of data used for this study The coded reports were next plotted on both
of altitude deviation events was the Aviation Safety Reporting tree models to see whether any patterns emerged. The intent
System (ASRS), NASA's third-party reporting system for was to note whether the reports tended to cluster in certain
incidents that occur in flight. The most common type of areas of the functional and sequential models, or if the coded
incident that is reported to the ASRS is altitude deviations, so reports represented ali areas of the models. These groupings
the ASRS is a rich source of data regarding actual events, were then examined to note where in the process of achieving

and maintaining altitude the errors occurred. For purposes of
C. Coding of ASRS reports, this inspection and for visual presentation, the errors were

mapped onto depictions of both models. The sample of
Two hundred Aviation Safety Reporting ASRS reports analyzed for this study was small, and not

System reports were reviewed. These reports were generated necessarily representative of the entire spectrum of errors that
by a search of the ASRS database for reports that referenced can lead to altitude deviations. Probably even more important
Advanced Glass Cockpit Altitude Deviations. The reports are the contextual insights gained by examining the different
were drawn from full-form records and describe altitude error categories in the situational contexts in which they
deviations that occurred between April 1991 and January occurred.
1992. These ASRS reports were subjected to an initial
screening to identify those where the advanced technology E. Callbacks.
(e.g. autopiiot, flight management system, etc.) actually
played a role in the incident. Then, the remaining reports The next step in our analysis approach was to
were "mapped onto" the sequential and functional models to perform callbacks on selected reports. Callbacks are the
allow consistent interpretation. Mapping of the ASRS report process by which ASRS personnel contact the individuals who
onto the sequential model highlighted the location in the submitted ASRS reports in order to obtain additional
sequence of actions where the error occurred, whether information about the circumstances of the specific incidents.
available recovery paths were used, and what interventions An important feature of our approach was the use of the
could have been used to prevent such errors. Mapping of the models to formulate specific questions targeted at the
ASRS reports onto the functional model highlighted the indiv!dttal ASRS reports. This allowed us to focus the
context in which the error occurred, and whether callback to elicit information so that we could interpret a
inappropriate attention to other critical functions contributed specific report in context. The callback process was used in
to the occurrence of the error, this study to further examine the effectiveness of the



sequential and functional modeling tools. A second search As Table 3 shows, sequential codes were distributed
was requested with the specific intent to collate reports which among 11 of the 13 event trees, with SETUP-AP-ALTCHNG
would be similar in content to the 31 previously coded reports, (setting up the autopilot for altitude change) having, by far,
but available for callbacks (the previous reports were too far the largest grouping. Groupings also occurred within the
through ASRS processing to be available for callback). The functional model, with the largest grouping under "Program
20 reports were reviewed by the INEL staff for applicability of Flight Management System (FMS)". These results fit with the
the sequential and functional models. This review screened hypothesis of this study that the crew interaction with the
out five inappropriate reports; 15 reports were subsequently advanced cockpit is a source of errors which lead to altitude
coded using the two models, deviations. Within the grouping of errors, we observed that

three specific types of errors were predominant.
A set of callback questions was developed for each of

the 15 reports. The questions were derived from examination • Errors that occurred because the flight
of the sequential and functional models. The coding of each crew did not understand the details of
report was examined in conjunction with the models to see FMS functions. These types of errors
what questions the model structure provoked (i.e., what could possibly be prevented by
questions needed to be answered to allow the coding of the improved training regarding FMS
report to extend further into the models). A set of generic functions, or the redesign of the
questions was also established to collect additional information systems so that the representation of
of general interest, status is more apparent to the crew.

III. RESULTS • Errors that resulted from incorrect
manipulation or monitoring of

A. Altitude deviation errors in advanced automated systems. This type of error
technology aircraft, could potentially be prevented by

redesign of the displays and controls
The application of model-based human error to provide better feedback to the flight

analysis has revealed many things regarding the characteristics crew.
of altitude deviation events in advanced technology aircraft.
The mapping of ASRS reports of altitude deviations has • Errors that occur when the pilot
provided a systematic method for classifying the errors that understands the function of the
occur. These classifications can then be used to suggest autotli_ht systems, but errors have
remedies for preventing the errors or mitigating their been introduced from an external
consequences, source such as maintenance or design

errors. These errors could potentially
A matrix of ASRS reports and their sequential and be prevented by a redesign of

functional codes is shown below in Table 3. automated systems taking into account
the pilots expectations of the system.

Table 3. Matrix of reports coded by sequential and functional models.
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Our study of altitude deviation errors has led us to a On a more detailed level, we may expect that some of
number of general observations about the factors that lead to the specific results obtained from the study of pilot errors may
these incidents, lt appears that pilots have learned to rely on also carry over into the nuclear application. For exantple, it is
their automated syst_ ms, and have delegated control of not quite possible that we may observe errors that result when
only flight functions, but also monitoring functions, to the reactor operators do :_ot understand the details of the
automation. Thus, they are not watching for deviations to functioning of their ...Jvanced automated systems, or errors
occur, but tend to assume that the autoflight systems will take that occur when automated systems are activated or
care of altitude capture and maintenance. Some pilots seem to manipulated incorrectly. Because these errors still persist in
be predispositioned to assume that the automated systems will aircraft after many years of experience, it would be beneficial
do what they (the pilots) expect them to do, when in some for the nuclear industry to attempt to explicitly eliminate or
circumstances the automation "wants" to do something else. compensate for these types of errors in the design of advanced
These factors imply that the role of the pilot has in some systems.
circumst,'mces changed so that they are flying the flight
management system rather than the aircraft itself. The final Finally, we believe that the methodology used for this
result is the relaxation of the pilot's instinct to "stay ahead" of report could be put to use to identify ,and classify errors that
the airplane and decreased vigilance regarding the occur when reactor operators utilize advanced technologies in
maintenance of critical flight functions. In terms that are the reactor control room. A systematic application of this
currently in vogue, advanced technology may in some cases methodology could be used to analyze operational experience
actually reduce the flight crew's situation awareness, to identify errors and to identify ways to eliminate these errors

through design or procedures, lt would be most beneficial to
B. Usefulness of the methodology, perform these studies before designs are finalized and

implemented in operating reactors, for example, by
We believe that the consistency and discipline performing experimental studies using prototype systems in

that come with the development and application of task the laboratory, lt should also be possible to extend the

I models have many benefits for the investigation of pilot errors modeling approach into the design process itself, to identify

in the aviation environment. For example, the development of and eliminate errors before they are incorporated into the
task models provides a systematic approach to identify classes final system design.
of errors, rather than relying on the natural instincts of the

I analyst. That is, models allow the analyst to successively Work supported by the National Aeronautics and
|1 investigate an issue to the necessary level of detail by Space Administration ur_der DOE Idaho Field Office Contract
: expanding the models in the particular area of interest, until a DE-AC07-76ID01570.

i sufficient understanding of an error type is obtained to, suggest a remedy. IV. REFERENCES
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allowed for maximum utilization of the callback process. The
callback answers were also useful in that they identified areas
where the sequential and functional models could be clarified,
expanded, and made more aircraft-specific.

C. Application of Results to the Nuclear Industry.

The lessons learned from this study of pilot
errors in advanced technology aircraft can be applied in the
nuclear industry on a number of levels. On a high level, the
general results obtained from this study can be used to
sharpen our expectations of what we will observe when

•, advanced technologies are introduced into the control rooms
of nuclear power plants. We should not assume that the
introduction of advanced technology will be an unmixed
blessing, resulting only in reduced operator error and
workload. Rather, we should probably expect that, similar to

--- the flight environment, control room workload may decrease DISCLAIMER
, during periods of low activity, but that workload may actually

_' increase during busy times such as mode changes or This report was prepared as an account of work sponsored by an agency of the United Statesdisturbances.
_I Government. Neither the United States Government nor any agency thereof, nor any of their
,ii employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
ii bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or

I process disclosed, or represents that its use would not infringe privately owned rights. Refer-

ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. fhe views

li and opiniu,,_ uf authors exprcssc.d hcrcin do not nece_._arily_tate or reflect ).hose of )he

United States Government or any agency thereof.
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