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ABSTRACT

This comprehersive long-range human factors plan for nuclear
reactor regulation was developed by a Study Group of the Human
Factors Society, Inc. This Study Group was selected by the
Executive Council of the Society to provide a balanced,
experienced human factors perspective to the applications of

human factors scientific and engineering knowledge to nuclear
power generation.

The report is presented in three volumes. Volume 1 contains an
Executive Summary of the 18-month effort and its conclusions.
Volume 2 summarizes all known nuclear-related human factors
activities, evaluates these activities wherever adequate
information is available, and describes the recommended long-
range (10-year) plan for human factors in regulation. Volume 3
elaborates upon each of the human factors issues and areas of
recommended human factors involvement contained in the plan, and
discusses the logic that led to the recommendations.
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PREFACE

Project History

The nuclear reactor accident at the Three Mile Island-2
(TMI-2) unit in Pennsylvania on March 28, 1979 set in motion a
series cof events that resulted in the preparation of this
comprehensive long-range human factors plan for the Nuclear
Regulatory Commission (NRC).

The reports of the President's Commission (Kemeny
Commission), the NRC Sperial Inquiry Group (Rogovin Committee),
and four other major investigation and review groups all concluded
that a major factor in the TMI-2 accident was the failure to
consider adequately the human element. Indeed, prior to the TMI-
2 accident the human factors discipline was either unknown to
or ignored by almost all of the nuclear power community. Human
factors practices that had been commonplace for several decades
in other high technology industries in the design, development,
and operation of complex man-machine systems were almost
completely absent in the nuclear industry. Before the accident
at TMI-2 and for several months afterward, there were no
experienced human factors personnel in the NRC organization.

A series of meetings between the NRC and Human Factors
Society (HFS) personnel began late in the year 1979. After several
months of meetings the NRC issued to the HFS a request for a
proposal for the development of a comprehensive human factors
plan for nuclear reactor regulation.

The HFS Executive Council deliberated the request and the
nature of the Society's response. There was no precedent for
this kind of activity by the Society. After considering such
matters as the importance of the proposed work and the technical,
business, legal, and financial aspects, the Executive Council
of the Human Factors Society on October 12, 1980 passed the
following resolution:

As a public service to the human factors profession,
and consistent with the stated purposes of the Human
Factors Society "to promote and advance .
understanding of the human factors involved in the
design, manufacturing, and use of machines, systems,
and devices of all kinds," the Executive Council
authorizes the preparation of a proposal for
"Development of a Comprehensive Human Factors Plan
for Nuclear Reactor Regulation™ in response to the
17 September 1980 request of the U. S. Nuclear
Regulatory Commission (RFP No. RS-RES-80-22T7).

A proposal was prepared and a contract was awarded to the
HFS. Work on the one-year project began on December iz, 1980.




Overview of the Report

This report contains a relatively large amount of
background information not ordinarily found in mo3st human factors
plans for the regulation of design, development, operation, and
maintenance of large-scale, complex maan-machine systems. This
background material is a necessary part of this plan because of
the conditions that have existed until very recently, and, in
some cases, still exist, in the nuclear power industry and the
in Nuclear Regulatory Comuission.

The comprehensive Human Factors Plan and supporting
material are presented in three volumes. Volume 1 is an Executive
Summary. The introductory section of Volume 2 presents the
overall human factors prcblem in the field of nuclear power
generation. It provides the historical background within which
recently occurred the widesgpi'ead, albeit helated, recognition
of human factors by the nuclear power community. The recognition
of a broad spectrum of human factors problems came about as a
result of the publications of the findings and recommendations
of several groups which investigated the accident at Three Mile
[s]lznd.

The second part of the introduction describes the
development of the comprehensive long range human factors plan
in terms of the objective and scope, choice ¢f the Human Factors
Society to develop the plan, the project organization, and the
project plan and method.

The introductory section also includes a selective summary
account of the human factors discipline. It is intended to be
useful both to persons who are familiar with human factors and
to those who are relatively unfamiliar with the field. It is not
a comprehensive text on human factors. Most of the topics have
been selected because of their relevance to the past and current
status of human f2:iors peculiar to the nuclear power industry,
and to the perception of the human factors discipline by some
individuals in the nuclear power industry. Topics are in this
account include origins and objectives, growth and development,
and some fundamental concepts and misconceptions regarding the
human factors discipline.

In Secticn 2 the systems approach to human factors in
nuclear power piant regulation is described. This material is
presented in full recogniticn of the fact that this approach was
not followed in nuclear power plants that currently are
operational in the United States. It is difficult and, in most
cases, impossible to apply, retroactively, the fundamental
concepts of human factors design to nuclear power plants whose
original design ani development were not the result of a strong,
formal system engineering and integration activity.
Nevertheless, in this section of our report we present the human
factors system nodel. This mecdel serves as a1 point of departure
for identification and evaluation of human factors problems in
operating already designed plarnts. It serves a unifying function




in that relationships and dependencies among the various elements

of a comprehensive, integrated human factors program are
delineated.

The status of human factors in the field of nuclear power
generation is reviewed in Section 3. The known current and
planned human factors activities are described. These include
organizational changes, administrative actions, and research and
applications programs. Individual programs and projects are
summarized and evaluated in terms of the appropriateness of
objectives, timeliness, cost/benefit, and quality of work to
meet objectives. Organizations included in the review are the
NRC, DOE national laboratories, and industry elements including
utilities, industry sponscred organizations, reactor
manufacturers, architect-engineers, human factors companies and
consultants, and professional societies.

The recommended comprehensive long-range human factors
plan is presented in Section 4. Most of the individual areas of
concern are treated under one of four major headings: human
engineering, operational procedures and performance aids,
personnel and staffing, and training and training equipment.
Another general category includes human factors concerns that
may not fit neatly into one of the four named classifications
and some concerns that bridge two or more of the formal areas.
A sixth category of concern was added at the request of the NRC.

When we were asked to include in our work, which originally was
directed at human factors problems associated with nuclear power
generation, a review of the NRC incident reponse plan and
facilities.

For each human factors area of concern one or more t
requirements is identified. Each technical requirement
in terms of urgency and relative importance. Estimates
provided for the manpower resources, special facilities,
program duration to meet each technical requirement.

Volume 3 consists of detailed reviews and analyses of the
human factors areas of concern that are the basis for the
recommended comprehensive long range plan. Each problem area
is treated in terms of the following categories: the requirement
and its significance in the nuclear power generation context;
constraints including technical, organizational, regulatory, and
personnel; present status, along with any current activities
which may partially or fully meet the requirement; planned
activities; missing elements; technical feasibility; interaction
with other system requirements; and recommendations.

In some places we have provided definitions, explanations,
and descriptions that are unnecessary for some of the potential
readers and users of this report. We consider this to be desirable
because we expect that the report will be used by persons whose
formal educational backgrounds and fields of experience differ
widely. Behavioral concepts that are a part of the everyday




work of the engineering psychologist or human factors engineer
may be foreign to an instrumentation and control engineer.
Processes and terminology that are a part of everyday work and
communication of the nuclear engineer may not be familiar to the
human factors specialist in instructional system development or
procedures development. Therefcre, wherever it seemed that the
usefulness of the report to a wide variety of readers would be
enhanced by providing definitions, explanations, and
descriptions, we have done so. The sophisticated reader will
recognize this kind of material and may wish to skip over it.

Finally, this report was prepared by a Study Group assigned
to the project and approved by the Executive Council of the Human
Factors Society. The draft report was reviewed by Dr. William
B. Knowles on behalf of the Executive Council of the Society.
While the specific contents of this report may not agree with
the opinions of individual members of the Executive Council of
the Society, the report has been approved on behalf of the Society
and therefore represents the Society's contractual response to
the request from the Nuclear Regulatory Commission.




1.0 INTRODUCTION

Problem

On March 28, 1979 a major accident occurred at the nuclear
power generating facilities located at Three Mile Island near
Harrisburg, Pennsylvania. A combination of events, no one of
which would have had serious consequences had it occurred in
{solation, resulted in a loss of coolant accident (LOCA) in the
nuclear reactor of Unit 2. After the first alarm that signalled
turbine trip, two hours and twenty-two minutes elapsed before
action was taken (closing a block valve) that stopped the loss
of coolant. It has been calculated that if the block valve had
remained open another 30 to 60 minutes a substantial amount of
fuel would have begun tc melt down. As it was, the reactor core
was uncovered and sustained significant damage. All three of the
plant's safety barriers were breached, resulting in uncontrolled
relcase of radiation; however, there was no consequential release
to the general public., Clean-up operations are expected to require
at least six years and may ~o>st several billion dollars.

m

'he events that were involved in the accident sequence
p

included both equi ]

ment malfunctions and human errors. Prior to,

and during, the course of the accider humans not only failed

to make appropriate responses to situacvions, but also took some
actions that exacerbated rather than relieved problems.

Subsequent to the accident at Three Mile Island-2 (TMI-2)
several groups conducted major investigations, reviews, and
evaluations of the antecedents and the circumstances surrounding
the accident. One of these was a commission appointed by the
President of the United States (The President's Commission on
the Accident at Three Mile Island, frequently referred to as the
Kemeny Commission). A second group was the NRC Special Inquiry
Group (widely known as the Rogovin Committee). The Special Inquiry
Group was established and sponsored by the NRC, but was an
independent investigatory body directed by the law firm of
Rogovin, Stern & Huge. A third group was the TMI-2 Lessons Learned
Task Force, an internal NRC group made up of representatives
from various NRC Offices and Divisions. A fourth investigation
was carried out by the Subcommittee on Nuclear Regulation for
the U. S. Senate Committee on Environment and Public Works. The
fifth major investigation was performed by the NRC Office of
Inspection and Enforcement. Still another review and evaluation
was conducted by a Special Review Group within the NRC Office
of Inspection and Enforcement. Several hearings were held by the

committee on Energy Research and Production of the U. S. House
Representatives "ommittee on Science and Technology.

] ] imi rope reviews and evaluations of various
rident have been performed. However, the

of these six formalized groups were

i, albeit belated, concern about human




factors in the design, construction, operation, and maintenance
of nuclear power plants.

On April 11, 1979 President Carter signed Executive Order
12130 establishing the President's Commission on the Accident
at Three Mile Island. Eleven persons were appointed to the
Commission under the chairmanship of Dr. John G. Kemeny, President
of Dartmouth College. The Commission was charged with technical
assessment of TMI-2 events and their causes; analysis of the
role of the managing utility; analysis of the emergency
preparedness of the NRC and other Federal, state, and local
authorities; evaluation of NRC licensing, inspection, operation,
and enforcement procedures applied to TMI-2; assessment of how
public right to information concerning the events at TMI was
served; and formulation of appropriate recommendations based
upon the findings. The Commission published a report of its
findings and recommendations on 30 October 1979 (58).

A major conclusion of the Commission was that the basic
problems were people-related:

When we say that the basic problems are people-
related, we do not mean to limit this term to
shortcomings of individual human beings - although
those do exist. We mean more generally that our
investigation has revealed problems with the
"system" that manufactures, operates, and regulates
nuclear power plants. There are structural problems
in the various organizations, there are deficiencies
in various processes, and there is a 1lack of
communication among key individuals and groups. (58,
page 8)

The Commission further concluded that these shortcomings,
deficiencies, lacks, and problems contributed to the
inappropriate operator actions at TMI-2. More specifically, some
of the factors that were identified as adversely influencing the
operators' actions were deficiencies in training, lack of clarity
in operational procedures, failure to transmit and utilize
information concerning operational experience from previous
incidents, and deficiencies in the design of displays and controls

(58).

On June 13, 1979 the NRC contracted with the law firm of
Rogovin, Stern & Huge to direct a special inquiry into the TMI-
2 accident. Mitchell Rogovin of the law firm was director and
George T. Framptoii, Jr. of the University of Illinois College
of Law was deputy director of the inquiry. The scope of work of
this Special Inquiry Group (SIG) was to include the sequence of
events during the accident; the history of the NRC review of the
utility's 1license application and related NRC inspection
activities; the susceptitility of Babcock and Wilcox plants to
accidents; TMI operations, including training and qualifications
of personnel; and emergency planning and response to the TMI-2
accident by various organizations and the NRC. The SRC was




composed of some 70 lawyers, scientists, and nuclear engineers
and a large number of consultants. It published its conclusions
and recommendations in January 1980.

The summary of the conclusions and recommendations of the
SIG includes the following statements:

The one theme that runs through the conclusicns we
have reached is that the principal deficiencies in
ommercial reactor safety today are not hardware
problems, they are management problems. . . .

We have found, based upon our study of TMI and our
interviews with knowledgeable pecple in the
industry, that many nuclear plants are probably
operated by management that has failed to make
certain that enough properly trained operators and
qualified engineers are available on site in
responsible positions to diagnose and cope with a
potentially serious accident. The NRC, for its part,
has virtually ignored the critical areas of operator
training, human factors engineering, utility
management, and technical qualifications. (123, Vol.
1, page 89)

Several detailed conclusions and recommendations by
SIG were directly concerned with human factors.

While there is no question that operators erred . .
. we believe there were a number of important factors
not within the operators' control that contributed
to this human failure. These include inadequate
training, poor operator procedures, a lack of
diagnostic skill on the part of the entire site
management group, misleading instrumentation, and
poor control room design. For these failings, the
industry and the NRC must share responsibility with
Met Ed. (123, Vol. 1, page 102)

One of the major sections of the SIG Conclusions and
lecommendations was entitled "Greater Application of Human
Factors Engineering, Including Better Instrumentation Display
and Improved Control Room Design." In this section of the report
the following paragraph indicts the nuclear industry for failure
to consider human factors:

During the period in which most large nuclear plants
have been designed, the nuclear industry has paid
remarkably little attention to one of tL>» best tools
avail e for integrating the reactor cperator into
the system: the relatively new discipline of "human
factors." Human factors engineering was born of
military needs during World War II and has since
blossomed in the aerospace, defense and aircraft
industries. But nuclear utilities, vendors, and




architect-engineer firms have done very little to
incorporate such learning into their designs, and
the NRC has done virtually nothing to require them
to do so. (123, Vol. 1, page 122)

In May, 1979 the NRC formed the TMI-2 Lessons Learned Task
Force (LLTF). The purpose of the LLTF was to identify and evaluate
safety concerns originating with the accident at Three Mile
Island-2 that require licensing actions for presently operating
reactors as well as for pending operating license (OL) and
construction permit (CP) applications. On the basis of these
evaluations, the LLTF was to recommend changes to licensing
requirements and the licensing process for nuclear power plants.
The task force, formed by the Office of Nuclear Reactor Regulation
(NRR), was composed of 22 scientists and engineers from various
branches, divisions, and offices in the NRC.

The scope of LLTF covered reactor operations, including
operator training and licensing; licensee technical
qualifications; reactor transient and accident analysis;
licensing requirements for safety and process equipment,
instrumentation, and controls; on site emergency preparations
and procedures; NRR accident response role, capability, and
management; and feedback, evaluation, and utilization of reactor
operating experience.

In July 1979 LLTF issued a document (72) recommending that
short-term actions be taken on 23 specific requirements in 12
areas. Human factors items were among those listed. In the
description of the requirement for information to aid operators
in accident diagnosis and control, the report stated, "A widely
accepted lesson learned from the TMI-2 accident is that the man-
machine interface in some reactor control rooms needs significant
improvement." (72)

In October 1979 the LLTF issued its final report (73),
which was concerned with safety questions of a more fundamental
policy nature. The principal conclusion was that:

« « .although the accident at Three Mile Island
stemmed from many sources, the most important lessons
learned fall in a general area we have chosen to
call operational safety. This general area includes
the topics of human factors engineering,
qualifications and training of operations personnel;
integration of the human element in the design,
operation, and regulation of system safety; and
quality assurance of operations. Specifically, the
primary deficiency in reactor safety technology
identified by the accident was the inadequate
attention that had been paid by all levels and all
segments of the technology to the human element and
its fundamental role in both the prevention of




accidents and the response to accidents.
102)

Most of the 13 final recommendations of the TMI-2 Lessons
Learned Task Force involved classical human factor issues. The
recommendations were concerned with the following areas:
personnel qualifications and training; staffing of control room;
working hours; emergency procedures; verification of correct
performance of operating activities; evaluation of operating
experience; man-machine interface; reliability assessments of
final designs; review of safety classifications and
qualifications; design features for core-~damage and core-meltl
accidents; safety goal for reactor regulation; staff review
objectives; and the NRR Emergency Response Team.

On June 29, 1979 the U. S. Senate approved a resolution
to provide funds for the Committee on Environment and Public
Works to conduct a Special Investigation of the nuclear accident
at Three Mile Island and a series of related studies on civilian
use of nuclear power. The investigation was carried out for the
Committee by its Subcommittee on Nuclear Regulation. Subcommittee
Members were Senators Gary Hart (Chairman), Jennings Randolph,
John C. Culver, Daniel Patrick Moynihan, Alan K. Simpson, Howard
H. Baker, Jr., and Pete V. Domenici. Additional studies were
conducted primarily by the Special Investigation staff, with
substantial contributions by the General Accounting Office and
by the Congressional Research Service.

The Senate Special Investigation was selective in scope
to avoid duplication of other inquiries. It focused primarily
on the first 24 hours of the accident, the cleanup operation at
the site of the accident, and the evolution of the TMI-2 plant
from its originally proposed site at Oyster Creek, New Jersey,
to Three Mile Island in the Susquehanna River in Pennsylvania.

Among the findings and conclusions regarding the causes
of the accident the Senate Special Investigation reported:

Plant operators and managers inappropriately
overrode the automatic safety equipment - zctions
that were the immediate cause of the uncovering of,
and severe damage to, the reactor core. Hcowever, it
is inappropriate and unfair simply to blame these
personnel for the Three Mile Island accident. It
should be emphasized that the utility, the reactor-
vendor, the architect-engineer, and the NRC were
responsible for deficiencies in training, in control
room design, in instrumentation and equipment, in
plant design, and in emergency procedures. These
deficiencies were the underlying cause of the
accident. Many of these deficiencies resulted from
insufficient attention by the utility, the reactor-
vendor, the architect-engineer, and the NRC to human
factors in nuclear plant design and operation. These




human factor problems were beyond the control of the
operators on duty during the accident and were so
serious that they had consequences equivalent to
those that could be caused solely by major mechanical
failures and design defects. (128, page 9)

The NRC Office of Inspection and Enforcement (IE) began,
immediately following the TMI-2 accident, an investigation to
establish the facts of the accident and to evaluate the
performance of the licensee (Metropolitan Edison Company) in
association with the accident as a basis for corrective action
or enforcement action as appropriate. The investigation
determined the sequence of events and the immediate cause of the
accident including equipment, procedures, staff performance,
licensee management of the accident, and emergency plan
activation.

The IE investigators confirmed inadequacies in six major
areas that included operator training and performance, and
equipment and system design (74).

On July 21,1979 the NRC Office of Inspection and Enforcement
established the Special Review Group "to consider changes which
should be made in IE and in the way IE does business based on
lessons learned from TMI."(75) The Special Review Group (SRG)
directed its work at both the preventive aspects and responsive
aspects of the accident. In its summary of findings the SRG stated:

Human factors played a key role in the precursor
events, in the accident scenario, in the response
to the accident, and in many ocher related aspects.
Human factors are involved in the perception of the
precursor events in the man-machine interface, and
in the operators' responuse to the event. Human
factors appear to be 3 fertile area for
consideration. « +» «This area, which is not well
understood, should be better developed. (75, page 3)

The Subcommittee on Energy Research and Production of the
U. S. House of Representatives Committee on Science and Technology
held several hearings on Nuclear Power Safety in 1979 following
the TMI accident. The main objective of the hearings was to
examine the issues associated with nuclear power plant safety
and to help the committee understand the level of safety in
nuclear power plants. The hearings also served to determine what
additional efforts, particularly in the area of research and
development, are needed to further improve safety.

In the report on the findings of the hearings, the
Subcommittee stated:

Possibly the most important lesson learned from TMI
for making reactors safer is the realization of the
important role that operators and operating




procedures have in insuring safety. Operator :rrors
were responsible for making TMI a serious accident.
The root causes of these errors were determined to
be the deficiencies in the education and training
of operators and inadequate instrumentation
available for the operators to determine the state
of the reactor system. (127, page 36)

and

In addition to possible improvement in personnel
selection and training, and management to improve
power plant operations, TMI showed the need to
improve the man-machine interface to enhance the
capabilities of the operator to perfc m at maximum
potential. Considerations of this sort are called
human factors engineering. Lessons were learned
regarding the need to identify the proper parameters
to be measured or monitored to assure that actual
reactor conditions are displayed, the need to display
these conditions to operators in a fashion which is
simple to understand, and the need to assist
operators 1in diagnosing wunusual conditions and
suggest appropriate corrective measures. More
attention to control room design and the use of
computers will be required to address these needs,
as will further research in human ens'ineering as it
applies to nuclear reactor operation. (127, page 38)

The findings and conclusions of these groups regarding the
failure to take human factors into account in the design,
construction, operation, and maintenance of the nuclear power
plant at Three Mile Island were generally applicable to the
entire nuclear industry. During the 1960s and 1970s when nuclear
power plants were being designed, built, and put into operation,
the human factors discipline was ignored by various sectors of
the nuclear industry.

There were occasional warnings and recommendations from
groups and individuals that insufficient attention was being
given to human factors, but almost no action was taken. In 1972
a study group appointed by the Atomic Energy Commission reviewed
incidents of inadvertant releases of coolant from the primary
coolant system of operating reactors. Among the findings and
recommendations were several concerned with control room design,
operator training, procedures, control room manning, and feedback
of operational experience (132). Action was initiated on less
than a half dozen of the recommendations and as of 1979 only one
of them had been implemented (123, Vol. 2, page 607). This one
was the award of a contract by the NRC to the Sandia Laboraisries
to conduct a study of human factors problems at the Zion Nuclear
Power Plant.




The Sandia study of the engineered safety features panels
at Zion identified a number of human factors deficiencies (129).
The report pointed out that the problems that had been identified
had also been observed during visits to other power plants.
Recommendations were made for improving the panels, procedures,
and training. Additional recommendations were made for NRC
consideration. In its investigation following TMI-2 in 1979, the
SIG (Rogovin Committee) reported:

To date, virtually none of the report's
recommendations have been implemented. It should be
noted that even though the 1975 Sandia report on the
Zion plant found that minor inexpensive improvements
would enhance plant safety and operations, to our
knowledge not one has been implemented, and as of
March 28, 1979, none had been planned for
implementation. (123, Vol 2, page 610)

The Technical Advisor to the Executive Director for
Operations of NRC, Stephen H. Hanauer, sent a memorandum regarding
reactor safety issues to Commissioner Gilinsky on March 13, 1975
which included the following statements:

Present designs do not make adequate provisions for
the limitations of people. . . .The relative roles
of human operation and automation (both with and
without on-line computers) should be clarified.
(123, Vol. 2, page 608)

The results of a large-scale study of reactor safety, under
the independent direction of Professor Norman C. Rasmussen of
the Massachusetts Institute of Technology, were published by NRC
in 1975. In the section of this report concerned with human
reliability analysis the following statement was maue:

In general, thc design of controls and displays and
their arrangements on operator panels in the nuclear
plants studied in this analysis deviate from human
engineering standards specified for the design of
man-machine systems and accepted as standard
practice for military systems (69, III-63).

The Electric Power Research Institute awarded a contract
to Lockheed Missiles and Space Company to review the human factors
aspects of the control rooms of nuclear power plants that had
recently become operational. The Lockheed investigators were
highly qualified, competent human factors professionals with
many years experience in the aerospace industry. They performed
a comprehensive 16-month human factors review of five
representative nuclear power plant control rooms. In the summary
of the study results, published in 1976, they stated:

This study revealed a variety of areas in which

application of human factors engineering would




improve the operability of present generation
control rooms . . . In general, the study findings
paint a rather negative picture.

Human factors engineering attention to problem areas
will promote more effective and reliable operator
performance, wil)l reduce the training burden on
utilities and trainees, and will ease the selection
eriteria in recruiting operators. (31, page 1-3)

In their conclusions the Lockheed group stated:

As a first priority, a detailed set of ,.plicable
human factors standards must be developed and
industry-wide acceptance should be promoted.

In addition to a comprehensive set of standards, a
need is perceived for human factors engineering
design guides specific to the needs of the nuclear
power industry. (31, page 1-28)

The Aerospace Corporation performed a study for the NRC
to evaluate the effects of human engineering on operator
performance in the control room. The study encompassed 18 control

rooms. The report, published in 1977, made three recommendations
to NRC:

1a Development of a regulatory guide to
provide directions to the utilities in
human engineering of control rooms; the
guide should be designed to encourage an
increased rate of incorporation of advanced
control and display designs.

A thorough analysis of LER (Licensee Event
Report) data on personnel errors.

A detailed study of the programmed
malfunctions provided in the software
routines of current simulators to determine
whether they have the capability . . . to
provide student operators with the level
of training needed to minimize operator
errors under conditions of severe stress.
(40, pp. 7-13, T7=-14, 7=15)

The SRG in its 1980 report on Three Mile Island (123),
stated that virtually no action had been taken by the NRC to
these recommendations.

Following the publication of the reports of the major
investigations of Three Mile Tsland, the NRC initiated a variety
of actions to rectify some of the more significant human factors
deficiencies that have been identified in the nuclear power




community. In addition to these actions, which are described and
evaluated in Section 4, a comprehensive long-range human factors
plan is necessary to insure the most efficient and cost-effective
incorporation of human factors considerations in all the
necessary aspects of nuclear reactor regulation.

1.2 Development of a Human Factors Plan

A series of meetings between Nuclear Regulatory Commission
and Human Factors Society personnel began in late 1979. The HFS
representatives were Richard W. Pew, Past President; H. E. "Smoke"
Price, Chairman of the HFS Public Interest Committee; and Harry
L. Snyder, President-Elect. The purpose of the meetings was to
explore ways that the NRC might be able to draw upon the experience
and expertise of members of the HFS in the establishment and
development of human factors programs and utilization of human
factors methods and knowledge in the nuclear power industry.
Several alternatives were considered. The meetings resulted in
tentative plans for the NRC to negotiate a contract with the HFS
to support an intensive study of human factors issues and needs
in the nuclear industry. A solicitation of interest for individual
participation in this activity was published in the December
1979 issue of the Human Factors Society Bulletin.

Meetings between NRC personnel and the HFS 1liaison
committee continued for several months. In September 1980, the
NRC requested the HFS to submit a proposal for development of a
comprehensive human factors plan for nuclear reactor regulation.

The HFS Executive Council deliberated the request and the
nature of the Society's response. There was no precedent foi
this kind of activity by the HFS. After considering such matters
as the importance of the work and technical, business, legal,
and financial aspects, the Council on October 12, 1980 passed
the following resolution:

As a public service to the human factors profession,
and consistent with the stated purposes of the Human
Factors Society "to promote and advance . . .
understanding of the human factors involved in the
design, manufacturing, and use of machines, systems,
and devices of all kinds," the Executive Council
authorizes the preparation of a proposal for
"Development of a Comprehensive Human Factors Plan
for Nuclear Reactor Regulation"™ in response to the
17 September 1980 request of the U. S. Nuclear
Regulatory Commission (RFP No. RS-RES-80-227).

The proposal was prepared by Charles 0. Hopkins, Harry L.
Snyder, and H. E. "Smoke" Price. It was approved in the name of
the Human Factors Society by President Earl A. Alluisi with the
concurrence of an Advisory Committee composed of Dr. Alphonse




Chapanis, Professor, The Johns Hopkins University; Dr. John J.
O'Hare, Assistant Director, Enginering Psychology Programs,
Office of Naval Research; and Dr. Richard W. Pew, Principal
Scientist, Bolt Beranek and Newman, Inc., Dr. Chapanis and Dr.
O'Hare were serving as Members of the Executive Council of the
HFS. Dr. Pew and Dr. Chapanis are Past Presidents of the HFS.

A contract was awarded and work on the project began
December 15, 1980.

1.2.1 Objective and Scope

The objective was to develop for the NRC a comprehensive
long-range human factors plan to cover the next 10 years. The
plan is intended to meet the diverse requirements for human
factors imposed by the different regulatory functions and
responsibilities of the various NRC Program Offices and to
identify needed programs throughout the NRC. It focuses on those
areas concerned with nuclear power plant safety. Nuclear fuel
cycle activities, such as mining, transportation, and waste
disposal, are not included.

The plan provides estimates of priorities and schedules
for accomplishment and includes estimates of resources required.
It identifies all NRC activities associated with nuclear reactor
regulation that involve human factors considerations such as
design, standards development, licensee gqualifications,
research, construction, operation, maintenance, inspection,
safety review, and training. It includes recommendations for the
collection of specific types of human factors operational data
and for their analyses and dissemination to the appropriate
activities within the NRC. The plan does not address human factors

considerations in the areas of plant security or health physics.

~

Choice of the Human Factors Society to Develop Plan

The NRC decision to seek help through the aegis of the
Human Factors Society was based upon several important
considerations., The most significant factor was that an area of
science and technology, human factors, was being introduced into
the context of the organizations, programs, and operations of a
regulatory agency and the industry it regulates. At the time of
the TMI accident and for several months afterward, there were
no human factors policies, programs, organizations, or personnel
in the NRC.

During the summer and fall of 1980, the NRC was organizing
and beginning to staff human factors groups in the Office of
Nuclear Reactor Regulation (NRR) and the Office of Nuclear
Regulatory Research (RES). A few human factors professionals




were being recruited to join the NRC. Some NRC personnel who
were qualified in other technical areas were transferred into
newly created human factors positions and groups.

The development of a comprehensive long-range human factors
plan for nuclear reactor regulation requires an intensive study,
by qualified human factors personnel, of all the different kinds
of human activities that are integral to the design, operation,
and maintenance of a nuclear power plant. This kind of intensive
review of the wide range of human factors elements involved could
not be accomplished by the limited NRC human factors resources
simultaneously with their other responsibilites for carrying out
on-going programs that had been transferred to the newly formed
human factors groups and for planning, initiating, and conducting
new short-term programs that had resulted from the TMI Action
Plan.

Identification of requirements and preparation of a
comprehensive plan by qualified human factors personnel outside
the NRC organization provides an important independent assessment
and evaluation of problems and programs. During the 15 months
that the HFS Study Group was working on the long-range plan to
cover the next 10 years, the NRC human factors groups were
continuing to recruit personnel, identify and assign priorities
to human factors problems, initiate programs, and engage in toth
near-term and long-range planning.

The arrangement with the HFS provided the NRC with the
potential for drawing upon a wider range of expertise than was
likely to be available in a single company or other institution.
By requiring only part-time availability of individuals over the
period of a 15 months it was possible to obtain the services of
qualified, highly experienced, and successrul human factors
experts who would have been inaccessible otherwise.

The contract with the HFS minimized the potential problem
of conflict of interest. The Society, as a non-profit professional
organization, has no desire or interest for follow-on contracts

that might in some way be based upon the recommendations of the
Study Group.

A less direct, but important, advantage of the contract
with the HFS is communication between the NRC and the human
factors profession. Each of the Study Group members is from a
different organization. They represent different kinds of
institutions (universities, industry, government laboratories,
and human factors consulting firms) and are from different parts
of the country (Northeast, Southeast, Midwest, and West Coast).
This should contribute to a more widespread diffusion of knowledge
about human factors problems and programs in the field of nuclear
power. Increased exposure of (he requirements and of the
opportunities for applications of human factors methods in the
nuclear power field is likely to help create interest among human
factors professionals who are working in other areas.




There is another aspzct of the communication between the
NRC and the human factors profession represented by this contract
that is more subtle than the diffusion of information. The request
for the HFS to sponsor the development of a comprehensive long-
range human factors plan is a demonstration of the NRC commitment
to the integration of human factors into its regulatory programs.

1.2.3 Project Organization

The organization of the Study Group consists of a project
manager, a technical director, an agency 1liaison technical
officer, and four technical area specialists. The four technical
areas are human engineering, operational procedures and
performance aids, training and training equipment, and personnel
and staffing. Each of these seven positions is filled by a
qualified, experienced, nationally recognized human factors
professional. The four technical subgroup areas include a broad
spectrum of human factors concerns. They are not considered to
be independent or isolated areas. Rather, they are key elements
in an overall systems engineering context. The level of effort
is approximately four professional person years.

The Study Group is responsible to the Executive Council
of HFS.

Project Manager is Harry L. Snyder, Professor of Industrial
Engineering and Operations Research, Virginia Polytechnic
Institute and State University.

Technical Director is Charles 0. Hopkins, Professor of

Psychology and of Aeronautical and Astronautical Engineering,
University of Illinois.

Agency Liaison Technical Officer is H. E. "Smoke" Price,
Executive Vice President, Biotechnology, Inc., Falls Church,
Virginia.

The area of human engineering is primarily the
responsibility of Richard J. Hornick, Head, Human Factors and
Systems Safety, Hughes Aircraft Company, Fullerton, California.

Operational procedures and performance aids are primarily
the responsibility of Robert J. Smillie, U. S. Navy Personnel
Research and Development Center, San Diego, California.

Training and ¢training equipment are primarily the
responsibility of Robert C. Sugarman, Director, Human Factors
and Training Center, Calspan Corporation, Buffalo, New York.

Personnel and staffing are the primary responsibility of
Robert R. Mackie, Vice President, Human Factors Research, Canyon
Research Group, Goleta, California.




1.2.4 Project Plan

The project was carried out in three phases, referred to
as tasks. Each task covered a period of four months. An additional
three months were spent on NRC review and briefings prior to
final report completion.

Task A - Survey of NRC Program Offices. The requirements
of Task A were to determine the aspects of nuclear power plant
safety that are impacted by or have an impact upon human factors
issues and to describe the nature of these impacts. This was
accomplished through a detailed survey of the NRC Program Offices,
current reports resulting from investigations of the Three Mile
Island accident, and other documents and reports relevant to
regulation of human factors in the design and operation of nuclear
reactors. The survey also included the organization and staffing
of the Offices. At the completion of Task A, a briefing was made
to the NRC by the Study Group and an informal report was subr cted
summarizing the findings.

Task B - Selective Check with Nuclear Industry. The findings
of Task A were expanded as necessary and refined to ensure
completeness and accuracy through selective checks with
representative elements of the nuclear industry. Sectors of the
industry involved in this task included utilities, architect-
engineers, nuclear steam supply system vendors, the Electric
Power Research Institute, Institute of Nuclear Power Operations,
and other organizations. The Study Group also interacted with
representatives of other professional organizations who have
functional working groups concerned with human factors in the
nuclear industry. Task B culminated in the preparation of a Tasks
A and B report and the presentation of a briefing to the NRC.

Task C - Evaluate Current Activities and Recommend Courses
of Action. During the work on Task C the Study Group evaluated
current activities and programs for each of the regulatory
functions identified as having human factors involvement. In
light of the evaluation of what is being done and the determination
of what needs to be done, the Study Group formulated
recommendations regarding the problems to be addressed and
suggested approaches. The recommendations are presented in the
form of a plan to cover the next 10 years. The plan provides
estimates of priorites, schedules, and resources. In addition
to the final report the Study Group presented two briefings to
the NRC staff at the conclusion of the work.

Method

A
Al

the very beginning of work on this project the NRC
emphasized that, subject only to the broad constrai
fulfilling the contractual statement of work, the Study
operations were to be independent of NRC influence. NRC personnel




were most helpful and cooperative in response to our requests
for information, documents, and meetings. They have made
constructive suggestions when we have solicited them. There were
no attempts to discourage or hinder our review of any area or
to manage our approach tc getting information from any source
either inside or outside the NRC. On the contrary, we were
encouraged by the NRC to meet with some elements of the nuclear
power community that we might not have contacted otherwise.

Task A. Task A was concerned with surveying NRC Program
Offices and studying documents to determine those aspects of
nuclear power plant safety with human factors implications. The
majority of our activities and our contacts with the nuclear
power community during the performance of Task A were focused
upon the NRC. This was appropriate because, first of all, we
needed to learn how human factors issues are being handled
presently by the NRC. We also needed to learn about the NRC's
plans for human factors activities, both for the short term and
for a longer period. It was necessary for us to acquire an
understanding of the regulatory role and the responsibility of
NRC for insuring safety of nuclear power plant operations in
terms of human factors considerations.

The HFS Study Group attended a two-day briefing program
provided by NRC personnel in Bethesda on December 15-16, 1980.
These briefings included summary presentations on
responsibilities and operations of all five NRC Program Offices.
More detailed briefings were provided by certain organizations
whose responsibilities are directly concerned with human factors.

At the end of these briefings, the Study Group requested
copies of relevant reports and documents for additional study.
The NRC Project Officer arranged for the requested documents to
be sent to appropriate team members.

In January 1981 the Study Group attended a special training
program provided by the NRC Office of Inspection and Enforcement.
This training program included (1) instruction at the NRC Training
Center in Chattanooga on nuclear reactor fundamentals and effects
of radiation, and (2) one week of operational training and
experience on the Brown's Ferry control room simulator at the
TVA Training Center near Soddy-Daisy, Tennessee.

In February, 1981 the HFS Study Group again met with
individuals in various NRC organizations, and were given detailed
briefings on the programs of the Division of Human Factors Safety
of the Office of Nuclear Reactor Regulation and on the programs
of the Operational Safety Research Branch and the Risk and
Operations Research Branch of the Office of Nuclear Regulatory
Research. As a result of these briefings and meetings, copies
of additional NRC documents relevant to the work of the Study
Group were requested.




Intermittently during this
personnel read and discussed the nu s NI i
reports, held formal meetings and informal conversa
material among Study Group members znd with NRC
held working sessions. A general framework for sy:
addressing the overall human factors issues i
regulation process was developed.

Liaison was established and maintained hrot ,
course of the project with Working Group 5.5 } Reliability
Subcommittee, Nuclear Power Engineering ittee ) 1 the
Institute of Electrical and Electronics Engineers EEE). Working
Group 5.5 includes three task groups. The problems being addressed
by the task groups are development of a guide for human factors
engineering requirements for systems, equipment, and facilities
of nuclear power generating stations; development of a guide
evaluating human performance in a nuclea: power
environment; and development of a recommende
use of color coding in nuclear power plant pa
displays. One member of the HFS Study Group
bimonthly meetings of IEEE Working Group 5

During the last month of work on Task A,
Group visited the NRC Region I Office in King
Pennsylvania and was briefed on the responsibilit
operations of that office. Formal presentations
were concerned with the following top
recruitment and training of inspectors, rotation
inspectors, region operation center, procedure
inspectors for format and technical content, resid
reporting requirements and mechanisms, ]
(LERs) and Regional follow-up, and
operator duty hours.

ypics: Region

Following the meetings with personnel
Office, site visits were made to two nuclear
this region. Study Group members visited Salem I1
Gas and Electric - New Jersey) and Peachbott
Electric). These site visits included
rooms and discussions of human factors requir
with operational, engineering, and
Discussions were also held with NRC resident

Some members of the Study Group attended

D
e
L

on "Advances in Improving Human
Computerized Control and Surveill .
Operations"” given by staff representative
organizations of the Halden Reactor Project

on March 18, 1981.

erformance

ance

The NRC Contract Officer made arrangems
of the Study Grouop to visit the NRC Emergency
personnel for detailed briefing on the rati

¥

functioning of the Emergency Operations Ce




Study Group members continued the acquisition and study
of documents relevant to human factors issued by NRC, Department
of Energy (DOE) laboratories and contractors, and professional
and industrial organizations. A formal briefing on the
agcompéishments of Task A was presented to NRC personnel on April
14, 1981.

Task B. In the performance of Task B we were concerned
primarily with checking selectively with representative elements
of the nuclear industry the completeness and accuracy of our
findings during the perfcrmance of Task A. During Task B our
activities and contacts were almost exclusively with the nuclear
power industry outside the NRC. The major purpose of our
activities during Task B was to identify and understand the human
factors issues and problems in nuclear power safety as they are
perceived by elements of the nuclear community outside the NRC.
A comprehensive long-range human factors plan will be useful to
the degree that it takes into account the many operational, as
well as scientific and technical, aspects of human factors.
Extencive meetings with all elements of the nuclear industry and
site visits helped ensure that the real world of nuclear human
factors is adequately considered in the plan.

Although the long-range human factors plan is being
developed fcr the NRC, under the sponsorship of the NRC, the
activities of Task B are viewed as being crucial to the development
of a realistic, effective plan. There was an explicit agreement
between the NRC and the HFS Study Group that we would not approach
any part of our work as a captive of the NRC. We selected the
organizations to be visited and made our own contacts and
arrangements for visits. In our contacts with the NRC and with
industry we have tried to be unbiased in our information
gathering, evaluation, and planning.

During Task B, the HFS Study Group held meetings with the
following elements of the nuclear power industry: utilities,
nuclear steam supply system (NSSS) vendors, architect-engineer
firms, control room simulator manufacturers, industry sponsored
organizations, professional organizations, human factors
consulting firms and other nuclear industry service companies,
and public interest groups.

In addition to site visits to nuclear power plants during
Task A, meetings were held during Task B with human factors,
engineering, operational, and management personnel from the
following companies that have nuclear power plants:
Detroit Edison Company
Louisiana Power and Light

GPU Nuclear (General Public Utilities)
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Commonwealth Edison

Tennessee Valley Authority (TVA)

Pennsylvania Power & Light Company

Duke Power Company

Illinois Power Company

The Study Group also met with human factors and other

engineering and management personnel of all four nuclear steam
supply system vendors:

Westinghouse

Combustion Engineering

Babcock & Wilcox

General Electric

Visits or meetings were conducted with personnel at
Department of Energy national laboratories:

Idaho National Engineering Laboratory
Oak Ridge National Laboratory
Meetings with control room simulator manufacturers/vendors
included:
Singer Corporation - Link Division
Westinghouse
Combustion Engineering
General Electric

The Study Group has met with the following industry-
sponsored organizations:

Institute of Nuclear Power Operations (INPO)
Electric Power Research Institute (EPRI)
Nuclear Safety Analysis Center (NSAC)
Edison Electric Institute (EEI)

The Study Group has held meetings with three architect-

engineer firms:
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Bechtel Power Corporation, San Francisco Division
Gibbs and Hill
Ebasco

Contacts have been established by the Study Group with the
following organizations:

American Nuclear Society (ANS)
Atomic Industrial Forum (AIF)

Institute of Electrical and Electronic Engineers
(IEEE)

Meetings were held between the Study Group and aerospace
human factors personnel with extensive exp2rience and expertise
in nuclear power plant control room design and plant design for
maintainability:

Lockheed Missiles and Space Company
Meetings wcre also held with representatives of human
factors consulting companies and other nuclear industry service
companies that have worked in the area of nuclear human factors:
Essex Corporation
NUS
Torrey Pines
General Physics
BioTechnology
We made contacts with and held meetings with
representatives of public interest and environmental concern
groups:
Union of Concerned Scientists
National Resources Defense Council
Interspersed among the meetings and visits with the various
elements of the nuclear industry, the HFS Study Group continued
acquiring and studying documents and reports relevant to the
broad areas of human factors in nuclear power generation. Working
sessions were helcd intermittently. A report on the work

accomplished during Tasks A and B was submitted to the NRC and
a briefing was presented for NRC personnel on September 11, 1981.
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Task C. The third phase of the planning project, Task C,
was concerned primarily with an evaluation of the regulatory
areas and activities that had been identified as having a human
factors impact. Each area of human factors concern was treated
in terms of the following factors: the requirement and any
technologi~al constraints, an evaluatiorn of present status of
the problem or area of development both within the NRC and in
industry, an evaluation of planned activities for each of the
areas of the NRC and in industry, identification of missing
elements, assessment of technical feasibility and problems,
interaction with other system requirements, and recommendations
(technical, priorities, schedule, resources, implementation, and
interaction). These evaluations are contained in Volume II.

Stud, Jroup members participated in the 1981 IEEE Standards
Workshop on Human Factors in Nuclear Safety, August 30 - September
4, 1981. One member participated in the CSNI Specialist Meeting
on Operator Training and Qualifications, October 12-15, 1981
sponsored by the Committee on the Safety of Nuclear Installations
(CSNI), Nuclear Energy Agency of the Organization for Ecouomic
Cooperation and Development. A staff briefing on the results
was presented on March 10, 1982, and a final briefing was presented
to the Commissioners of the NRC on May 25, 1982.

1.3 The Human Factors Discipline

During the brief period since the publication of the reports
of results of groups investigating the TMI-2 accident, "human
factors" has become a much used and misused phrase. It is 2lear
that many who use the phrase do not %now much about it.

This brief account of the human factors discipline is
provided as an introduction to those persons who are not familiar
with the field. It should also be useful as a reminder to some
persons whose education and professional experience have been
in some other field that the human factors discipline is more
than just the use of good (or bad) common sense in engineering
design. It is hoped that this brief survey will help persons in
both categories understand the necessity for explicit, competent
consideration of human factors principles in the design,
development, and operation of safe, effective, and efficient
man-machine systems. Furthermore, this section of the report
emphasizes the requirement for formal human factors activities
as an irtegral part of the systems approach to the design and
development of man-machine systems.

The human factors discipline in the United States has had
about 40 years of growth, development, and experience in the
analysis, design, development, testing, operation, and
maintenance of man-machine systems. At least three kinds of
products from this experience can contribute to the nuclear power
community. These are:
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(1) An approach to man-machine (M-M) system
design. This includes both a philosophy of
man-machine systems and methodologies for
scientifically investigating human
perfoirmance in M-M systems and for
effectively integrating humans in M-M
systems.

(2) Data, knowledge, and some scientific
generalizations and principles relevant to
human performance in M-M systems.

(3) A relatively small group of well-trained,
qualified, and experienced human factors
professional personnel.

The topies included in this brief survey of human factors
are origins and objectives, growth and development of the field,
fundamental concepts and misconceptions, methods, professional
qualifications, and areas of specialization.

1.3.1 Origins and Objectives

Human factors is an interdisciplinary scientific-technical
field concerned with the capabilities and limitations of humans
in the design and use of tools, equipment, systems, and
environments. Antecedents may be found in several fields of
science and engineering but it is accepted generally that the
field had its significant origins during World War II. It was
born of the recognition of a variety of people-related problems
and the attempts to solve them.

Several lines of scientific and engineering development
of sophisticated military systems converged with military
requirements for rapid preparation of relatively large numbers
of people to operate and maintain the systems. Problems began
to surface when equipments with advanced performance capabilities
from an engineering point of view were either misused or could
not be used in ways that would fully exploit their potential.
It became apparent in many cases that there was not an appropriate
match between the capabilities and limitations of the human
operators and the physical characteristics of the equipment. In
scme ~ases the primary source of the mismatch was due to
inappropriate design of equipment. In other cases it seemed to
be due primarily to inappropriate or inadequate training of the
human operator.

The recognition that some equipment which could not be
used correctly was subject to modification to meet the
capabilities of the human operators was not a s.ngle discovery
with earth shaking consequences made by a single individual or
group. Rather, many people representing a variety of formal
scientific and engineering disciplines, working for different
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military organizations on different kinds of people-related
problems, began taking human factors into account in research,
development, and redesign aimed at solving the problems. A large
proportion of the people who started working on human factors
(the term was not used then) problems were experimental
psychologists who by personal preference or necessity were
working in applied research and training areas for the military
services.

Early human engineering work during World War II was
coricerned mostly with specific problems of modification or
redesign of individual displays and controls to make them more
nearly match the sensory, perceptual, and motor capabilities of
the human operators. Although much of the immediately required
work was of the simple "knobs and dials" variety, the concepts
of the man-machine system and of the systems approach to design
quickly gained widespread acceptance.

The principle objective of human factors is to optimize
overall system performance by taking into account the human's
capabilities and limitations in the assignment of functions,
design of the physical elements of the M-M interface, development
of procedures, selection and training of personnel, provision of
a safe, comfortable environment, and development and management
of personnel policies and procedures such as shift manning,
rotation, and duration.

1.3.2 Growth and Development

Following World War II, both the Army Air Corps and the
Navy established human engineering laboratories responsible both
for conducting research and development work and for monitoring
contract work done by other organizations. Later, all three
military organizations (Air Force, Army, and Navy) promoted the
development of the human factors discipline through a large
number of military 1laboratories and research management
organizations.

A handful of universities had done human factors research
and development work during the war. These included Brown
University, Harvard University, The Johns Hopkins University,
Tufts University, and the University of Wisconsin. Strong human
factors programs continued at some of these universities
following the war. Over a long period of years the programs at
Hopkins and Tufts made significant contributions to the
development of the human factors discipline.

In the years following the end of World War II, human
factors laboratories and programs were established in several
other universities. Among the earliest and most influential was
the laboratory at the University of Illinois. Later a strong
program was established at Ohio State University. Other
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universities that had prominent human factors programs at various
times during the early development of the discipline were the
University of Southern California and the University of Michigan.

University and government laboratories were prolific
during the six to eight years following the end of the war. A
solid foundation of theoretical formulation and experimental
research-derived data was laid for the developing discipline.
Also the results of thousands of experiments that had been
performed previously in laboratories of experimental psychology
and physiolozy were re-examined. The data were evaluated in the
light of re_ationships between man and machine in operational
situations. Some data were found to be useful in the form in
which they had been presented originally. In other cases it was
possible to replot the data or to present alternate functional
relationships that would better serve to describe the man-machine
interface. These materials were collated, interpreted, and
published to serve as guides for equipment and system design.
When gaps were found in existing knowledge, experiments were
designed and conducted to provide the missing informatinn. Also,
a large amourt of research that was done was suggested by new
theoretical formulations.

During the late 1940s and early 1950s several small
companies were established to provide human factors consulting,
research, and development services. The primary sponsors of human
factors activities were still '.e military services, but other
agencies including the Civil Aeronautics Administration and the
Federal Aviation Agency (later the Federal Aviation
Administration) began to conduct and sponsor human factors
research and development.

Beginning in the early 1950s large companies, primarily
in the aviation and electronics fields, began to recruit and
employ human factors personnel and to establish human factors
groups within their organizations. By the end of the decade the
‘aportance of human factors had been recognized widely and
applications were being made in a variety of fields outside the
traditional ones of military, aviation, and electronics systems.

During the decade of the 1960s human factors activities
became an integral part of the design and development of manned
space vehicle systems, transportation systems, communication
systems, medical systems, and others. Human factors also began
to play an important role in the design of consumer products and
in such diverse fields as architecture, computer design, and
underwater operations.

During the 1970s more and more areas of man-machine system
and equipment design, development, operation, and maintenance
reccgnized the importance of human factors. By the end of the
decade human factors activities could be found in almost every
human endeavor, including the design of spurts equipment,
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training of athletes, design of leisure time equipment and
systems, and the design of toys and games.

Human factors personnel were employed by designers and
manufacturers of industrial, business, and professional tools
and equipment as diverse as chain saws, helmets, eye and ear
protectors for foresters, tractors and related heavy equipment
for farm and industrial use; dentists' and surgeons' instruments
and operating room equipment; banking systems and equipment;
powered hand tools for the tradesman, craftsman, and hobbyist
or do-it-yourselfer; and mail sorting, processing, and handling
systems.

The Bureau of Mines sponsored human factors research
directed at improvement of the coal miner's personal equipment.
Insurance companies employed a significant number of human
factors professionals. Human factors professionals have made
important contributions to the winemaking industry, to paper
products manufacturing, to pharmaceutical production, and to the
design of hospitals. A casual check of the Human Factors Society
Directory and Yearbook shows that members are employed by
organizations as diverse as the Central Intelligence agency,
American Association of Retired Persons, National Fire Protection
Association, Coca Cola Company, Smithsonian Institution, Price-
Waterhouse, public school systems in several states, Sears
Roebuck, Social Security Administration, the National
Transportation Safety Board. In 1981 members of the Human Factors
Society were employed by more than 1100 different companies,
organizations, and institutions. Perhaps the only major industry
that had not incorporated human factors considerations into its
design, development, and operations by the end of the 1970's was
the nuclear power industry.

The expansion of human factors activities during the period
from about the mid-1950s to the present was paralleled by the
growth of professional society activities and memberships. The
Human Factors Society was founded in 1957 at a meeting attended
by about 90 persons. The membership reached 500 in 1960 and
exceeded 1000 in 1962. Between 1562 and 1969 the growth rate
averaged about 5% per year. After a period of no increase during
the period 1969-1971 the membership has now increased to
approximately 3000. The Human Factors Society is the only
scientific/technical organization in the United States concerned
solely with human factors. Other scientific and technical
societies and associations have established human factors
subgroups within their organizations. One of the first of these
was Division 21, The Society of Engineering Psychologists, in
the American Psychological Association. The Institute of Radio
Engineers (IRE), later to become the Institute of Electrical and
Electronics Engineers (IEEE), established the Professional Group
on Human Factors in Electronics in 1960. This professional group
later became the IEEE Man-Machine Systems Group and subsequently
the IEEE Systems, Man, and Cybernetics Society. Other
professional societies such as the American Rocket Society (ARS),
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later to become the American Institute of A4eronautics and
Astronautics (AIAA), the American Society of Mechanical Engineers
(ASME), and the Society of Automotive Engineers (SAE) have had
committees and groups concerned with man-machisze relationships
and human factors for many years. The American Nuclear Society
(AgS) formed its Technical Group for Human Factors Systems in
1980.

1.3.3 Fundamental Concepts and Misconceptions
1.3.3.1 Introduction

A few simple tenets provide a working philosophy for the
human factors disciplines. The design of any tool, equipment,
device, or system should explicitly consider the people who are
going to have to use, operate, and maintain it. More generally,
it is necessary to consider the human in all phases of the system
life cycle, from conceptual design through decommissioning of
the system. Futhermore, the design decisions that involve the
man-machine interface and all the decisions involving manning
of the system should be made only with due consideration of human
performance capabilities and limitations. Several basic human
factors concepts facilitate the application of this philosophy.
Two of the most fundamental concepts are those of (1) the man-
machine system and (2) the human as an information processor.

1.3.3.2 Man-Machine System Concept

The central concept of the human factors discipline is
that of the man-machine svstem. There may be almost as many
definitions of ™system" as there have been persons who have
studied, designed, or written about systems. Some representative
definitions of system by prominent system scientists may be found
in the System En ineerinP Handbook (61). However, most system
definitions differ only slightly and all of them include certain
common concepts and characteristics.

For the purpose of this brief account of some of the mafjor
facets of the human factors discipline, the most complete and
concise definition of system was one formulated by Fitts (U2):

an assemblage of elements that are engaged in the
accomplishment of some common purpose(s) and are
tied together by a common information flow network,
the output of the system being a function not only
of the characteristics of the elements, but of their
interactions or interrelationships.

The essential characteristics of a system are encompassed
by this definition. These are: purpose, components or elements,
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functions, organization, and interaction. When one or more of
the alements in the assemblage is a human, we have a man-machine
syatem.

The man-machine system concept can be represented by a
genaral model. Various elaborations, refinements, and
modifications of the model serve as the stimuli for theoreti-al
formulatiory and exrerimental research, as well as for
crganizing, planning, and conducting human factors applications
progra2ms. The block diagram in Figure 1 is a simplified model of
a man-nachine system. It illustrates important relationships in
terms of information transmission between the environment and
the system and, within the system, between the plant and the
human through the displays and controls that constitute the
physical man-machine interface.

A more sophisticated block diagram could show, for a
specific system, additional elements and information pathways.
For example, many additional routes for feedback of information
about the human's controlling responses are possible in addition
to the single pathway implied by the block diagram. Also, the
input of information from the environment may be displayed in
relatively raw form as it is sensed or it may be highly processed
or transformed before being displayed. "n many systems some
inputs from the environment may be sensed directly by the human
operator.

Conceptualizing the human as an integral part of the man-
machine system by means of this type of model fosters an awarencss
of interactions between the human and the machine. The competent
career human factors professional routinely thinks in terms of
man-machine relationships. He is alert to aspects of man-machine
interactions to which professionals trained in other
scientific/technical disciplines are often insensitive.

1.3.2.3 Concept of the Human as an Information Processing System

The human operator in a man-machine system is frequently
and usefully characterized in terms . OF an information processing
model in wiiich conceptual subsystems are concerned with the

functions of sensing, information processing and stor and
responding. Included ia the general category of int. ‘on
processing and storige are inferred operations su.. as

identification, transformation, learning, short term and long
term memory, time sharing, ete. This conceptualization of the
human operator is shown by means of the block diagram in Figure
2. The diagram is based upon the model by VanCectt and Warrick
in Human Engineering Guide tou Equipment Design (157).

The sensing subsystem consists of the various sense organs
that have specialized receptors sensitive to different kinds and
ranges of physical energy. A very large body of information from
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experimental psychology and neurophysiology 1is available
regarding the sensory functions of detection and encoding in the
visual and auditory senses. Less is known about the sensory
mechanisms of the other sense organs.

Knowledge of the sensory dimensions and their physical
correlates, the information transmission channel capacities,
absolute and differential thresholds, adaptation
characteristics, sensory 1illusions, subjective attributes,
sensory interaction, masking, etc. of each of the major sensory
modalities permits the human factors specialist to design the
system for optimal transmission cf information to the human
operator. While much of our knowledge about sensory behavioral
functions can be identified with anatomical structures and
physiological processes, such is not the case with the inferred
information processing and memory functions. It is probably true
- but not very enlightening - to say that they are correlated
with structures and functions of the central nervous system.
Fortunately, it is not necessary to pinpoint precisely the neural
loci of complex behavior such as verbal learning, for example,
in order to understand the conditions under which it occurs - to
induce it, facilitate it, control it, or eliminate it. Also, in
the man-machine system context it is not productive to cast these
behaviors in cognitive or mental terms. The results of many years
of experimental study of the psychology of learning and memory
and the translation of these results into training technology
provide highly effective methods and techniques that are quite
independent of neurophysiology and cognitive speculation. This
rationale is also valid for other inferred functions of the
conceptual information processing and memory subsystems.

The conceptual response subsystem consists of muscles and
glands. Because information is transmitted to the rest of the
man-machine system almost entirely by muscular activity through
the medium of related skeletal structures (primarily limbs and
speech apparatus), we are almost exclusively concerned with these
parts of the response subsystem in the context of man-machine
systems. Behavioral characteristics and anthropometric data are
related to control design variables.

1.3.3.4 Concept of the Man-Machine (M-M) Interface

The concept of the man-machine interface is derived
directly from the concepts of the man-machine system and the
human as an information processing system. All human factors
activities are concerned with some aspect of the M-M interface.
The most obvious class of activities, particularly to one who
is relatively unfamiliar with human factors, is the human
engineering design of control rooms, cockpits, operator stations,
and work places. However, the M-M interface consists of more
than just the physical elements of displays and controls. It
also includes behavioral elements such as procedures, operator
aids, and trained operators (including all that this phrase

29



implies in terms of operator selection, instructional system
development and implementation, operator qualification and
requalification, and design and development of training
equipment). The M-M interface also includes a variety of
conditions under which the system operators perform, ranging
from environmental (noise, temperature, lighting, ete.) to
administrative (shift staffing, duration and rotation,
organizational characteristics such as management structure,
promotional and other policies, ete.).

1.3.3.5 Misconceptions Regarding Human Factors

The most serious misconception regarding the human factors
discipline is that it is nothing more than common sense in design.
If this is true, then the staggering conclusion is that there
was an uncommonly small amount of common sense exhibited by
managers and engineers in the nuclear industry prior to TMI-2.

During the course of this project we have frequently heard
some variant of the statement. "Human factors are important but
Just common sense." We most often heard this kind of statement
from managers and engineers of utilities, AEs, and NSSS vendors
when the topic of discussion was the absence of competent career
human factors professionals on the staffs of their organizations,
both prior to TMI-2 and, in most cases, at present. Most of them
apparently failed tc recognize, until it was pointed out to them
either subtly or bluntly, that this kind of statement coupled
with the knowledge of the gross deficiencies of control room
designs in terms of human factors, was an indictment of someone's
failure to use common sense in design. The significant point to
be made here, of course, is that the integration of human factors
considerations into design 1is not just common sense.
Significantly, design in accordance with sound, accepted, and
proven human factors scientific engineering principles often is
counter to "common sense".

Common sense does not provide the specialized information
regarding the physical characteristics of displays and controls
necessary to provide a compatible match with the human's sensory,
perceptual, and motor capabilities and limitations. Commen sense,
by itself, is worthless as a guide to the instrumentation and
control engineer who tries to make design decisions that involve
human behavioral processes such as stimulus detection and
discrimination, complex response times, time sharing of
responses, short term and long term memory, continuous tracking
with system dynamics that require complex integration and
differentiation operations, etec.

The nuclear industry has operated on the assumption,
probably in most cases without even verbalizing it, that the
human operator's flexibility, adaptability, and resourcefulness
would permit him to safely control nuclear power generation
processers, regardless of the deficiencies and defects in the
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man-machine interface. This misconception regarding the
capacities of the human is also another example of the fallability
of common sense as a guide to the design and operation of man-
machine systems.

In summary, human factors is not just common sense in
engineering design. Common sense is generally taken to mean an
average ability to judge and “de~ide with soundness, prudence,
and intelligence without sophistication or special knowledge.
Sophistication in man-machine relationships and specialized
knowledge of human capabilities and limitations are basic
ingredients of the human factors discipline.

It is also a misconception to believe that any good engineer
can become a competent human factors specialist if he completes
a human factors short course or reads a human factors textbook
or buys some human factors handbooks for his bookshelf. All of
these actions are useful and desirable for the engineer who wants
or needs a better understanding of human factors. They will
almost certainly increase the person's sensitivity to human
factors and enhance the acknowledgement of human factors
requirements as having the same status as other system
requirements. They will not, however, produce a competent human
factors professional.

Another misconception regarding human factors is that its
products are largely cosmetic and can be applied to a finished
system after the other "important" engineering features have
been designed and developed. Costly changes and retrofits are
often compromises leading to less-than-optimal design. In many
cases, such "fixes" are beneficial but far less useful than a
proper, less expensive original design. In many cases, retrofits
are impossible because of structural, seismic, or electrical
barriers. Thus, while after-the-fact fixes (e.g., "paint, label,
and tape") should not be overlooked and can certainly be helpful,
they are in no way substitutes for a properly done design job.

The preceding discussion is intended to set a perspective
for the reader unfamiliar with the human factors ensineering
literature. It is within this general contextual background
that the concept of human factors in system design can be applied
to the design of nuclear power generating plants, as discussed
in the next Section.
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2.0 THE SYSTEM APPROACH TO HUMAN FACTORS
IN NUCLEAR POWER REGULATION

2.1 Introduction

The system approach to incorporating human factors
considerations into the life cycle of a man-machine system is a
way of ensuring that human factors are adequate, appropriate,
timely, and cost-effective.

2.1.1 System Concept and Philosophy

The system approach recognizes that a design or development
decision regarding a particular aspect of the human's interaction
with the rest of the system cannot be made in isolation. It
almost always has implications for other aspects of man-machine
interaction. Although a human operator is a single system element
physically, the human functions typically as an integral part
of many different subsystems, equipments, and components.
Consideration of the human's potential interaction with all of
the system in the light of human capabilities and limitations
maximizes the likelihood of designing a system which can be
safely and effectively controlled and maintained by human
operators. The system approach provides a logical, rational
sequence of development in which the results of each stage provide
the requirements for the next stage. All human factors
requirements (displays and controls design, procedures
development, training, etc.) are derived from the system-mission
requirements in terms of the system functions that are allocated
to the human.

2.1.2 Background

The human factors discipline was one of the first to
recognize the necessity for a system approach to the design,
development, operation, and maintenance of complexes of humans
and mechanical devices. As engineering psychologists and others
began thinking in terms of the man-machine system concept, it
was quite natural that they also should have started thinking
in terms of an overall system approach to design and development.

One of the earliest examples of the application of the
system approach to a large scale man-machine system is described
in Human Engineerin% for an Effective Air-Navigation and Traffic-
Control System . is project, carried out by a National
Research Council working group that met at intervals during 1950,
was done under a contract awarded by the Civil Aeronautics
Adminstration. The working group consisted of A. Chapanis, F.
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. Frick, W. R. Garner, J. W. Gebhard, W. F. Grether, R. H.
Hanneman, W. E. Kappauf, E. B. Newman, A. C. Williams, and P.
M. Fitts.

With the spread of the fluence of human engineering from
universities and government iaboratories into industry, some
companies began usirg a system approach to incorporate human
factors into system design. As early as 1952, Hughes Aircraft
Company adopted a system approach to the incorporation of human
factors into the design of displays and controls of the MX-1179
(later to be designated MA-1) all-weather interceptor fire
control system for the F-102 and F-106 aircraft.

Results of some man-machine system experiments on command
and control operations, carried out by the RAND Corporation in
the early 1950s and later by the System Development Corporation,
were influential in emphasizing the necessity for including non-
hardware related human factors considerations (procedures,
training, team organization, etc.) in the overall system approach
to design and development (113),

During the 1950s the Air Force was gaining experience with
incorporating various aspects of human factors into large
aircraft, command and control, and missile systems. It became
increasingly apparcnt that closer coordination of the many
personnel-related activities in system design, development, and
operation was necessary. Accordingly, the management concept of
"Personnel Subsystem” was the subject of a joint policy statement
by Air Research and Development Command and Air Training Command
in February 1960. After coordination with Air Material Command
the policy became the official basis for application of human
factors in the acquisition of new Air Force systems (AFL 375-5,

P

Planning and Programming for System Personnel, 30 October 1961).

After some modifications and refinements based on
experience with the concept, the Air Force published a regulation
( AFSCR 80-16, Personnel Subsystem Program for Aerospace, Support,
and Command and Control systems, May 1963) that established a
threefold objective of the personnel subsystem program:

(1) to promote the acquisition of functionally
integrated systems and facilities which can
be safely and reliably operated, maintained,
and supported by USAF personnel;

to provide personnel, training, and using
agencies with timely planning and technical
information concerning personnel, training
and life support requirements which systems
will impose on the Air Force personnel

st riieture and
ST1! cure; and

('S )




(3) to assure development of training equipment,
facilities, and protective equipment for
support of system personnel requirements.

AFSCR 80-16 stated, "The developmeat, documentation, test,
and evaluation of the personnel subsystem will be integrated
with procedures in effect for hardware portions of the system."
This regulation also established AFSCM 80-3, Handbook of
Instructions for Aerospace Dlersonnel Subsystem Deslgners
THIAPSD). The handbook descoribed six funcE&onaI personnel
subsystem areas as being essential in the development of a system.
"In the conceptual phase, program definition phase, and
periodically throughout the system acquisition phase, each listed
functional area will be investigated and analyzed. The extent
of effort required in each area at any given time will be affected

by changes in system characteristies and propcsed operating
environmernt."

The personnel subsystem functional areas were:
a. personnel/equipment data analysis
b. human engineering
c. life support
d. system personnel requirements
e. system training requirements
f. personnel subsystem test and evaluation

The process of functionally integrating these various areas
that previously had been, in some cases, the exclusive domains
of different Air Force organizations and of different dzpartments
and divisions of the companies that were designing and building
Air Force systems was not uniformly smooth and without
organizational conflict. However, eventually the logic and
utility of the concept came to be understood and appreciated.
The HIAPSD was superceded in January 1969 by AFSC DH 1-3, Personnel
Subsystems. This was one of a series of AFSC design handbooks
puEILEea as a primary means of documenting and applying technical
knowledge in support of system and equipment acquisition
programs. General design criteria and guidance suitable for use
in design and development of Air Force systems and equipment are
published in these handbooks.

The system approach, as embodied in the USAF personnel
subsystem concept and programs, became a routine part of system
design, development, and operation for the Air Force and its
contractors. There was always some opposition to the phrzse
"personnel subsystem". Many persons maintained that it was
misleading in that "personnel subsystem" was not a subsystem in
the ordinary sense of a hardware subsystem. The Air Force ceased
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title but retained the concept.

AFSC DH 1-3 was retitled

Hqﬂan Factors Engineering. It still contains the same kinds of
mn v*’l that it contained when it was titled Personnel
S s Chapters 2 through 6 are Human Engineering,
Ri@mci..a /Life Support, Personnel and Manning, Training and
Training Equipment, Job Performance Aids, and Test and
Evaluation.

- 48 Development Sequence for Human Factors Elements in the
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pment and safe operation of a man-
it attention to human factors

t
earliest stages of concept formulation and conceptual design
through test and evaluation to operation to decommissioning. The

nuclear power person unfamiliar with human factors frequently
focuses upon the design of th. control room as the starting point
for consideration of human factors. Certainly, in some systems
the control room design is the most visible manifestation of the
need for human factors. Logically, however, the consideration
of human factors cannot begin at this point. The information and
control requirements that should determine the design and
arrangement of displays and cont 1s must be derived from som
more basic considerations tha 1st a designer's whims and
idiosyncracies or the availabil vy of a large supply of meters,
diils, or switches manufactured by a divAsicn of the company
that is responsible for design and construction of the control
room. The logical starting point for cons 1de‘aticn of human
factors is the same as for any other activity important to the
jesign of the system - the beginning.
s B Initia. Steps in the System Approach

Our concept of an ideal sequence of development of the
human factors in a nuclear power plant is shown in Figure 3. The
flow diagram has been simplified by eliminating the lines that
ndicate interactions among blocks and feedback loops involved
n successive iterations and refinements.

The development sequence described Hero is an deal
equence. All of the major steps that are required for a system
ife ycle from preliminary design througt development,

construction, testing and evaluation, tc Jporafihn and
m \tenance are included. This is only a model, however, and it
hould serve only as a guide. The emphasis and amount of activity
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for each element will vary from system to system, but in one
fashion or another all elements have to be addressed. The sequence
almost certainly will be modified to meet the requirements of a
specific system development. Sometimes certain steps may be
performed informally, may be abbreviated or expanded, or may be
modified in other ways. In almost all cases i{teration of some
of the steps will be required. There is reasonably widespread
agreement on the general approach to be followed in the
performance of human factors analyses. The standard approach
closely follows the framework shown in Figure 3. There may be
considerable variability in the details of the analytic
procedures that are used depending upon the kind of system, its
newness, the nature and completeness of human factors analyses
that were done on earlier versions of the svstem if it is not a
new type, as well as other factors.

All man-machine systems, whether they be nuclear power,
military, intercontinental ballistic missile, c¢ivilian air
transportation, industrial process, specialized or worldwide
communication, information processing, recreational vehicle, or
some other type, are designed and built to fulfill some purpose,
or in the technical idiom, to perform some mission. The design of
a system starts with a requirement or a projected requirement
tor some mission to be accomplished. An explicit formal statement
of the mission is the starting point for the system approach to
design and development. An important ster in mission analysis
is the identification of any assumpt.ons and constraints
associated with the design of a system to accomplish the mission.

System requirements are imposed by the nature of the
mission, the assumptions, and the constraints. The system
requirements may encompass considerations such as safety, dollar
cost, development time, and environmental consequences as well
as operational performance. One or more generic system
configurations may be alternative candidates to meet the system
requirements. Frequently human factors professionals can make
significant contributions to the trade studies and comparative
system concept evaluations. Sometimes an important factor in
this process is the allocation of functions between humans and
automatic devices.

Regardless of how much tentative functinn allocation may
have been done prior to selection of a conceptual system design,
this process must be done as one of the earliest steps of
preliminary design. Function allocation occurs in the design of
every system. It may be done deliberately and formally or it may
not be recognized and occur as a result of other design decisions
or by default. The requirement for function allocation may be
explicitly recognized and it may be accomplished with timely
participation of competent career human factors professionals.
On the other hand, it may be dcne in ignorance of the value of
participation by persons with educational and experience
backgrounds in scientifically evaluating human capabilities and
limitations. In cases where the latter has happened, functions

37



have been allocated to human operators on the basis of tradition,
prejudice, expediency, chance, ignorance, or simply because some
functions were discovered to be necessary after the automatic
systems had been designed.

Of all these unacceptable bases for function allocation,
only the basis of tradition has any merit, and it has only limited
merit in restricted situations. Tradition may provide efficient
and reasorably useful guidelines for preliminary gross function
allocation being accomplished for a system that represents an
evolutionary design change from an old model to a newer one. It
is not a reliable or valid guide when there are revolutionary
changes in system design (as, for example, in the change in
design from use of fossil fuel heated boilers to nuclear steam
supply systems).

Function allocation should be accomplished with full
knowledge and recognition of human capabilities and limitations
within the context of state-of-the-art characteristics of
automatic devices and equipment, and the performance and
reliability characteristics of these devices.

In summary, the allocation of functions to the human is
the most funacamental system design activity for which there is
a requirement for major participation by competent career human
factors professionals. All of the human factors considerations
in a system depend either directly or indirectly upon the
functions that the human has to perform in system operation and
maintenance.

2.2.3 Systematic Development

A detailed presentation of the methodologies and techniques
for carrying out the steps of the system approach to incorporate
human factors is ouside the scope of this report. However, the
steps, as represented by the blocks in Figure 3, are summarized
for readers who are not familiar with this technology.

After appropriate system functions have been assigned to
humans, it is possible to identify and analyz> specific tasks
that the humans will have to perform. The results of the task
analyses are used to develop requirements for three major general
areas of the 