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ABSTRACT

Riage National Laboratory (ORNL) fto

def!ne the functlional design requlrements of operational alds for nuclear power plant

operators.

an understancing of the operator's role or functlon.

A flrst and Important step in deflining these requirements Is

to develop
Thls paper descri.es a taxonomy

of operator functions that epplies during all operational modes and conditions of the

plant. Other toplcs

operator's role durlng emergencies are also dlscussed.
areas whlch have potent]al

revealed several
pertorm nis rote.

I« INTRODUCTION
Twenty years have elapsed since the flrst
reterence applying human factors engineerir)
to nuclear power piant cortrol rcoms appeared
in the |lterature.} By late 1978, severa
studles emphaslzing the anthropometric,
environmental, and other physical factors of
the control room (e.g. control room anc
control pane! layout, colors/knobs/labels, and
Tllumination) had been complefed.z'9 Since
19/9 the volume of research addressing human
factors-related problems of nuclear plant
operation has -~eased signlficantly. Thic
wcrk has been isored by me-* of the
wor | dwlde nuciear power community.**

Human factors research In the pas twc years
has resulteda in the development of system
concepts  to improve  plant monitoring,
diagnostic snd  corrective actions, ang

operator/process communication. It has been
suggested that oper.” crew response during
upset condltions can he improved by upgrading

information quallty and reducing Information
quantlity through the application of advanced
computer-controlled display and dlagnostic
systems. Systems that assist plant operators
In performing +heir operational anc safety-
related roles are referred to as  job-
p«: tormance alds or operational aids.

%Research spon:.ored by the U.S. Nuciear
Regutatory Ccmmission  under Interagency
Agreement FDOE 40-550-75 with Unicn Carbige
Corporation under Contract No. W-7405-eng-26
witn the U.S. Department of Energy.
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Department of Energy, Electric Power Research
Power

tnstitute, ! ‘tute for Huc lear
Operation:z, Nuclear Safety Analysls Cenfer,
Halden Reactor Project, Central Electric

Generating Board, TUV Institute for Accldent
Resaarch, R150, utilities, and vendors.}

such as the Influence of automation, role acceptarice, and the

Thls systemat)c approach has
for Improving the operator's abltity to

A< o part of +this ongoing human factors
research, a program s present!y underway at
the Oak Ridge MNatlonai Laboratory (ORNL) +to

define the functional design requlrements for
operationatl afds, particulariy thcse that
Improve the cognitive abltities of operators.

A first and important step in defining these
requlrements Is to develop an uncerstanding of
the operator's role or function. Initlally a
top-down approach was employed tc describe
the operator's rcle by beginnlng at the most

general level and working downward to the most
speciflic level. it followed the sequence:
(1) ldentt fy tne operator's role, (2)

determine the effect of the role on operations
(especifatly safety), (3) ldentlfy the factors
+het influence the role, end (4) determine
wrere changes In the role can Improve safety.

The study describec in this paper focuses on
the operator's role under emergency
conditions, and for it we have also employed 2
bottam-up approach to examline the operator's
rote as 1+t Is Inferred from the Emergency
Procedures (EP) of a typlcal pressurized water
reactor (PWR)J1412  oyr findings describe (1)
the operator's role in terms of the functions
and t¢ ks necessary to achleve safety goals,
and (2) the factors that influence the
operator's responses curing emergencles. To

complete tne plcture, however, one must
understanc the operator's role under both
normal anc  emergency plant  conditions,

primar ily because the operator spends most of
his time working uncer normal conditions and
certainly there is a path from the normal +to
the emergency state. The general framework of
the operator's role Is the primary topic of
this paper. The approach |s simllar to that
of Corcoran et al,.,}3,14 who described the
operator's role ustng the safety function
concept and employing a hierarchlical approach
to organize the safety functions. We bulld on
that work by describlng the operator's roie in

functional terms +that can be synthesized to
form his role under normal or abnormal plant
condlitions.
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I'. FRAMEWORK OF THE OPERATOR'S ROLE

From the earitest reactor projects to the
present, the role of the nuclear power plant
operating crew has followed an evolutionary
path. The changes In operator role In time
and from ptant to plant are baslically a result
of changes and advances In control room
automation, plant complexity, and accumulated
operating  experlence. The earilest plant
desligns relled very |ittle on automatic
systems because ot technology {Imltatlions and

the prototyplical reactor designs. As
technological capabliities grew, desligns
relled or Increasingly automated systems.

This increased use of autamation was further
prompted by considerations of system cost,
procduction efflclency, and safety,
Ditferences In degree of automation can also
be seen In the appproaches taken by dlfferent
types of organizatlions wlth dlfferent
objectives. For example, the nuclear
operation of the U.S. Navy appears to rely
heavity on the human crew and Ilittle on
automatic systems. In contrast, the desligners
ot the Canaclan CANDU reactors have opted for
highly automatic computer-driven systems,

Nuciear plant complexity Is a tunction of the
physical processes of +the reactor design
Invol ved. The  number of systems  and
subsystems the operator must oversee
essentlally determines his role. For example,
research reactors are less complex than power
reactors because steam generators and electric
generator systems are not needed, and research
reactors generally are subject to less
demanding safety requlirements. At the other
extreme, LWR and CANDU reactors have multiple
cooling loops and support systems that
fncrease plant complexity and greatly expand
the quantity of Informatlon presentec to the
operator.

Accumulated operating experience also changes
the operator's role. ldeal ly, as
unanticipated system interacticons occur and
better technlques are thereby developed tor
plant operatlion, these Improvements are passed
along to the utilitles. |In actual practice,
this communication process has been
I nadequate. Additional operator duties are
often mandatea by regulatory agencles as a
result of such field Incldents.

A. The influence of Autamation
on the Operator's Role

Automation has become a catchall term. from
Melsa and Shultz:l3

"The term
fs [Intended to be somewhat self~
explanatory. The  word system

implles not Just one component but a
number ot components that work
together In a systematic fashion to
achieve a particular goal. This
goal Is the control of some physical
quantity, and the control is to be
achieved 1In an automatic fashion,
often withouy the ald of human
supervisjon.”

A good example 1s a servo-mechanism, a simple
automatic device that malntalns a parameter at
a set point, I+ frees the human from a
potentially tedious, wviglliant, and highly
routine task. More complex automatic systems
employ muiti-parameter contro! and can switch
control schemes as needed to achlieve a
particufar goal. Further, systems employing
digltal computers can be designed to detect
and correct system fallures.

Process automation can be discussed In more
descriptive terms by scallng It on a contlinuum
In multiple dimensions (see Fig. 1}. These
dimenslons are (1) process control capability,
(2) process contlguration alterabillty, and
(3) process monltoring and dlagnostic
capability. The point of orligin in this
"automation space" represents a tully manual
process with nr> Instrumentation or control
system Implemented. Control Is performed by a
human operator using hls flve senses ‘o
observe the process and perform all functions
manually. Increasing machine functions along
any of the axes reflects decreasing human
functions and Implles Increasing machine
Intelliqence. Increasing control capabi!ity
refiects the machline's responsibility for
satisfying ever hlgher operational goals.
Theoretical ly, autonomous goal sefection Is
ultimately possible. lIncreasing conflguration
alterabliity reflects the Increasing
capablllty for dellberate restructuring of a
control system or even the process Iitself,
Including the modiflication, additlon, or
replacement of physlcat components.
tncreasing monitoring and dlagnostics
capabliity reflects the Increasing capabillty
for plant status monltoring and problem
solving, including parameter observation and
response predliction. In Fig. 2 the planes
deflined by the base vectors are labeled +to
Illustrate the boundaries of the space. The
purpose In deflining +this space is to
Il lustrate the relationship between the roles
of human operators and plant systems. Care
must be taken not to carry the analogy beyond
Its slgntficance, The absclute magnitude of
the machine capabilitlfes Is not necessarlly
important.

Glven +that a level of automation can be
selected for a power plant, [lfustrated z; the
sol Id sphere in Fig. 3, the operator would
functlon beyond rhe level of automatlon. This
would satisty the goals related to plant
controt, system diagnostics, and malntenance,
which is a combination of dlagnostics and
configuration alteretion. In real
applications, +the machine functions are
Inconsistent; +that Is, not all systems are at
the same level of automation. Some systems
are purely manual (maintenance block valves)
and others employ sophisticated mul+ti-mode
contro! (steam generators).

Human operators are necessary to satlsfy
functional requirements of the plant that are
beyond machine capabllities as well as those
at levels where full machine capabilities are
not Implemented. The technology of process
control has far advanced since the first
nuclear power plants were designed. For that
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reasonh, plant systems and subsystems have been
automated at widely varying levels; scne have
been tett entlrely manual for economic
reasons. The technology of automatic
monitoring and diagnostics has developed more
siowly than that of automatic centrol, hence
the fag in this dimension of plant automation.
for example, avtomatic alarm filtering and
fault detection are relatively new to nuclear
powsr plant control rooms. Most operators
must  still valldate Information, verlty
control and safety system performance, predlct

e ORNL-DWG 81-11888
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Fig. 3. Representative extent of nuclear
plant control automat(an.

system performance, and solve problems of
var lous degrees of difflculty. The technology
ot automatea systems for aiterling the
contlgurations of functional modules  and
systems and pnysically relocating components
has amerged even more recently. Simple
confliguration changes can be made
electronical ly by relay devices In hardware or
software. However, complex operations such as
testing and calibration require human
interventlion since automatic capabillty for
moving sensors from process to calibration



faciiities is not usuaily provided, although
technlques for seml-automatic cailibration have
been usea tn research reactors. Most |liely a
high!y automated configuration contro! system
would be based on robotics.

The nature and extent of +the Interaction
between man and macklne varles wlth particular
types of equipment, Automation 1Is the most
cruclal factor [n this Interaction.i® When
functionlng as deslgned, automation simpilfles
the operator's role while comp!licating that of
the malntaliner. In  automated systems, the
operator's role may be simply to activate a
system and monitor those parameters that would
enable him to detect and respond If an
emergency were to arlse. This rofte Is
significantiy different from operating a
system with [ittle automation. Sheridan!?
reters to the supervisory role of a human In o
bighly automated computer-based system. The
operator In this capaclity 1Is no longer a
communlcation channel, a contlinuous one-
channe! servo-mechanism, or a signal detector;
rather he has become a monitor, a planner, and
a problem solver. The supervisory functlon Is
anatoyous to an outer feedback loop's control
functton, with automatic equipment controlting
the inner loops. Thls forms a hlerarchy. The
further up In the hlerarcty cone moves, the
more Iintermittent and daelayec the system
response becomes!8 until control, monitoring
and dtagnostics, and conflguration
alterabil Ity responses become Infrequent.

With the Irtroduction of computers, the
al locatlon of function between humans and
machlnes becomes Increasingly compl Icated.
For exampie, a dynamic approach would allow
sltuation-dependent allocation of function
between man and machine. In a study involving
aircraft flight maragement,’S the use of such
an approach Improved system performance and
attracted user acceptance. However, real-time
application of dynamlc  allocatlon would
require highly complex and sophisticated
computer systems.

B. Reole 3Structure

Since under most conditlons complete redesign
ang retrotit ot control rooms would not be
justiflable on a cost/beneflt basls, operator
alds seem to offer t.2 most |lkely means of
improving operating crew per formance In
existing nuclear power pilants. ldentlfying
the functlons which the nuclear power plant
operator needs to perform in order to achleve
plant operating goals will permit
identification ot those schemes and systems
that would Improve operator performance.
Speclfically, our Interest 1s focused on
operatlonal alds and thelr relatlon to plant
satety.

The top-down approach outtinea earfiler was
used to analyze the operator!s role. This
approach beglins with the most general systems,
goals, and tunctlons and then partitions them
into lower levels, forming a hlerarchical
structure. The {ower level functlons are
those +the crew must perform In order to

operate the plant. However, to attemp* a

thorough top~to=bottom approach wouid be
ambltious since this would entall task
analysls In reverse at the !owest, most

detailed ievels. This could be done, and
possibly should be, but It !s beyond the scope
of thls study.

A taxonomy--the classifylng of hlerarchical
relationships--coutd constitute a framework
fer analyzing the role of the nuclear plant
operator. Such a taxonomy should provide a
description ot function, iilustrate the flow
cf Informatlon, and Indicate the degree to
which a function Is well deflned. A number of
taxonomies have teen developed for varlious
speclfic applications, but no unlversal
taxonomy of the nuclear plant operator's rote
presently exists, Several taxonomies were
constructed for NASAZD to provide a framework
for testing and precgicting human performance
In manned space mlsslons. The value of a
taxonomy lies In what 1+ permlts one to do
with [ts results. The taxonomy presented in
Table 1 Is designed strictly for nuclear power
ptant operations. It does not descrite
operations segments (l.e., refuel, colc
shutdown, hot shutdown, startup, or power

operation), but it does I[dentify general
classes of behavlior that apply during
operation In any plant mode. of great
Importance Is the crew's functlon during

emergency conditions; this, of course, must be
reflected In ‘he taxonomy. These classes of
behavior are directly related +to system
function and can be synthesized or !lInked
together to produce the full spectrum of
functions that characterize the operator's
role.

Most of the +time +the operator performs his
role under normal clrcumstances. At such
times, the operator's goat 1Is to achleve a
particular plant operating mode by followlng a
schedule or plan ot operations. Once this
goal has been achieved, the operator must r-~+
decide whether to hold that goa! or choose
another onhe. This Is often a management
declslon based on the power plant's mission:
to produce electric power at a proflt by
operating economically with a minimum of
downtime and wlthout endangering the health
and safety of plant personnel or the general
pubiic.

The utlllty's goals are also, in a remote
sense, the operator's goals. In a practical
sense, the goals ot the operator are more
tangible and are directly related to the
Immealate situation. These goals often must
be transferred to a new operating crew at
shift change and, theretore the crew that
Initiates a change may not see it through to
concluslon.

The ultimate goal and reason for the plant's
exlstence 1s +o produce electric power at a
profit. For this reason, safety Is usually
treated as a constraint placed on operation
rather than as a separate gcal. Only under
emergency conditions does safety emerge as an
operational goal. Thus to separate operator



Tabie 1, Outline of taxonomy of nuclear plant
operator role

1. Supervision of Plant Operations
'.1. Planning
1.2. Monitoring

1.2.1. Alarm Monitoring
+2.2. State Monltoring

1

1.2.3. Signal Verification

1.2.4. System Qperation Verlflcation

1.2.5. Parameter Deviation Detectiaon
1.3. Controlling Plant Systems

n
1.3.1. Manual Tasks
1.3.2. Mechanized Tasks
1.3.3. Manual-Automatic Tasks
1.3.4. Machine~Automatic Tasks

1.4. Dlagnosing Problems
1.4.1. Problem Anticlpation
1.4.2. Probiem Solvling
1.4.3. Reconflguring

2. Equlpment Maintenance
2.1. Planning
2.2. Testling
2.3. Implementation
2.4. Equipment Improvement

ordination of Support Activities
3.1. Flre Protection
3.2. Plant Securlty
3.3. Administration

3.1. Recordkeeplng/Reporting

.3.2. Radlologlical Emergency
Response Coordlnation

3. Communication

4. Personnel Supervislon

actions dlstinctly into avaltabl!ity (power
production) or safety-related categories,
except under extreme conditlons, leads +to
ambigulty and overlap. A better approach
would be to classify the operator's functlon
for normal operation In general terms so that
the description of hls functlon In of f-normal
conditions would simpiy be a rearrangement of
these normal functlions with redeflned goais.

The operator's role can be separated Into
three functional categorles: supervislon of
plant operation, equlpment maintenance, and
coordination of support activities. These
three categorles are valld under all
operational condltlons and modes of the plant.
They are nearly pazrallel to the three
elemental role conventions of men In systems
as proposed by Price:Z! baslc (operator
performance concerned wlth the requlrements of
the prime system), camplementary (malntalning
prime and <cupport system equipment), and

(malntalning human per formance
capabilities). Foilowing Is an ({temlzed
discussicn of the taxonomy outilined 1In Table
1.

1. Supervislon of Plant Cperatlons

1.1. Plannlng. The operator sets the
objectives for plant operation, w!th direction
from hlgher level plant management, by
deciding wnether to continue on the present
schedule or to modify I+, The global planning
function results from setting long-term goals
and that may affect plant operation over
several shlfts, This function pertains mainly
to non-safety-reiated actlvitlies; however, In
the event ot a long-term outage the operator
would also perform planning functions where
plant satety Is of special concern.

According to Rouse,22 planning includes these
sIx aspects:

Generation of aiternative plans
Imaginlng of consequences
Valulng of consequences
Chooslng and Initlating a plan
Monitoring plan executlon
Debugging and updating plan

The last two aspects apply after the ptan has
been Ini+iated; +they deal with long-term
monltoring of progress and subsequent
replanning to achieve the goal.

1.2, Manltoring. The operator monitors
the operation of the plant by observing the

process (primaritly through the
Instrumentation), the equlipment, and the
control and safety systems. In a highly

automated plant, the operator spends a large
portion of hls time performing +this function
(up to 36%, according to a study of 381 U.S.
reactor operators23). The monitoring function
can be further dlvided Into subfunctlons:

'.2.1. Alarm__Monitoring: With
automatic systems functioning as planned, Job
demands tend to drop and response Is by
exceptlion. Alarms provide a blnary Indlcation
of subsystem and component status. The
process of converting analog parameters to
discrete alarms greatly reduces the quantity
of Information to be monltored.

1.2.2. State Monitoring: White
alarm monltoring applles mainly to component
(equipment) status, “state" monitoring applies
to the overall condition of the plant and its
major systems. Often +thls can be Inferred
from the observation of equipment alarms. A
Safety Parameter Display System (SPDS$)24 under
development by several vendors and belng
evaluated by the Nuclear Safety Analysls
Center (NSAC) 1Is designed specifically to
asslist the operator In his state monltoring
function. The SPDS connept would display to
the operator a minimum set of key parameters
that would provide an overview of the safety
status and trend of the pcwer plant.

1.2.3. Signal Verification. The
operator must verlfy that the process signals
and alarms are valld Indications of tha plant
status (l.e., whether the signals originating
from sensors and activators are glving
accurete or defective Intormation). In



performing this function, the operator must
cross=compare several signals, then declde on
the correctnass of the slignal In question. An
outline of signal verlflcation tasks Is glven
in Table 2.

Signai verlfication as a part of the
operator's role Is often overlooked as a
formal function. Crews do respond to false
alarms and to erroneous_data, often wlthout
veriflcation (see Epler, and Wlener and
Curry26). Two purposes of signal verlflcation
are indicatlon of Instrument fallure and
warning against the use of invalld information
In other tasks. Automated slignal verliflcation
could greatly improve  the operator's
monitoring capabilities.

1.2.4, System Qperatlon Verifl-
catlon. The operator must verify that the
operation of automatic systems [s proceeding
narmal ly. This s espectally important during
emergency conditions when the consequences of
inadvertent operation or falfiure to operate
are potentlatiy severe. This verlflcation
process can range in complexity from a simple
go/no=go check, with the quallty of the
operatlon left unmonitored, to a quantitative
performance evaluation. The operation
verification functlon Inrvolves both signa
verification and plant status monitoring.

1.2.5. Parameter Deviation  Detec=-
tlion. The operator monitors the plant

primarity in order to detect Impending
problems and initlate certaln routlne
preventive maintenance functions. He can

detect a problem by observing a deviation from
a normeal trend or by observing that a command
has falled to produce the expected trend or
response. In the detection process, the
operator must discriminate between normal and
abnormal parameter variations and between
relevant and irrelevant information.
Deviation of a parameter from the expected
vajlue leads the operator to the dlagnostic

process. At the +time of detection +the
operator performs a prefIminary severlty
assessment (predlagnosis). Regularly

encountered problems that are not [mmediately
consequential are the least ambiguous and
thelr solutions are well~structured.* Under
these condltions the operator will most }lkely
shortcut the complete problem-solving process
to make time available for other functions., A
model| which illustrates this sequence of human
probiem-sclving actlivities was developed at
R1§0.27»

1.3. Contrelilng FPlant Systems. The
range of human participation in the control of
plant systems Is on a contlnuum. Basic deslgn
of +the process and the control and safety
systems determines the level of automation at
which the man-machine interface wil} function.

*Sge discussion In Section 1.4.2, Froblem
Solving.

Table 2. Qutiine of signal verlfication taske

- instrument power on?
- clrcult contlnulty?
- clrcuit Isolatlon?

- signat time variation normal?
- expected nolse present?

.

- signal wlthin equipment [|Imits?

- slgnal rate-of-change within normal
limits?

- sensor below point of previous damage
or stress?

- observed signal comparable to slgnal
estimated from system model?

- signals from sensor comparable to
signals from other |lke sensors In
same process locatlon?

- signals from sensor comparabie to
tocal process parameters calculated
from unlike sensors?

- slignals from |ike sensors at
different process locations com-
parable? (Requlres system Inter-
action model.)

lnstr.

- transducer environment (temperature,
pressure, molsture, radiatlon dose,
ana vibration) within Imits of
transducer design specliflcation?

- sensor responds to small varlatlons
In process parameters (produced by
control rod motion, valve actuation,
etc.)?

- Intervening Instrumentatfon (trans-
mitter, signal processor, and dis-
play) responds to known sligna! sub-
stituted for sensor slgnal?

The role of the operator as a controiler Is
establIshed when the system designer speclfles
the role ot man in the operation of the plant
and allocates functions between operating
crew and automatic plant systems. In  future
systems specltication of the operator's role
can be carried out in an organized and
systematic manner, but for the majority of
currently operating nuclear power plants +the
role of man and machine Is not the result of a
systematic process. The control room of a
nuclear power plant Is a collection of
instruments from at least five Independent
major system vendors, with each vendor
responsible only for [Its own equipment.
Little effort has been put into Integration of
plant systems., Man-plant Interactions in
nuclear power plants range from manual tasks
to machlne-automatic tasks wlth no apparent
consistent design criteria, except perhaps
economic.



The continuum of control functions (see Fig.
1) can be dlvided Into four dlscrete ievels of
particlpation: manual, mechanized, manual=-
automatic, or machine~automatic (adapted from
Pricel):

1.3.1.  Manual Task. The human

operator performs the task, generates whatever

power, energy, or energy transductlon Is
required, and controls +the application of
power or dlrects the energy use. This

definition does not preciude the use of tools
(e.g. a lever or binoculars), which merely
extend man's raw capabitities,

1.3.2, Mechanized = Task. The
operator performs the task and controls the
application of power or dlrects the energy
use, while a machine generates whatever power,
energy, or energy transduction Is required.*
The machine does little more than extend the
raw capabliitles of man; i+ may amplify or
mod! fy them, e.g. remote activation of circult
breakers, valves, etc. A mechanized task may
be of a conflinuous nature, such as perm!tting
an operator to controt a process valve from
the control room to maintaln a process
parameter at a preselected value. The
operator becomes a contlinuous controller under
such clrcumstances-~a servo-mechanism. Humans
performing this kind of task behave as
adaptive and self-optimizing control lers.

1.3.3. Manual=-Aytomatic. A machline
the task by generating whatever
power, energy, or energy +transduction s
required, but the operator controls, In real
time, the applicatlion of the power or directs
the  energy use, Man participates less
directly In the manual-automatic task. He may
determine what s to be done, and perhaps how.
He [nltlates and terminates the operation of
the automatlic device, as In the operation of a
steam generator level controller or pressure
controller. He must monitor the operation to

performs

determine  whether It meets operational
criteria.

1.3.4. Machine-Automatic. A
machine performs +The task by generating

whatever power, energy, or energy transduction
Is required, and an atgorthm controfs the
appllcatlon of power or directs the energy
use. Man participates In machine-automatic
tasks only at remote times and then
ingirectiy. For exampie, the aigorithm may be
reprogrammed, but this s not direct or
continuous control,

During normal operation, the control of the
process proceeds essentially as deslgned;
however, under abnormal conditions (e.g. In
cases of equipment fallure), automated systems
may degrade to lower leveis of automation.
The operator would be requlired to accommodate
and adapt to such sltuations, perhaps by

*Manual operation, as most use the term,
usual ly refers to a mechanlzed fask.

substituting his skiiis for falled or

mal functioning equipment. A certafin
proficlency must +herefore be malntalned.
This sltuatlion Is most Illkely +to be

encountered during a plant emergency. The
automated plant shou)d be modular In nature so
that the scope of fallures Is limited and the
operator's manipulative role Is not too large
to handle.

1.4. Rlagoosing Problems. The operator,

while performing monitoring functions, Is
directed to the dlagnostlc function by the
Indication of a problem or potential problem.
The dlagnostic function may be performed at
differing levels depending on the antic!pated
serlousness of the percelved consequence, the
cost (in dollars, +ime, safety implications,
etc.) of obtaining additlonal Information, the
operator's experlence and knowledge of the
plant, the time required for action on the
primary problem, or the time required for
other tasks which may or may not be assocfated
with the primary problem. Diagnosis resuits
in a declsfon as o whether there Is or Is not

a problem, Operators, on the average, spend
105 of thelr tTime diagnosing abnormal
performance. One of the Justifications for

manned systems [s the human's capabliity for
solving ambliguous and Ill-deflned problems.
Machlnes are poor at this, although it Is a
dimension of automatfion 1In which there will
certalinly be advances in the  future.
Diagnosls, as It Is wused In thls paper,
Includes the components of problem solving,
problem antlcipation, and system
reconflguration.

Ted.1. Problem  Anticipation.
Understanding system and equlpment functlons
ana the Interactive etfects of systems and
functlions prepares the operator for
anticlpating problems, The operator must be
able to predict the outcome of specific
actions or Inactlons, especlally If the result
of his actlons will affect operations, damage
equipment, or release radlatlon. A warning
which occurs before a parameter violates a
technical speciflcation or exceeds an alarm
limit could provide additional time for the
operator to assess the situation and begin the
problem-solving process (Including
Implementing corrective actions), thus
reducing unnecessary translents and the number
of challenges to the protectlion system.
Limited tests of such a concept were performed
as a part of the EPR: research project "On-
Lfne Power FPlant Afarm and Ofsturbance
Analysls System."

versatiie tool  for
and thelr resulting

The slimulator Is a
predicting responses
potential problems, Currentty, reat-time
plant or partial system simulators are not
Incorporated In the control room. With
further advances (n computer technology, the
posslibiilty for on=-1ine simulation capablllity
comes closer to practlcallty.

1.4.2. Proplam Solving. A problem

exlsts In a nuclear plant when a barrier



occurs between the operator and his goal of
continued safe plant operation, Typlically, a
barrier would be a malfunction somewhere in
the system. Once a problem has been observed,
tts solution consists of three steps:
definition of the problem, identiflcation and
execution ot procedures +to correct the
problem, and evaluation of whether the actions
taken have served to remove the barrler(s) +o
the goal. Th% problem Is consldered to be
wel l=structured-? and therefore relatively
simple to solve If afl +the Information
necessary to complete this sequence 1s readily
avallable to the operator, meaning that he not
only recognizes the Importance of varlous
pleces of Information, but also that he can
either retrleve them from his own memory or be
able to fInd them easlly In the procedures.
However, tne problem would be deflned as [|1-
structured if the operator |acks [nformation
in any or all of the steps. Depending on
level of +tralning and experience, a glven
problem may be well-structured for one
operator and Ill-structured for another.

The concept of il{=-structured versus wefli-
structured problems can be applled to the
constituent elements of problems as well as to
the probtem as a whole, In other words, a
problem might be well~structured In terms of
task definitlon and goal, but 1ll=-structured
in terms of procedures. Analyslis of problems
In thls way suggests that the development of a
taxonomy of problems based on degree of
structure would be usefyl for Identifying
points in the problem-solving process when
Informaticn Is likely to be unavailable,
perhaps due to cognitive processing
I Imitations of the operator.

Using this approach, each problem could be
consldered to exlst In a2 three-dimenslonal
space, running from well~structured at the
origln to Ill=-structured at the end of the
dlmension. The dimensions are the three steps
noted above: task deflnition, selection of
procedures, and evaluation of .esults. Each
dimension can be further subdlvided by the
subtasks requirea In each of the three steps.
For example, one subprocess of task
identification [s to determine the constralnts
under whlch the problem must be solved. In a
nuclear plant, one consfralnt would be that an
actlon +o keep the plant operating should not
have a negative effect on safety and,
conversely, that shutting the plant down
should not have a negative effect on szafety.
The subtask would be well-structured 1f the
satety Implication of the proposed actlon was
known, and Ill=structured 1f it was not known.
As another example, one technique for
evaluating complex probiems Is to divide the
problem into subgoals In order to be able to
test progress at frequent Intervals. Testing
Is then carrled out by pattern-matching, that
Is, by checking the existing plant status
agalnst knowledge ot the desirec state.
Computer alds, by enabling the operator to see
tne progress being made or not made toward the
final goal, would help keep +the problem
solving process on ftfrack and keep [T well-
structured.

The problem=-solving approach outilned here has
two major componenis. The flrst is to define
as many potentlal problem classes and subtasks
as possible so that tralning procedures and
operator alds can be develcped to make +these
problems wel l-structured. The second
component [s to deveiop a training program te
acqualnt operators wlth +the tasks and
procedures Involved In problem solving so that
they willl be better equipped to deal with
fftl=structured problems, which wili fnevitably
occur.  Although <some trafning In general
reasoning methods (e.g. heuristlc search
procedures) might be valuable for an extremely
Ti)-structured problem, research Indicates
that problem solvers more often use reasoning
skills that are closely related to particular
bodles of knowledge. 3! This suggests that
identiflcation ot and ftfralning In reasoning
skills which develop along with expanding
knowledge (both practical and theoretical) of
nuclear plants should be a majJor research
goal. Concomitantiy, such research might
ldentlfy the need for operators wlth speclific
cognltive abliities,

The paradigm for a well=structured problem is
a closed=form, solvable mathematlical equation.
Through operator tralning and the development
of alds and procedures, many problems of a
nuclear plant could be made well-structured
enough to approximate +thls [deal, and 1t Is
probable that many of the more routline
problems could be automated. Untlil such time
as computers become capable of the higher-
level problem solving required for solution of
unexpected I|l-structured problems, however,
the human operator wlll be a necessary part of
+he system,

1.4.3. Reconflguring. The operator
{s able to alter the configuration of the
ptant or any subsystem whenever necessary to
ensure economlc and safe plant operation.
This capablllty, beyond the reaim of system

control, allows the operator tc change the
order of operation or function of systems or

equipment, to bypass or alter the flow of the
process In effecting a goal (especially a
satety goal}, or +to replace or order the
replacement of faulty equipment. This
dimensfon ot autcmation has not yet been
Implemented In plant systems. A good example
of humans performing system reconflguration
under emergency condltlons Is the rewlring of
an electrical pane| by an operator during the
Brown's Ferry fire of 1975, The operator,
working In a hostlie environment, bypassed
Inoperative clircult breakers to energlze a set
of pitmps In order +o remove core heat In a
novel, unant{clpated manner. The
reconflguring function of the operator Is part
of his role under both normal and emergency
conditlons, but one would expect more dramatic

and unusual system modiflications during
attempts to subdue unexpected emergency
conditlons.
2. Maintaln Equipment

2.1. PBlanning. Tue operator schedules

both corrective and preventive malntenance



actlvities for times when they wll ! cause only
minimal disruption of ptant operations.
Highty dlsruptive malntenance actlvities are
scheduled, If possible, for times when the
reactor Is down for refueling. Certain
malntenance actlvitlies may be performed during
an unscheduied  shutdown. Although  the
majority of mafntenance tasks, especlally
equipment callbration or replacement, are
performed by +the malntenance crews, some
maintenance tasks assoclated with the control
room or control panels may be performed by the
operating crew.

Operators are alerted to the need for
maintenance by observing the plant schedule or
Instrumentation Indicatlions (and perhaps +the
appllcation of a formulal). Thls monitoring
activity follows from the monitoring and
dlagnosing functions performed by the operator
as he supervises plant operations.

2.2. Jesting. The operator 1s requlred
to test +the operabillity of plant systems,
equipment, and Instrumentation. This function
may follow from elther a schedule or an
Indlcated or percelved need. A part of the
testing function Is Instrumentation
cal lbration.

2,3, Maintenance Implementation. In
order +to repalr, replace, check, or callbrate
a plece ot eqiipment, the operator must bypass
and deenergfze the equipment and Indicate that
a malntenance actlvity Is in progress. The
operator dispatches malntenance personne! and
coordinates the assoclated activities of
support groups within the plant organtzation,
especlial ly health physl:s.

2.4. Equlpment Modiflcatfon. One form of

malntenance oceurs as operators and
maintenance personnel mod!fy equipment +o
Improve I+s  function. The most obvious
modiflcations are those to +the man-machine
Interface3 which attempt to ellminate
deficliencles In the orlginal design of control
boards and plant maintenance areas. Some
modifications act as cues to the operator +to
prevent acclidental activation of controls,
white others clarify the meaning or use of a
control. Equlpment modification can be
potential ly hazardous, especially If the
change produces ambiguous or contlicting
information. The practice of equipment
modiflcation is discouraged at some piants,
encouraged at others. Whether by design or
happenstance, equipment modlflcation appears
to be a role which the operator assumes.

This study has concentrated on operations- and
malntenance-related functions. Support
activities, although Included in the taxonomy
outiine for completeness, have not been
elaborated. This does not diminish thelr
Importance, however, but indicates the need to
further examine thls aspect of the operator's
role.

C. Role Acceptance

Humans are Included In systems primarily to
provide capabllities which are too d'fficult
or too expensive to automate. Because high
reliablitty (wlthin budget and technological
constraints) 1Is a system requirement, the
entire man-machine system must be designed to
optimize reilabilitys This not only means
rellable equipment but aiso rellable human
performance. The expense and effort put [nto
designing uitra-rellable equipment could be
unproductive [f a man Is Inserted In the
system with a role unacceptable to him.

There [s no lack of llterature pertaining to
Job satisfaction (e.g. Ergonomlcs
Abstracts32). The results of a few studles
are glven here to polnt out Just some of the
systems-related factors affecting role
acceptance.>ss Factors such as remuneration
and [nterpersonal retlatlionships, al though
Important, will not be considered here.

ResponslhllUty/Authority: The levets of
responsibllity and authority must be deflned
and balanced above a certaln acceptance
thresholde Thils threshold Is affected by
factors such as educatiaon, tralning,
experience, and personal attltudes of the
operator. Acceptance is dimInished If an
Indlvidual is assigned a role below his
respunsibli ity/authority threshold.

Use and Retention of Skilis: Role acceptance
wiil be greater 1f the Indlvidual Is able to
use and maintaln skills which are important to
hime This factor Is often violated by the
selection of overquallfied personnel. In
addition, the opportunity to learn and develop
new skllls can Increase role acceptance.

ElexIbllity: The ablilty to vary the manner
of accompllshing his tasks on hls oan
Initiative enhances the operator's roie
acceptance. This flexiblllty Is constralned
by management and reguiatory requlrements,
The operator should be made aware of the basis
for the constralnts.

: The dIstribution of
function between man and machlne affects
acceptance. In genera!, the allocation of
frequent, repetitive tasks and continuous
servo-control functions to a machine Is highly
acceptable. However, the automatlon of high-
level decislon making tasks Is generally not
acceptable tc operators, particulariy when the
machine's decision affects the human's

‘oad. These are 1wo extremes on a
cont.auum and no ideal dividing |line exlIsts.
The optimum alfocatlon of functlon depends on
the system performance requirements and the
attitudes and abilitles of the operator. User
participation In  the function allocation
process will add to acceptance. However, user
preference alone Is not a reilable basls for
Improving system performance.



D. Qperator's Role During Emergencles

A primary concern In the current study Is the

nuclear plant operator's role In emergency
cond!tions.* ODuring such conditions, the rote
of the operator Is shifted to that of

maintalrlng vital safety functions, such as
adequate core coolling, regardless of whether
the cause of the upset has yet been diagnosed.

This approach Is analogous to the medica!l
doctor who treats an emergency patlient’s
symptoms untl] the patlent's vital signs have

stabll i1zed somewhat.

The goal of the emergency procedures (EPs) Is
to malntaln adequate core cooling,3? which Is
consistent with the safety-functlfon concept.

To support this goal, certaln processes are

assumed necessary. These processes would
ultimately conslst of operator tasks--the
physical acts that underiy the operator!s
roles Thls structure represents a hierarchy

of goal, processes, and tasks +that parallels
the hlerarchy of behavlor categories presentad
by several  analysts at RISO Nattonal
Laboratory.27, Behavlior may be classifled
on three levels: goal- or knowledge-based,
rule~ or procedure=based, and skil|=-based.

The EPs examined f1t this general hlerarchical
pattern, and from them the following role was
Inferred. Figure 4 lllustrates a hierarchy of
operator response for the onset of an
emergency. The +top level Is a goal-=-an
Interim, safe steady state—~whlich is broader
‘than adequate core coo!ing alone. Supporting
this goal are the processes of (1) observing
symptoms, (2) supervising safety functions,
and (3) diagnosing for critical events. Each
process is then composed of severat tasks at
the lowest actlon level. For example,
detecting an Increase in the average reactor
coolant system temperature could be a task
supporting the process of observing symptoms.
On the other hand, manually switching from
main to auxlilary feedwater could be a task
supporting safety function supervision,

One perspective of the basis for operator
response |s that a human operator Is baslcally
a general [zed problem solver.36 This conforms
wlth the goal-topped hlerarchy developed In
the analysis ot EPs, since a basic definition
for problem solving Is:

"I+ must be goal-directed, It must
Involve a sequence of operations,
ang these operations must have a
signiflicant cognitive component. "37

to achleve an interim safe steady

Thus,
the operator must assess the dlstance

state

*Since TMmI-2, reactor manufacturers and
utilltfes have adopted a safety-functlion
approach to procedure writing (see Refs., 13
and 14), This  study s based on an
examination ot the newly revised emergency
procedures of one pressurized water reactor

(PWR).
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Flg. 4. Operator role hierarchy at onset

of emergency.

from the current pfant status to the goal~
state. The problem then Is +to close that
dlstance. To solve that problem, the operator
must choose a response or set of tasks.,

As a problem solver, the operator can be
modeled as a sequence of operations (see Flg.
5). Operatlion (1) s hls role as plart
dlagnosticlan. Operation (2) requires the
operator to know +the goals ot operations
management so that he can define the gozl-
state appropriate to the assessed plant
status. Operation (3) Is hls role as declsion
maker, where he chooses the procedure that
will carry him from the current plant status
to the goal-state., Operation (4) is his role
whether  contlinuous

as controller, or
supervisory. The first three operations are
human cognitlve processes; thus problem
solving, as generailzed, can be thought of as

the cognitive mechanism that takes the
operator from the +top (goal) level of the
hlerarchy in Fig. 4 to the second (procedural)
level. This second |level is then carrled out
with an operator ald--the EPs,
revisions of the EPs studied Include
diagnostic  procedure that supports
sarety-function approach.

Recent
a
the

The operator's problem of how to achleve the

goal-state 1s solved only when his response
action changes the plant status to match I+.
The response follows from the procedure

selected, with no guarartee that any set of
written procedures wili be sufflclent to solve
any unanticlipated prot am. The diagnostic
procedure was developed for thet reason.

The dlagnostic EP Is a heuristic* procedure
rather than an algorithm, as are the bulk of
procedures. Thus Operatfon (5) In Fig. 5 has
been expanded with the realization that not
all problems can be solved In advance. The
heuristic EP compties with this realization
and has some important characteristics: It is
goal-directed--its alm 1Is an Interim safe

*A heurlstic procedure Is one that has the
tendency to achieve 1i+s specified goal but
does not guarantee I+ as does an algorithm.
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steady state; It buys time +to allow for
diagnosls of the cause of the problem; as a
heuristic procedure, It Is not guaranteed +tc
succeed ot Is likely to; and because there is
no guarantee of success, [t formally requires

contlinual re-evaluation of the plant status.

Thls last characteristic Is cruclal to the
heuristic procedure, and theretore can best be
shown at the process {evel ot +the operator
hierarchy. Figure 6 shows the relatlionship of
the +hree processes that support the goal of
an Interim safe steady state. The flrst two
processes are completed In one pass, while the

third s iterative. The flrst process,
observe symptoms, Involves recognizing the
pattern of some twenty critical plant
paramerers. At that tlme a brief assessment

of +the cause Is performed but not necessarl!ly
acted upon. The second process, supervise
safety functions, Involves various checks and
alignments necessary to set up the plant
system that would be most likely to support
the safety functions required. The +third
process, diagnose critical event, (s the
heurlstic eiement ot the EP. This process
Involves supervising the Implementation of the
satety functions, with particular emphasis on
adequate core coollng. If the emergency Is
real (e.g. not an Instrument failure), then
the third process wlll lead the operator to
transfer from the diagnostic EP to the three
critical event EPs: Loss of Primary Coolant,
Loss of Secondary Coolant, or Loss of Primary
Into Secondary by Way of Steam Generator Tube
Rupture. These three glasses of accldents are
called critlcal because each challenges the
success ot the safety function--adequate core
cool i ng~-through the fundamental thermo-
hydraulics ot the plant.

Provisions written Into the three critical EPs
allow the operator to reassess the plant
state, measure It agalnst his goal-state, and
transfer back to the  heuristic EP It
necessary. Thus +thls third process cannot
guarantee successful dlagnosis of the cause of
the upset at any point but provides a feedback
loop to allow [terations of the dlagnostic
process. By directing the operator's
attention to safety functions and providing a
formal mechanism for Iterative dlagnosis, the
dlagnostic EP Is Intended to give the operator
additfonal time to diagnose the speciflc cause
of +the upset, although the possiblllty exists
that he may use up his time with wrong
decislons whlle the accident warsens.

"
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I11. CONCLUSIONS

The operating crew's rcle 1s  continually
changing as a result of changes in control
room automation, ptant  complexity, and
operating experlence. Automation, the most
Infiuential factor, can be characterized by
three dimensfons: process control capabllity,
process monftoring and dlagnostic capabllity,
and process configuration alterabtlity. Both
operators and plant systems perform these
actlvities to varying degrees, depending upon
the designer's allocation of function. The
general level of automation can be determlned
by the degree to which machines are glven
responsibit ity in these three dimensions.

In  highly automated environments, the
operator's role becomes one of a supervisor.
However, during malfunctions he must
substitute his own capabl!lities for machine
capabliities In order to assure the
continuation of necessary functions. The
human operator Is needed for hls abillty +o
solve [ll-devined problems and modlfy
equipment contligurations, especially during
emergency conditlons. These ablllitles are
currently beyond the scope of  automated
systems. For that reason, the operator should



be trainec and supportec by control room
aqulpment to fully use these human
character!stics.

This study examinec the EPs of a typical PWR

usling the boTtom~up approach, and the results
produced a description of the operator's rcle
during emergencies that fittec the top-down
approach usec In constructing the role
taxonamy.

A workable taxonomy can go @ long way towards
providing a framework for analyzing The role
of nuclear power plant cperators. No
unlversal taxonomy ex!sts, however, nor would
it be feasltie to construct one, but g
functicn-orliented role taxonomy does provide a
starting point for examining oparator training
and operational ealds Further refinement of
the taxonomy Is possitle and needed. The
authors hope that [+ can be tused with the
results ot task analysls etforts to the end
that a clear and complete description i the
operating crew's role car bhe reatlizea.
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