her
e

174
‘nge
-1
bl

tale
c
&(‘
e
TRC
tha

hun

the

ihe

106
ik

am

i~
iy,

oin

2 ) - e '
.
2

i .71
‘. y 8 ’.‘:.'"r' g R
- o ' o 5

2 S e ~ & : S lal i
el e it a e —

==

82030
PDR FO
MADDEN

30043

1A

80-555%

Coniroi and
instrumentation
Edited by E. W. Hagen

Hurmman Factors Engineering Enhancament of
Nuclezar Power-Plant Control Rooms” .

By J. L. Seminara,t R. W. Pack,? S. Scidensnin,§ and §. K. Eckent®

Abstract: Human facrors engineering 5 an interdisciplingry
wpecialty concerned with influencing the design of equipmeny,
systems. facilities, and operational environments to promote
safe, efficient, and reliable operaior performance. A humgn
Jactors review of five representative nuclezr powerplant
conirol rooms reported in the November-December 1977
issue of Nuclear Sufety revesled that aperational control moms
deviate in meny vignificant ways from human Jactors principles
of design. The present arricle deals with me thods Jor upgrading
operationgl control rooms to improve the man - machine

*This article summarizes a portion of the work conducted
in a study sponsored by the Electric Power Research Institute
(EPRT) entitled “Human Factors Methods for Nuclesr Cantrol
Room Design.™ An overview of the entire study is provided in
Report EPRI NP-1118-8Y. Report EPPI NP-1118-Vol. I deals
with human factors methods for enhancing existing control
rooms in 3 more extensive manner than reported in this article.
The reader can obtain these EPRI reporis by conracting the
Research Reports Center, P. O, Box 10090, Palo Alto, CA
94502

tloseph L. Seminara is head of the Human Factors and
Industrial Systems Group within the Lockheed Missiles and
Space Company, Sunnyvale, Calif. He hys served as project
leader and principal investigator on three muajor research
projects for the Electric Power Reseurch Institute (EPRD
dealing with the human factors aspects of powee-plant operg-
ions and muinterunce. He is also 3 consultant on an
EPRI-spunisored study to deselop 4 petivomance-messurement
system tor nucle v power-plunt operators. He received his
graduate and undergraduate traning 3t New York University in
experimental and indusinial piycholingy During his 20 years
with Lockhecd, he has patticipated in the Jevelupment of 3
wide spectrum of compiley eympmont Lystuins ranging from

the Polarts anwade che kour conwles W the design  and

evaluition of lunae veh coamepts. He hobds fellow status in

the Huwman Factors S0 oty and N suthured more than 40
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810804

PDR

interfoce. Two levels of enhanzement gre considered (1) a
vartety of surface changes i could be effected without
interrupting power genergtion and (2) muodifications that are
possible during scheduled extonded outages. Both levels of
enhancement would result in sutstaniial mprovemenis, but it
is important io state that neither approgch will Jully optimize
the control boerds fram the humun factors stendpoint Ideslly,
human foctors methods should he applied throughout the
design process — from concept developmient to system imple
mentation-—rather than on ¢ backfit bazis.

participated in the scientific exchange programs with Romania,
Bulgana, the USSR, Crechoslovakia, and Poland administers
by the Natonal Academy of Sciences. He has served as 2
private consuitant to the Nuclear Regulatory Commission's
Three Mile Island Special Inquicy Group.

tRandall W. Pack is a program manager for the Nuclear
Engineering and Operations Department of the Electric Power
Re.earch Institute. Before joining EPRI in 1974, he served as
head of the engineering department on two nuclear sub
mausines. He comp':ted his undergruduate studies in eluctrical
enginzering at Vandurbilt University and his graduate studies in
nuclear engincering at the University of California at Berkeley,
He has recently Heen assigned to woek full time on the
establishinent of the Institute of Nuclear Power Operations.

i3idney Seidenstein is head of the Human Performance
Evaluatin Group in the Space Systems Division of the
Lockhecd Missiles and Space Company. He has worked on two
EPRLspunsurcd studies of auclear power plants and is cur-
rently project lesder on 3 humaun engincenng evaluation of
dispatch control enters for the Electric Power Rewarch
Instisute, His work evperience includes 13 years with Lock
heed on 4 sarety of mannddsysiem problems, ranging from
heslth ' apace vehicles, He recewed the PLLD
degree H19EN) 1m oo f e catad pyy hulogy from the Univerwty
of Wiscunaa, the MAL degree (1955 trom Lenigh Universisy
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A study' of the hunen Tctors aspects of five
aperational nuciear puwer-plant control rooms. which
was sponsored by the Elecine Power Research Institute

PRI), was summarized in the November -December
1977 issue of Nuclear Safety.® The study revealed a
series of minor and major human factors deficiencies

sd e weed for furid

B VOIR Lo rRaoive tigne of e
prabizis nwted. Aceorcingly, ECRI inaied a jviluw:
on research project (EPRI AP §£01-3) to investigate
conventional and advanced human factors design
approaches simed at improving man-machine inter-
faces to reduce the likelihood of operational errors.
This article deals with one part of the follow-on study,
namely: What can be done to upgrade existing nuclear
power-plint control rooms from the human factors
standpoint?

There are presently aboui 70 operstional nuglear
power piants in the United States and more than an
equal number of new plants for which the control
boards either have been designed or are in various
stages of assembly and checkout. In the attempt to
introduce human factors engineering considerations in
nuclear power-plant control rooms, the most immedi-
ate payoff would result from an upgrading of opera-
tional or near-operational control boards. Of course,
there are limits to what can be done on a backfit basis.
A number of compromises must be made since there is
little or no opportunity to make major changes in the

ssition of panel elements, to rewire panel compo-
nents, to change circuitry logic, ete.

Two leveis of control-board enhancement were
considered. The first level deals with a variety of
surface, or “cosmetic,” modifications that could be

member of the Human Factors Society and Sigma Xi. His
background includes teaching applied psychology for the
University of Maryland Extension, the USC Systems Munage-
ment Program, Stanford University, and DeAnza College as
well as industrial consuiting. ’

¢ Sharen K. Eckert has been involved since 1975 in the
human factors aspects of controk-room design for power plants
with emphasis on the design of advanced control rooras for
nuclear power plants. During her 9 years with the Lockheed
Missiles and Space Company, she has been involved in the
following activities: statistical data analyses, human pesfor-
mance rel shility analyses, mathematical model development,
computer-aided fuult-tree analyses, and visual display deveiop-
ment and evaluation. Prior to joining Lockheed, she obtained
the M.S. degree in mechanical engineenng from the University
of Arizona where she was on a National Aeronautics und Space
Administration traineeship, She ceceived the B.S. degree in
mathematics from Westminster College. She 1s a member of the
Human Factors Society, the [nternational Ergonomics Society,
and the Society of Women Engincers
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effected without interruption of plant operations. The
second level considered assuimes that @ particutar piant
anticipates an extended outsge that allows the time
and opportunity for a more in-depth reworking of the
boards. Both levels of enhancement discussed would
considerably impruve board operations but would not

iy optraigs them. Oprisiizston o * Lant T
Losrds from the human foctods stindpoint reguiiss
specialized and systematic sttention to the man-

machine interaction from the concept stage of d:sign
to system implementation. This obviously cannot be
done retroactively; however, we hope to show that the
potential for operator error can be significantly re-
duced by some minor and inexpensive surface changes
to the control boards.

CONTAOL-BOARD ENHANCEMENT
POSSIBILITIES

Problems commonly observed in the course of
earlier control-room reviews were categorized as fol-
lows: (1) those which could be addressed on a backfit
basis while the plant remained uperational, (2) those
which could be remedied during an extended planned
outage, and (3) those which did not lend themselves to
backfit remedizs. The first category is of immediate
interest here and includes the concerns and remedial
measures listed below. It is important to note that all
of these measures have been attzmpted by operators in
one context or another, but not with much consistency
and usually as a result of an operational mishap or a
perceived deficiency in the original design of the
control boards.

Functional Demarcation of Ralated
Panel Elements

While related groups of panel elements are often
grouped in meaningful clusters on the boards, these
clusters of controls and displays are usually not
functionally demarcated in such a manner that the
relationships are immediately apparent to uperators.
Figure | shows a massive array of undifferentiated
pane! elements. An arrangemant such as this forces the
operator to adopt a “huntand-peck” method in
searching for specific controls imbedded in a mass of
many other identical controls. The nced for more
distinctive functional groupings of elements is clear
both from a human factors judgment standpoint and
from the lengths to which operators have gone to
achieve such demarcations at some plants. Conse-
quently, a first and inajor step in upgrading existing
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Fig. 1 Massive array of identical panel slements. Color coding
of the modules identifies the system to which these modules
pertain, but subpanel groupings are not evident.

designs is to find ways to apply functional demarcation
techniques to operational or near-operational panels.

Labeling

An important part of functional demarcation of
panel groupings is the implementation of a system of
hierarchical labeling which accentuates logical group-
ings of panel elements, thereby avoiding the repetitive-
ness observed in present labeling practices. Figure 2
shows the repetition of ACCUM TK PRESSURE or
LEVEL for each panel element. Similarly, the designa-
tions 1A, 1B, IC, and 1D are repeated for each half of
eight pairs of meters. This repetition slows down the
operator in locating a meter or control of immediate
interest because the distinctive or identify ing ¢lement
of a given meter is not highlighted but rather is buried
n 2 mass of repetitive labeling. A compurison of Figs. 2
and 3 ulustrates the difference betwszen existing and

- - ot Jind lahat! e »
recommendeg 1abeINY Arictives.,

Along with this hierarchical labeling approach, it is
advisable to intraducs size coding of lubels where the

- o T i T moveal 1 Abor SLES 5o nd ok
a 4¢ ey __.-,(‘_) : wil 209 d e

Wi ze5t labe
sraliest ones are used fur identification codes ey,
IP(-950) with the console schematics. In rig. 3, ACCU.
MULATOR TANKS is the largest label used since it
identifies the largest number of elements shown. The

labels PRESSURE and LEVEL are of intermediate size.

Controls

Onz of the most serious problems observed with
controls is the presence of lirze arrays of undifferensi.
ated or deatical controls collocated in a given area of
the control boards (see Fig. 1). Such arrangements can
and have caused inadvertent operation of improper
controls. Some operators have taken pains to paint
troublesome controls different colors or substitute one
control handle or knob shape for another. Existing
control boards should be reexamined for control-
coding possibilities, e.g., shape coding, color coding, or
combinations of such coding practices. Substitutions of
control handlzs of different shapes can generally be
accomplished with little or no impact on operations.

Another major category of problems in this area
has to do with the location of controls in areas or
orientations that render them vulnerable to accidental
contacts and disturbance from operators or others who
frequent the control room. In order to safeguard
existing control rooms from these error-prone situa-
tions, a thorough review of each panel is required to
ideniify those controls which are susceptible to distur-
bance and the gravity of the consequences of inadver-
tent control activation. Such a review will reveal those
controls which operators have attempted to safeguard
through experience with operational mishaps or near-
mishaps. When the potential “troublemakers” are
identified, steps should be taken to either substituts
less error-prone controls or provide raised protective
barriers, covers, built-in position-locking controls, or
possibly guard rails at the point of contact between the
operator and the boards (see Fig. 4).

Meters

A major improvement to present control buards
could be effected by developing and applying consis-
tent coding practices for scales to indicate normal,
marginal, and out-of-limit operating bands. Meter limits
should be reviewed for each panel, and 2 consistent
coding practice should be developed, eg.. 1 ygreen

- Aoy , mhee msrainal Kas =
n 1ot 0peril g 2Ang, A0 TYIG ands ter
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Fig. 2 Repetition of ACCUM TK PRESSURE or LEVEL for each panel element label. (Compare with

Fig. 3.
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Fig. 3 Relabeling of panel shown in Fig. 2 showing the use of major and minor labelings. With this

approach, fewer individual labels are needed and there is less need for abbreviations
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Fig. 6 Doughnut and bar symbols on indicators represent open and closed status Green and red lights

are used to indicate normal and abnommal. Incidentally

caution tags?

Miscallaneous

The foregoing description of enhancement possibil-
ities for current operational control rooms is not
intended to be exhaustive. Each control room is unique
and should be reviewed on an individual basis for
specific human factors recommendations. For example,
multiunit control rooms that have been mirror-imaged
offer special problems and no easy solutions. The most
effective way to handle this problem would be to
assign operators permanently to one unit or the other,
but this selution would obviously reduce management
flexibility in the use of operational manpower,

EXAMPLES OF HUMAN FACTORS
ENHANCEMENT

Several representative operational panels were se-
lected for study to provide examples of methods for

NUCLEAR SAFETY, Vol. 21, No. 3, May-June 1980

» what displayed information is obscured by the

retrofitting existing operational panels. An analysis was
made of human factors problems, and the possibilities
for modification were considered. The cases illustrated
reveal that'a number of surface changes were possible
within the limits described in the introductory remarks
for this section. Applying human factors enhancement
on an “after-the-fact™ basis is generally a compromise
and is not always satisfying from either a human
factors or an aesthetic viewpoint.

Example A

Figure 7 shows a steam-generator feedwater system
control panel. The panel allows monitoring and control
of three steam generators with two motor-driven main
feedwater pumps associated with one steam-driven and
two motor-driven auxiliary pumps. The most striking
observation in reviewing this panel is the lack of
apparent relationship between discrete panel elements.
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Fig. 4 Guard nils affixed to the console to prevent the
operator from accidentally activating the pistol grip controls

side of normal, and red out-of-limit bands on the high
and low sides as appropriate (see Fig. 5). These color
bands should be affixed directly on the meter scale
where it is possible to do so by easy removal of the
meter cover. Meters can also be improved by replacing
some present scales that violate human factors engi-
neering principles.

Indicator Lights

The indicators and annunciators within the control
room should be reviewed to ensure appropriate use of
color-coding techniques. Often this means no mure
than changing the color of a lamp cover. Operators at
one plant have made an elaborate attempt to introduce
special logic in the coding of indicator lights on the
control boards. Doughnut and bar symbols have been
incorporated into the legend face of the square
indicator lights {(see Fig. 6). These symbols represent,
respectively, open and closed status of valves. In
addition to this symbology, the lights have been
color-coded red or green to denote, respectively,
abnormal and normal situations. Consequently. a red
doughaut tells the operator that the valve is open when
it should be closed, and a green doughnut signifies that
the valve is open and this position is the proper one.
This type of approach to display coding, if fully
impleasented 30 that the logic holds for all plant

Sr. is o

corditons fraom shutdown to full power

nformative than the more common coding approaches

gnify a clused valve and

whiie 2reen indicatoes simoly
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display systern lends sell to recoding must be dezer-
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Chart Recorders

Some of the chart recorders currently in use are
overloaded. Recorders designed for monitoring 24
parameters 1re sometimes assigned twice that many
pownts. Recorder prntouts are often ilegible, and cycle
time between #ach printout ¢an be excessive. Rather
than relying on the recorder printout for the necessary
data, the operator monitors the pointer and scale
reading, which occurs at the time each parameter value
is sampled in 1 fixed sequence The problem with this
approach is that cycle time can be as long as 4 min, and
in that time irreversible damage can occur to the
subsystem involved. As a minimum sclution for this
problem, some chart recorders cun be modified with a
fast cycle control option so that the operator can
rapidly move to the parameter of immediate interest.
More elaborate solutions for this problem require more
extensive changes to the control boards, e.g., substitut-
ing meters for important parameters now assigned to
chart recorders or installing additional recorders.
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The operator must examine the legend on each
individual switch, indicstor, or meter t0 mule 1Y

. % y
Sl Ut Of Uie panet

Figure 8 shows 1n attampi to funcrionally dsmar.
cate the panel shown in Fig. 7. The various functional
groups of panel elements are bound together by taped
lines of demarcation. Within each grouping, summary
labels are introduced, thereby reducing the time
required to scan the label of each individual panel
element. Space constraints mads it impossible to olace
oo cunsiziently above or consistently below compo-
nents. Furthermore, 2 eolor coding (white, black, and
gray) has bzen adopted for controls associated respec-
tvely with steam generators A, B, and C. In assigning
this code to the panel elements, it readily becomes
apparent that no consistency was observed in the
ordering of A, B, and C steam-generator elements. In
some cases 2 top-to-bottom A, B, C onentation is
observed, such as in MAIN FEEDWATER ISOLA-
TION. In other cases the opposite order (C, B, A) is
employed from top to bottom, e.g., in AUXILIARY
FEEDWATER THROTTLE VALVES. In another case
a left-to-right A, B, C order is presented. In addition to
color or shape coding of the controls, meters should be
color-banded to highlight out-of-tolerance readings.

Example B

The feedwater control system panels at a second
plant, shown in Fig. 9, are characterized by the use of
large color-cuded modules for each control element.
The modules on the control boards are coded by major
systems, so all feedwater modules are the same color.
The use of such modular arrangements has distinct
advantages from 2 maintenance standpoint, since the
modules can be removed from the front of the boards
for servicing. However, the use of many discrete
modules, each color-cod=d to be distinctive in compari-
son with the background console color, tends to
heighten the individuality of each separate control and
its associated indicators. This obscures the interrela-
tionships between groups of associated control ele-
ments, The use of one color to tie together all
feedwater panel elements wastes this coding dimension
with regard to functional subgroupings within the
feedwater system panels.

The grouping of modules shown in Fig. 10 is
organized n a rough matrix format, with vertical
columas representing the four steam generators and
horizontal rows dedicated to the same control or

s 1)

disoluy function Yor each of the four steam o

asraiors

It is apparent from Fig. 10 that the original layout
did not orgunize columas relading to the four staum
Senatos n 4 precisr of astheie fabiuvin, Sor
example, the valve controls foe stesm generitorel yre
directly below the meters [or steam generator 2. The
lines of demarcation make such disparities more
obvious than the original design did. Had the designer
been required to functionally demarcate control panel
elements {rom the outset, he most likely would have
provided a more logical and coherant 2rrangement.

As was the cuse with exampie A, the control switch
handles are coded distinetivaly to diTerentiaie betwes=n
steam generators. In addition, all meters should be
color-banded to indicate normal and off-normal limits.

REORGANIZATION OF EXISTING
CONTROL BOARDS

Up to this point 2 number of surface changss to
existing control boards were proposed for considera-
tion. Here we will consider more extensive modifica-
tions to existing operationa! boards. The assumption
here is that the plant will not be in operation for
several months and that this outage has been planned
for some time. This scheduled downtime is seen 1s an
opportune time to upgrade control boards that have
proven especially troubiesome from an operational or
training standpoint. In other cases, owing to extensive
backfits over the years, the panmel layout has become
operationally unwieldy.

The redesign of control boards under the circum-
stances Jescribed will, in addition to all the factors
considered earlier in this section, allow the freedom to
regroup panel elements in more logical functional
relationships than might have been the case in the
original designs. Also, pane! elements that have proved
to be useless or obsolete can be removed from the
boards to eliminate unnecessary clutter or distractions.

There will be obvious limitations to the extent to
which the original design can be modified. The
freedom to relocate panel elements will be limited by
the lengths of the existing cables or the cost of
extending the cables. There is also the concern that the
panel may have to be scismically requalified. It is
uniikely that any major revisions involving circunt
design will be practical. Therefore the larituds availuble
for enhancing the boards during an extended plannod
outage is greater than that available when the plant
remains in aperation, but for less than the fraodom

ot when the |

Bugrds wzee ity 2irsie
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Fig. 9 Segment of the feedwater control system panels <lected for human f aciors enhancement.

In the rearrangement of the feedwater control
panel shown m Fig. 10, the elements present in the
existing control panel (see Fig. 9) were reorganized and
relocated on the panel within the same general area
with the same spacing as on the existing board.
Techniques of outlining, bordering, color coding, and
labeling were incorporated into the revisions. Panel
elements were retained within their respective major

NUCLEAR SAFETY, Vol 2!, No 3. May-June 1980

console sections, and the primary organization of
major elements was not changed.

Major changes were made in regrouping and reorga-
nizing the elements of a particular subsystem to place
associated display and control elements in a closer and
more systematic relationship to one another as com-
pared with the ongnal configuration. However, the
basic arrangement of the steam-generator displays and
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Fig. 10 Slighdy rearranged feedwater control panel to provide a more logical grouping of panel
elements. (Compare with Fig. 9.)

elements on the control boards, it does not appear
likely that the boards will survive their nominal 40-yr

associated controls was not disturbed except to modify
the lateral spacing to emphasize the vertical organiza-

tion of contruls and displays fo. cach steam generator.
Labels were added to identify the functions for each
row of controls, and coding techniques were used to
differentiate each of the four steam generators.

Wiule such panel rearrangements would be consid-
erably more costly than the surface modifications first
discussed, at some point i the life of the control room
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life unchanged. This “face-lifting™ process should be
preceded by an analysis of the new information display
requirements and the control options revealed by
operational experience with the boards

SUMMARY AND CONCLUSIONS

W il . 3
" > y My

Wonal or aedi-operationdd control boards can be up-
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162 CONTROL AND INSTRUMENTATION

graded 1o improve the operaior- sattacboard inter-
face. As was stated at the outset, the two levels of
modification considered would not vicld ontrol panels
that were completely satisfactory from the human
facturs standpoint, but they would represent a consid-
erahle improvement. As evidenced by the numerous

% e by operatirs to on! thair boovds
(i-uslly a the result of an opstativad misiap); th
aved *o upgride the human faciors a:pecis of prossal-

generation control rooms is acute.

We are recommending a more systematic examina-
tion of operational control boards to establish specific
enhancement requirements and possibilities. Some of
the general recommendations made in this section will
apply 1o al! control rooms, e.3., improvad labeling,
functional grouping of controls, and coior banding of
meters. Huweser, cach centrol room necds to be
reviewed on a case by case basis for specific enhaice-
ment recommendations. The following steps are recom-
mendad to arrive at a comprehensive set of remedial
measures specific to each plant:

1. The existing boards should be reviewed carefully
for signs of operator modifications, e g., coding of
meters, improvised labels, and pencil scribblings on the
boards. Such additions to the boards are indicative of
panel design deficiencies and may call for more formal
or precise design remedies.

2. Each member of the operational dz2partment (or
most of them) should be interviewed individually by
means of the structured interview approach. Such
interviews should preferably be conducted by a neutral
third party, and the anonymity of those who are
interviewed should be safeguarded. These interviews
would probe control-board design deficiencies.

3. The history of operator errors and near-errors or
accidents should be examined carefully in terms of the
human factors engineering components of the problem.
Were identical controls placed side by side and one
mistaken for the other? Was an essential bit of
displayed information obscured by a maintenance
clearance tag? Many so-called “operator errors™ are in
fact attributable to control-board design deficiencies
that the customary “retraining” cure will not remedy.
The cntical incident technigue,’ a method for system-
atically exploning the causes for accidents or near-
accidents, errors or near-errors, is especially useful in
this context.

4. The boards should be reviewed in terms of
human factois engineering design standards and cni-
teria. The following documents are especially useful for
this purpose:
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a. L. P Van Cott ané R. G. Kinkudz (Eds.), M:oman
Fromeering Guide to Fyrepment Design, Rev. ed.,
Department of Defense. GPO, 1972.

b. E J. McCormick, Human Factors Engincering,
3rd ed., McGiaw-1hill Baok Co., New York, 1970.

¢.W. E. Woodson end D. W. Conawr, Human

vefie arivg Cousde for Edocet Desionas, 1aled.
ait Jontina Paaas, 1 %04,

A ML STD-14°28, llnan Ceginecriny Design
Cruteria fur Military Systems, Equipment, and Facilities
(U.S. military standard), Dec 31, 1974 (change 1
issued May 10, 1976).

§. The data developed from the foregoieg activities
should be integrated and suinmarized to provide a set
of plant-specific recommendations in three categories
of implementation. (1) those winch can be imple-
mentzd immediately without interrupting power pro-
duction, (2) those which should be inplemenied dur-
ing the next major foresceable outage, and (3) those
which can only be applied in the design of the next
control room procured by the utility.
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