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MODELS OF HUMAN OPERATORS: THEIR NEED AND USEFULNESS I-"OR
IMPROVEMENT OF ADVANCED CONTROL SYSTEMS AND CONTROL ROOMS

H. E. Knee"
J. C. Schrwcr'

ABSTRACT

M o d e l s o f h u m a n b e h a v i o r a n d ( . o p i n i o n ( H B \ C ) a r e n e ' : e s s a . y l o r u n d e r s t a n d i n g t h e t o t a l i c - -pon^c i
c o m p l e x s y s t e m s . M a n y >uch m o d e l s h a \ e c o m e a v a i l a b l e o \ e r t h e p a s t I h i m \ e a i s l o r v a r i o u s app l i c . i t u n
M a n y p o t e n t i a l m o d e l l i t e r s r e m a i n s k e p t i c a l -shout t h e i r p r a c t i c a l i t y , a c c e p t a b i l i t y , a n d u ^ c l u l n c ^ v Su
h e s i t a n c y s t e r n s in p a n f rom d i s b e l i e f in i h e a hi l i t ) 110 m o d e l c o m p l e x c o g n i t i v e nio<.cs>.ev a n d a K l i c t th .
r e l e v a n t h u m a n b e h a v i o r c a n b e a d e q u a t e ! } ' a c c o u n t e d for t h r o u g h t h e u^e of c o r n m o n - ^ e n ^ c h c u i i M K
T h i s p a p e r wi l l h i g h l i g h t - e v e r a l m o d e l s o f H B c v C a n d iden t i fy e x i s t i n g a n d p o t e n t i a l a p p l i c a t i o n ^ ;
a t t e m p t t o d i s p e l s u c h n o t i o n s .

I. I N T R O D U C T I O N B A C K G R O U N D

O v e r t h e pas t t h i r t y v e a r v t h e m o d e l i n e of h u m a n b e h a v i o r , ( a n d m o r e r e c e n t ) } ) c o g n i t i o n h.:^
n e e n e x p e r i e n c i n c i n c r e a s e d i n t e r e s t . T h i s i n t e r e s t s t e m s f rom t h e p e r c e p t i o n h u m a n e r r o r s a r e i n c r e a s i n g
l e a d i n g t o d i m i n i s h e d p l a n t s a f e ty , r e l i a b i l i t y , m a i n t a i n a b i l i t y a n d a v a i l a b i l i t y ( S R M < V A ) . T e c h n o l o g i c a l
a d v a n c e m e n t s h a v e led t o t h e e l i m i n a t i o n of m a n y o f t h e p r e v a l e n t "bad a c t o r s " r e l a t e d !<> S R M A . A
a l l o w i n g h u m a n e r r o r s t o s u r f a c e as o n e of t h e p r i n c i p a l c o n t r i b u t o r s . L ' n f o r t u n a t e l y , t h o s e u h o fan1 h a t e d
I h e t e c h n o l o g i c a l fixes of t h e p a s t w e r e i l l - e q u i p p e d t o a d d r e s s a d v a n c e s t h a t i n v o l v e d d e a l i n g u i i h e l e m e n t
o f " s o f t - s c i e n c e " .

M a n y a n d v a r i e d p h i l o s o p h i e s h a v e e m e r g e d r e l a t e d t o t h e m i n i m i / a : i o n o f h u m a n < . T H V
H a r d c o r e a u t o m a t i o n a d v o c a t e s ins i s t t h a t t h e bes t w a y t o e l i m i n a t e h u m a n e r r o r is t o e l i m i n a t e t h e
h u m a n . O t h e r s ins is t t h a t s i n c e h u m a n i n v o l v e m e n t c a n n o t b e t o t a l l y e l i m i n a t e d , t h e h u m a n s h o u l d
f u n c t i o n in a s u p e r v i s o r } ' c a p a c i t y o v e r ;; s e m i - a u t o m a t e d c o n t r o l s y s t e m . St i l l o t h e r s e m p h a M / c t h a t
i n t e l l i g e n t , h i g h q u a l i t y o p e r a l o r s u p p o r t s y s t e m s s h o u ' d b e p r o v i d e d in o r d e r t o m i n i m i z e c o g n i t i v e
w o r k l o a d r e s u l t i n g in r e d u c e d l e v e l s of h u m a n e r r o r . A t t h e o t h e r e x t r e m e a r c t h o s e w h o feel l iu ' t t h e
h u m a n s h o u l d b e I h e p r i n c i p a l c o n t r o l l e r a n d b e a l l o w e d 10 m a .„• m i s t a k e s in c o n t r o l in o r d e r t o f ac i l i t a t e
l e a r n i n u ( a n d t h e r e f o r e l e a d t o m o r e o p t i m a l h u m a n i n - t h e - l o o p c o n t r o l a n d r e d u c e d h u m a n e r r . u s ) , s o
l o n e a s h e is w a t c h e d h y a s y s t e m t h a i e n s u r e s a v o i d a n c e of a p i o g r e ^ r i n t o w a r d c ; . t a > t r o p h i c e v e n t s T h e
v a r i a t i o n w i t h i n t h e s e p h i l o s o p h i e s e m p h a s i z e s a l a d of u n d e r s t a n d i n g o f t h e r o l e s ( a n d t h e i r c o n s t i t u e n t s )
of h u m a n s in c o m p l . x p r o c e s s c o n t r o l .

• O a k R i d g e N a t i o n a l L a b o r a t o r y ' , C o g n i t i v e S y s t e m s a n d H u m a n F a c t o r s G r o u p
P . O . B o x 20D8. O a k R i d c c , T e n n e s s e e . U S A " S ? ! - 6 . V - , 0



T h e d e s i g n s o f e x i s t i n g n u c l e a r p o w e r p l a n ! ( N P P ) c o n t r o l r o o m s a n d c o n t r o l s y s t e m s h a \ e in i h e pas t
b e e n f a c i l i t a t e d w i t h l i t t l e f o r m a ! a t t e n t i o n t o t h e f u n c t i o n a l i t y of i h e h u m a n e l e m e n t w i t h i n t h e ikMi: i i .
T h e p r a c t i c a l d e s i g n p a r a d i g m r e g a r d i n g t h e h u m a n - i n - t h e - l o o p w a s t h a t g o o d e n g i n e e r i n g , c o u p l e d w i t h
i n t e n s e t r a i n i n g w o u l d r e s u l t in a w o r k a b l e c o n t r o l l a b l e d e s i g n . U n f o r t u n a t e l y , t h e h i e h n u m b e r oi
i n c i d e n t s <>f h u m a n o p e r a t o r e r r o r a s s o c i a t e d w i t h a l a r e e p e r c e n t a g e of u n p l a n n e d u n s c h e d u l e d o u n c e s .
d i d n o t s u p p c i r t t h i s h y p o t h e s i s . W i t h i n t h e n u c l e a r c o m m u n i t y , s u c h i n a t t e n t i o n s t e m s f r o m a n u m b e r <>!
f j i d o r s i n c l u d i n g : 1) a g e n e r a l l ack o f f o i m a l a w a r e n e s s a n d a t t e n t i o n t o t e c h n o l o g i e s t h a i cxNl r e g a r d i n g
m a n - m a c h i n e i n t e r f a c e . H B - V C m o d c l i n e a n d h u m a n f a c t o r s a s s o c i a t e d w i t h c o m p l e x pro<.c^s c o n t r o l . 2)
a g e n e r a l l a c k o f t r u s t in t e c h n o Ion ics i n v o l v i n g "so f t - s c i e n c e s " , a n d ? ) a g e n e r a l l ack of a p p r e c i a t i o n o l the
p o s i t i v e f a c t o r s t h a t h u m a n s c o n t r i b u t e t o a c o n t r o l e n v i r o n m e n t , e .g. . h u m a n i n g e n u i t y . l n n o v a t i v c n c ^ .
a d a p t a b i l i t y a n d f lexibi l i ty .

T h e d e s i g n e r s of a d v a n c e d N P P s a r e m - p a r t i n t e r c M c d in a i . h i e v e r r . e n t of i n c r e a s e d I e \ c K o l
a u t o m a t i o n t h a i s u p p o r t a m i n i m i z a t i o n o f s ta f f ing for c o n t r o l . S u c h m i n i m i z a t i o n is e n v i s i o n e d 10 re su l t
in f e w e r ( o p p o r t u n i t i e s for h u m a n e r r o r , a n d t h e r e f o r e an i n c r e a s e in p l a n t p e r f o r m a n c e m e a s u r e s s i ^ h a*
p l a n i a v a i l a b i l i t y . s y s t e m r e l i a b i l i t y , s w e m e f f e c t i v e n e s s , a n d w h e n r e l e v a n t , sa fe ly . R e a l i z a t i o n o!' •••ji.h a
g o a l h o w e v e r , r e q u i r e s a n exp l i c i t a n d d e t a i l e d a n a h s i s o ! t h e r o l e s o l h u m a n s f u n c t i o n i n g .-.s p. i r t ot t h e
p r o c e s s . It is n o l o n g e r a c c e p t a b l e t o d e s i g n lo r t h e h u m a n e l e m e n t In d e l a u i i . W i t h o u t p i o p e r a t t c : i t ; o n
t o d e s i g n i n g for o p t i m a l h u m a n p e r f o r m a n c e - , e n h a n c e d leve l s i>f a u t o m a t i o n c o u l d actual!1- r e s u l t in
d e c r e a s e d l eve l s o f t h e a f o r e m e n t i o n e d p l a n t p e r f o r m a n c e m e a s u r e s . A p r e d i c t i v e m o d e l ol h u m a n
o p e r a t o r p e r f o r m a n c e c a n a l low d e s i g n e r s to i - x p l k i l l y a n d q u a n t i t a t i v e l y s t u d y h u m a n b e h a v i o r w i t h m t h e i r
e m e r g i n g d e s i g n s . In a d d i t i o n t o h a v i n g r e l e v a n c y as a d e s i g n t o o l , m o d e l s of H B ^ V C h a v e r e l e v a n c y in a
n u m b e r o f o t h e r a r e a s t o b e d i s c u s s e d l a t e r in th i s p a p e r .

II. OVERVIEW OF SELECTED HUMAN MODELS

Activities associated with the modeling o[ HB.VC are not new and have, over the past thirls w.ir^.
produced a number of models that are as varied as the applicat ions for which 1 hey were developed. These
models ranee from guidelines related to human capabilities (e.g.. Fins Lists1 • j through noi ions invohjng
the human „« a specialized system or processor (see Woods and Roth ' s discussion of ihe human as a
control system, a communica t ion system, a statistical decision mal;er. an information processor .;,>]J a
symbolic processor ' ) , to sophisticated models that emula te a wide range of HBA:C through an integration
of such noi ions . This paper will provide overviews of selected models in an a t tempt to demons t ra te that
modeling of human behavior is indeed possible and thai their usage has relative!) widespread applications.
It is interest ing to note that ihe nuclear industry has provided the primary s t imulus lor the development
of many of the more recent and sophisticated models ,^t HBA:C: these include the Opera to r Fu'Minncl
Performance Simulat ion (OPPS) model, the Maintenance Personnel Performance Simulat ion (MAPPS)
model , the Cogni i ise Envi ronmeni Simulation (CES) . me Integrated Reactor O p e ra t o r System
( I N T E R O P S ) model , and the Cognitive Simulat ion Model ( C O S I M O ) . all to be discussed later in this
section.

A. Rasmusscn 's Information Processing Opera to r Model 1

Rasmussen 's information processing opera tor model is a paper-and-penci l taxonomy that ptovides
a map or schematic of the e lements which make up a scnsing-planning- implcmentat ion paradigm. The
model involves the following eight, cone-rally sequential , primary e lements : 1) detection ol a need for action
(activation), 2) observation of information. ?) identification of present system suite. 4) in terpreta t ion ol
consequences . 5) evaluation of performance criteria. (•>) definition of tasks. 7) formulation ol procedures,
and S) execution. Shortcuts within Rasmussen 's model are possible depending on the degree to which the
opera to r has internalized a part icular scenario stimuli (i.e.. the degree to which the human has been trained
to provide ei ther an au tomat ic response [skill-based behavior] , or can identify an appropr ia te procedure
[rule-based behavior]) . Knovvlcdcc-based behavior involves a si tuat ion thai is relatively unfamiliar to the
human, and requires creative thinking. This type of behavior is therefore more resource consuming than



either skill- or rule-based behavior. During times of hiuh stress (e.g. during an olf-normal event in a
NPP) .humans will have a tendency to want to engage in ski]]- or rule-based behavior as opposed to
knowledge-based behavior in order to minimize stress and c o n v e n e resources.

Rasmussen 's model provides a uood generic framework upon which lo build more specific models.
For example, detect ion, observat ion, or any (if the other element1- t an be modeled at a more detailed !e\el
if needed. On the other hand, the model provider no guidance on how to incorpora te performance shaping
factors (PSFs) such as fatigue, stress, ability degradation, etc.. into the model. Fu r the rmore , the mode]
does not reflect feedback from subsequent elements , and is not a temporally-based model. The model 's
principal usage has been as a s ieppines tone for more detailed modeling effort1;.

B. The Procedure-Or ien ted Crew Model (PROCRL")"
( P R O C R U ) is a computer-based optimal control model ( O C M ) developed to analyze liiuht crew

procedures in a landing approach. As with all OCM1-. feedback plays an important role in the running o!
the model . The model portrays the human opera to r as a rational control ler who a t tempts to optimize
system performance within human perceptual , a t tent ional and cognitive l imitat ions. In effect, the human
functions ^s a control or decision element in a closed-loop, man-machine system. The model can address
discrete information processing (e.g.. e \ent detect ion) , cont inuous infoimaiion processing (e.g., Mate
est imat ion) , procedure selection in order to maximize expected gains, discrete and cont inuous control , and
communica t ion anmnu crew m c m b e i v Decision making errors can occur due to perceptual , procedural ,
or workload l imitations.

A conceptual model for supervisory control of NPPs has been proposed by Baron (developer ol
PROCRL") and his co-workers ' . This model: selects goals, utilizes sioreei mental models as lensi-tcim
memory, utilizes shor t - term memory to More temporal information, selects information to be moni tored,
performs state est imations and predict ions uiili/ing mental models in order to evaluate al ternative opt ions
for action, contains a discrete event >imu!ator. performs si tuation assessment using simple pattern
recocnit ion or by accessing knowledge in menial models, makes decisions based on expected net s;ain.
selects appropr ia t e procedures or scripts, and executes procedures . All of the actions taken are etlccicd
in a t imeframe that is concurrent with the NPP process model time-frame.

Al though the supervisor, control version of this opera tor model is more comple te than its OCM
ancestor , it has cinly begun to address knowledge-intensive activities of the opera tor , includine plannini1.
fault diagnosis, and problem solving. Integration of these models with knowledge-based models would
approximate the kind of approach needed to predict behavior < if the ope ra to r of advanced control MMttitv

C. The H u m a n Ope ra to r Simulator ( H O S f
H O S was developed for the L'S Naval Air Development Center as a human engincennt : tool I.-I

the lest and evaluation of physical layout designs and selection (if types (if displays ; ind controls . It is .1
computer s imulat ion model , and is therefore somewhat distinct from the previously described modclv A
compute r s imulat ion model a t i e m r i s to mimic or to represent some aspect of real life" and may involve
embedded stochastic processes. The model simulates the performance of a coal-oriented and well-trained
ope ra to r of a complex weapon system. Simulation detail, down to the level of hand reaches, control device
manipula t ions , eye shifts, absorpt ions (if visual information, and internal information processing and
decision making can be achieved. The behavior of the simulated opera to r is assumed to be predominantly,
in a rule-based domain, and can be viewed as highly procedure-intensive. Fu r the rmore , because of single
channel processing l imitations, procedures are executed one at a t ime.

The general model functionality of H O S is as follows: information about current displays and
controls are absorbed into a shor t - term memory and compared to information stored in a lonu-tcrm
memory: quant i ta t ive information is inferred from the comparison and used to de te rmine how to
accomplish procedural steps: appropr ia te anatomy movement (head and eyes, hands and arms, and feet)
is de termined; and times for bodv movements are defined" '" . The activity limes are treated



d e t e r m i n i s t i c - a l l y , w h i l e t h e m e m o r y p r o c e s s is t r e a t e d s t o c h a s t i c a l l y . S o m e v a l i d a t i o n s t u d i e s h a v e b e e n

c o n d u c t e d . T h e y d e a l t w i t h p r e d i c t i o n o f h u m a n r e a c h , d i s p l a y r e a d i n g , s i m u l t a n e o u s d i a l m o n i t o r i n g , a n d

t r a c k i n g , a n d h a v e s h o w n g o o d c o r r e l a t i o n b e t w e e n t h e p r e d i c l i c is f u n c t i o n a l i t y of H O S a n d c o l l e c t e d d a t a .

D . E a r l y S i e g e i - W o l f M o d e l s 1 1 ; ;

T h e e a r l y m o d e l i n g e f fo r t s by S i ene l a n d W o l f i n v o l v e a l a r g e n u m b e r o f s i m u l a t i o n m o d e l s focused

o n h u m a n s o p e r a t i n g a n d m a i n t a i n i n g e q u i p m e n t . T h e s e m o d e l s c o m e f r o m w h a t S i e g e l r e f e i t e d t o as t h e

fami ly o f t a s k - o r i e n t e d m o d e l s . T h e t h r e e p r i m a r y m o d e l s w i t h i n th i s f ami ly w e r e : 1 ) t h e 1-2 m a n m o d e l ,

2) t h e i n t e r m e d i a t e c r e w s i / e m o d e l (4 t c 2 0 m e n ) , a n d 3 j i h e l a r g e g r o u p m o d e l (2u t o 1(«> m e n ) . T h c ^ e

m o d e l s w e r e d e v e l o p e d for t h e I S Navy , a n d v e n e r a t e d e s t i m a t e s o f s u c c e s s p r o b a b i l i t i e s in ta^k a n d

m i s s i o n p e r f o r m a n c e s , t a sk p e r f o r m a n c e t i m e s , a n d a p l e t h o r a o f o t h e r f a c t o r s r e l a t e d t o (he q u a I i n of la^k

a n d m i s s i o n p e r f o r m a n c e a n d t h e s l a t e i>f t h e h u m a n t e a m s (e . e . . I T K M e r r o r - p r o n e ta^k1-. a m o u n t i-'

p r o d u c t i v e t i m e , a m o u n t s of id le t i m e , s t r e s s p r o f i l e s for j o b t y p e s , e t c . ) . T h e m o d e l s r e q u i r e d a l a m e

a m o u n t o f i n p u t d a t a (e .u . . l h e i n t e r m e d i a t e c r e w s i / e m o d e l r e q u i r e d m o r e t h a n l '() i n p u t p a r a m e t e r ^ ) ,

h o w e v e r , u l i l i / a l i o n o f d e f a u l t v a l u e s e n s u r e d t h a t t h e u n a v a i l a b i l i t y o f c e r t a i n d a t a d id no t p r o h i b i t t h e

r u n n i n g o f t h e m o d e l .

T h e S i c u e l - W o l f m o d e l s a r e s i o c h a s i i c in t h e i r t r e a t m e n t of t a s k c o m p l e t i o n l i m e s a n d p r o c e s s

e r r o r s . F u r t h e r m o r e , t h e m o d e l s a r e c h a r a c t e r i z e d as b e i n g i n p u t - n u t p u t m o d e l s . T h a t is. i h c \ t a n prov ide

r e l i a b l e p r e d i c t i o n s of h u m a n p e r f o r m a n c e g iven a r e l a t i v e l y w i d e r a n g e of PSl-'s a n d t h e c o m p l e x

i n t e r a c t i o n s t h a t e \ M u n i o n s t h e m , b u t d o no t a t t e m p t t o a s s u r e t h e p'-yi.holu-.iical p lauMbi l i tv of t h e

i n d i v i d u a l c o m p o n e n l s cif i h e m o d e l .

T i m e s t r e s s ( t h e p e r c e p t i o n o f t h e d i f f e r e n c e b e t w e e n t h e l i m e r c m a i n i n e a n d t i m e nece s sa ry t o

p e r f o r m a t a s k ) o c c u p i e d a c e n t r a l l o l e in t h e e a r l y S i e g e l - W ' o ' f m o d e l s . T a s k p e r f o r m a n c e t e n d e d to N :

d e g r a d e d w h e n t i m e s t r e s s t o o k o n a n e g a t i v e v a l u e . T h e M A P P S m o d e l ( d e v e l o p e d by O a k Rid<:c

N a t i o n a l l a b o r a t o r y [ O R N L j a n d S i e e c l - W o l f a n d a s s o c i a t e s ) d e p a r t e d f r o m t h e t r a d i t i o n a l n o t i o n ot

h a v i n g t i m e s t r e s s as i h e m a j o r p a r a m e t e r of i n f l u e n c e in t h e m o d e l . W i t h i n M A P P S . th i s p a r a m e t e r w a s

a b i l i i y l o a d i n g , a n d will b e d i s c u s s e d in m o r e d e t a i l l a t e r .

E . T h e O p e r a t o r P e r s o n n e l P e r f o r m a n c e S i m u l a t i o n ( O P P S ) M o d e l " 1

T h e O P P S m o d e l w a s d e v e l o p e d by O R N L a n d G e n e r a l P h y s i c s C o r p . t o p r e d i c t a p r o b a b i l i t y

d i s t r i b u t i o n of t i m e to c o r r e c t l y c o m p l e t e N P P sa fe ty r e l a t e d o p e r a t o r a c t i o n s . It is a relatively. M'mpic

m o d e l o f a h u m a n o p e r a t o r t h a t u t i l i z e d c h a r a c t e r i s t i c s r e l a t e d t o t a s k r e q u i r e m e n t s , i n f o r m a t i o n

p r e s e n t a t i o n a n d s v s i e m d y n a m i c s t o n c n e r a t e e s t i m a t e s (if task t i m i n o . C o g n i t i v e p r o c e s s e s w e r e m o d e l e d

at a r e l a t i v e l y g r o s s l eve l . T h e y i n v o l v e d d e t e c t i o n o f d i s t u r b a n c e s , i n t e r n a l p r o c e s s i n g i^f i n f o r m a t i o n , i h e

f a c i l i t a t i o n o f s w i t c h m a n i p u l a t i o n s t o o p e r a t e e q u i p m e n t a n d c o n t r o l t h e n u c l e a r p r o c e s s , a n d e r r o r

r e c o v e r y in t h e e v e n t o f a d e l e c t e d e r r o r . T h e O P P S m o d e l c h a r a c t e r i z e d e u o r s a n d s o m e PSf-^

s t o c h a s t i c a l l y . T h e s o u r c e s o f d a t a t o s u p p o r t t h e s i o c h a s i i c p r o c e s s i n g c a m e f rom e x p e r i m e n t s c o n d u c t e d

in N P P t r a i n i n g s i m u l a t o r s . O P P S w a s w r i t t e n in t h e S A I N T ( S y s t e m s A n a l y s i s o f I n t e g r a t e d Ne twork- -

of T a s k s ) ' 1 n e t w o r k s i m u l a t i o n l a n g u a g e w h i c h is ve ry a m e n a b l e t o t h e b u i l d i n g of h u m a n - m a c h i n e m o d e l s

F . T h e M a i n t e n a n c e P e r s o n n e l P e r f o r m a n c e S i m u l a t i o n ( M A P P S ) M o d e l 1 "

T h e M A P P S m o d e l was d e v e l o p e d by O R N L a n d A p p l i e d P s y c h o l o g i c a l S e r v i c e s for t h e N u c l e a r

R e g u l a t o r y C o m m i s s i o n ( N R C ) as a t o o l for g e n e r a t i n g h u m a n e r r o r p r o b a b i l i t y d a t a r e l a t e d t o N P P

m a i n t e n a n c e for u s e in p r o b a b i l i s t i c r i sk a s s e s s m e n t ( P R A ) s t u d i e s . M A P P S is a S i c g e l - W o l f t y p e m o d e l

t h a t f o c u s e s o n a b i l i t i e s , r a t h e r t h a n t i m e s t r e s s as a p r i n c i p a l m o d e l p a r a m e t e r . T h e n o t i o n o f iMilizint'

abilities as the focus of the model involves the assumption that ability requi rements for successful ^ubta^k
comple t ion varied with the nature of the subtask and various job factors such as accessibility to the
equ ipment , the need for protective clothing and the availability of procedures . F u r t h e r m o r e , maintenance
learns have available both cognitive and psycho-motor abilities that a re assumed to degrade with fatigue
and o lhe r factors such as stress. At any point in time, the probability of successful task accomplishment
is a function of the difference between the current ability levels of the mainia iners and lhe required ability



l e \ e l s o f i h e s u b t a s k . T h e m o d e l i n c l u d e s a l i b r a r y o f 2<S g e n e r i c N P P m a i n t e n a n c e s u b t a s k s (e .g . . a c i i \ a i e .
c o n n e c i , i n s p e c t , remove) w h i c h a r e u t i l i z e d w i t h i n a t a s k a n a l y s i s t o c h a r a c t e r i z e t h e m a i n t e n a n c e l a sk .
F u r t h e r m o r e , i n f o r m a i i o n f r o m j o b a n a l y s e s c o n d u c t e d for four g e n e r i c m a i n t a i n e r t y p e s ( s u p c n N o r .
e l e c t r i c i a n , i n s t r u m e n t a i i o n a n d c o n i r o l t e c h n i c i a n a n d m e c h a n i c ) p r o v i d e d a b i l i t y r e q u i r e m e n t s a s s o c i a t e d
w i t h e a c h l i b r a r y s u b i a s k .

M . A P P S c a n s i m u l a t e a c r e w of m a i n t a i n e r s (2 t o X p e r s o n s ) a n d a d d r e s s e s p r i m a r i l y a c t i v i t i e s t ha i
a r e h u m a n m o t o r - o r i e n t e d . T h e mod i . ) d o e s , h o w e v e r a d d r e s s d e c i s i o n m a k i n g a n d l r o u b l e - s h o o t in e w h i c h
l e n d t o b e m o r e c o g n i t i v e - i y - o r i c n i e d , b u t d o e s s o g e n e r a l l y in t h e i n p u t - o u t p u t f a s h i o n t h a t is c h a r a c i e i i M i c
Kii S i e g e l - W o l f m o d e l s . T h e m o d e l e e n e r a t e s a l a r g e a m o u n t o f o u i p u i i n f o r m a i i o n t h a t is use fu l for P R A s
a s w e l l a s m a i n t e n a n c e s t r u c t u r e d e s i g n a n d e v a l u a t i o n . It w a s e x t e n s i v e l y d o c u m e n t e d a n d w a s e v a l u a t e d
( n v r a y e a r s p e r i o d of t i m e w i t h r e l a t i v e l y p o s i i j v e o u t c o m e s 1 .

G . T h e I n t e g r a t e d R e a c t o r O p e r a t o r S y s t e m ( 1 N T H R O P S ) M o d e l ' "
T h e I N T E R O P S m o d e l is a c o g n i t i v e m o d e l o f h u m a n f u n c t i o n s a s s o c i a t e d w i t h ( r e q u i r e d t o r ) i h e
o p e r a t i o n o f o n e o f t h r e e G e n e r a l E l e c t r i c ( G E i m o d u l a r P R I S M ( P o w e r R e a c t o r I n h c r c n i l y Safe M o d u l e i
l i q u i d m e t a l s r e a c t o r s a s r e p r e s e n t e d by G E ' s A R I E S - P t h e r m a l - h y d r a u l i c s i . odc . T h e 1 N T F R O P S m o d e )
is d y n a m i c a l l y l i n k e d 10 A R I E S - P so t h a t p l a n t s l a t e i n f o r m a t i o n a l f e c t s i h e m o d e l o f h u m a n r p e t a t o r
f u n c t i o n a l i t y , a n d t h e r e s u l t a n t h u m a n p e r f o r m a n c e a l l e c i s i h e p r o g r e s s i o n of t h e t h e r m a l - h y d r a u l i c s <.oJc.
1 N T E R O P S c a n a l s o b e r u n in an o p e n - l o o p m o d e w h e r e i n t h e m o d e l p r o v i d e s i n f o r m a t i o n r e l a t e d t o
a c t i v i t i e s w h i c h mis ih l b e e x p e c t e d t o be e x p e r i e n c e d , h u t d o e s not ac tua l ly i m p l c m e n i i h e c o n t r o l .ictiv ; i ies
in t h e A R I E S - P c o d e .

T h e d e v e l o p m e n t o f I N ' 7 ' E R O P S is be ins ; c o n d u c t e d w i t h i n a D e p a r t m e n t of E n e r s i y s p o n s o r e d
p r o g r a m a t O R N L e n t i t l e d t h e A d v a n c e d C o n t r o l s P r o g r a m ". I N T E R O P S is a k n o w l e d g e - e n h a n c e d
n e t w o r k s i m u l a t i o n m o d e l p r o g r a m m e d w i t h i n t h e S A I N T n e t w o r k s i m u l a t i o n l a n g u a g e . It is d u b b e d
k n o w l e d g e - e n h a n c e d b e c a u s e t h e s i m u l a t i o n n e t w o r k h a s b e e n a u g m e n t e d by a k n o w l e d g e - b a s e c o n s i s t i n g
of p r o c e d u r a l i n f o r m a i i o n r e q u i r e d for a d d r e s s i n g a s e l e c t e d n u m b e r o f o l f - n o r m a l e v e n t s . T h e m o d e ! is
p r e d i c l i v c . a n d c a n p r o v i d e i n f o r m a t i o n r e l a t e d to i h e e x p e c t e d c o g n i t i v e b e h a v i o r of h u m a n o p e r a t o r s in
i h e c o n t r o l o f a P R I S M m o d u l e .

T h e h u m a n f u n c t i o n s m o d e l e d w i t h i n I N T E R O P S i n c l u d e m o n i t o r i n g , s u r v e i l l a n c e , a i i e n i i o n
a l l o c a t i o n , c l a s s i f i c a t i o n , i n t e r p r e t a t i o n , s y s t e m f a i l u r e d e t e c t i o n , faul t d i a g n o s i s , n o r m a l a n d e n u n x n e x
p l a n n i n g , s i t u a t i o n a s s e s s m e n t a n d d e t e c t i o n cf h u m a n e r r o r s . T h e s e m o d e l s a r e 1'iimly b a s e d o n t h e
a s s o c i a t e d l i t e r a t u r e . In a d d i t i o n to m o d e l i n g f u n c t i o n s r e q u i r e d for c o n t i o l of a P R I S M m o d u l e .
I N T E R O P S w a s d e v e l o p e d t o re f l ec t a n u m b e r o( h u m a n h e u r i s t i c s a n d b i a s e s . A i t h e c u r r e n t l i m e , live
o f t h e s e h a v e b e e n p r o g r a m m e d i n t o I N T E R O P S . F i r s t , i h e m o d e l r e f l e c t s t h e h u m a n f o r g e t t i n g p t n n ^ .
i.e., t h e i m p o r t a n c e o f a p i e c e of d a t a t h a t t h e o p e r a t o r h a s m o n i t o r e d d i m i n i s h e s w i t h t i m e . S e c o n d , t h e
m o d e l e m b o d i e s a s u s c e p t i b i l i t y it) r e c e n c y b i a s e s , i .e. . in p e r f o r m i n g d i a g n o s e s , t h e o p e r a t o r h a s y t e n d e n c y
t o u t i l i z e d a t a a n d i n f o r m a t i o n t h a t is m o s t r e c e n t . A t h i r d b i a s i n v o l v e s c o n f i r m a t i o n b i a s , i.e., in t h e
p r o c e s s o f c o n f i r m i n g a h y p o t h e s i s , a h u m a n o p e r a t o r h a s a t e n d e n c y t o s e e k d a t a a n d i n f o r m a t i o n i!.,it
c o n f i r m s i h c c a n d i d a t e h y p o t h e s i s . F o u r i h . h u m a n o p e r a t o r s h a v e a l e n d e n c y t o " c h u n k " d a t a a n d
i n f o r m a t i o n , i .e. . o n c e t h e o p e r a t o r e n e a e e s in a p a r t i c u l a r l ine o f r e a s o n i n g , --uch r e a s o n i n g will c o n t i n u e
u n t i l a m i n i m u m su f f i c i en t a m o u n t of e v i d e n c e h a s b e e n r e c e i v e d t h a t s u g g e s t s a c h a n g e t o a n o t h e r l i r e
o f r e a s o n i n g . L a s t l y , h u m a n s a r e s u s c e p t i b l e t(> c o g n i t i v e t u n n e l i n g , i .e. . u n d e r h i g h l eve l s o f s t r e s s , t h e
h u m a n o p e r a t o r wi l l f o c u s o n l y o n a s u b s e t o f d a i a a n d i n f o r m a t i o n i ha t is r e a d i l y a v a i l a b l e .

I N T E R O P S is c a p a b l e o f g e n e r a t i n g a n u m b e r o f o u t p u t p a r a m e t e r s . A t t h e c u r r e n t t i m e , w u h
a n e m p h a s i s o n a l l o c a t i o n o f f u n c t i o n . I N T E R O P S g e n e r a t e s t h r e e p r i m a r y o u t p u t m e a s u r e s . T h e first is
c a l l e d c o g n i t i v e r e s o u r c e u t i l i z a t i o n a n d r e f l ec t s t h e n u m b e r o f s i m u l t a n e o .̂  c o g n i t i v e p r o c e s s e s b e i n g
e n g a g e d in by t h e h u m a n o p e r a t o r a t a n y p o i n t in t i m e . T h e s e c o n d m e a s u r e is c a l l e d t h e m o n i t o r i n g ta^k
q u e l e n g t h a n d r e f l e c t s t h e n u m b e r of i t e m s t h a t r e q u i r e i h e o p e r a t o r ' s a i t e n t i o n t o m o n i i o r i n g . T h e t h i r d
measure is time-stress.



The model 's primary mien! was lo be a decision support lool for control system and conirol room
designers. M o r e specifically, JNTEROPS ' s primary function was to provide information useful for
allocation of function. Its usefulness, however, noes far beyond its initial intent. It can aKo provide
informalion relevant 10 staffing decisions in the conirol room, assessment of the cognitive loading of ihe
opera tors , control and display design, determining the content and quality of procedures and the
identification of requi rements for opera tor aiding.

It should be noted that a l though 1NTEROPS is a network s imulat ion model , it is not an input-
output model in the sense of t radit ional Sicgel-Wolf models. What I N T E R O P S at tempts 10 model are the
cognitive activities which when studied, provide insight into how humans function as p roh lcm-sohers .
Therefore , the human is not treated as a "black box" or a "simile-point".

Fu ture I N T E R O P S research directions include: 1) modeling mul i i -opera ior performance. 2)
modeling mul t i -modular conirol . and 3) modeling of knowledge-based behavior (i.e., behavior w h k h
requires creative problem-solving, e.g.. in addressing severely e l f -normal events for which procedures do
not exist).

H. The Cognitive Environment Simulation
The C E S was developed by West inghouse Eleciric Corpora t ion under sponsorship ot (he NRC. It is a
simulation of cognitive processes ihai allows exploration of plausible human responses in dillercni
emergency si tuations. CES focuses (in ihe following eognilive competencies : control of a t tent ion (including
data-driven conlrol of a t tent ion, compet i t ion for limited resources and evidence processing), situation
assessment (involving expeclai ions and qualitative reasoning), explanat ion building, response management
and knowledge representa t ion.

The C E S utilizes the E A G O L artificial intelligence | r o b l e m - s o l v i n g sys tem" (a proprietary product
of Seer Systems) for providing capabilit ies for reasoning in dv iamie s i tuat ions. Because C E S models the
processes by which intent ions to act are formed, it can be used to find points in the cognitive processing
which are p rone to errors associated with intention formation, and to identify ihe sources of cognitive
processing breakdowns and intent ion formation failures. CES also provides an analwic lool fi>r
investigating the effects of changes in NPP person-machine systems including new ins t rumenta t ion.
computer -based displays, opera tor decision aids, procedure changes, training, and muli i-pcrson pioblcm
solving stvles.

The C E S can function in two modes. First, it can lake daia and informalion from a NPP iraininsi
s imulator (or o ther source of process system data) and can genera te conlrol in tent ions . Al though CES
does not directly interface with the training simulator, a human subject has been utili/cd as an in termed iaiA
between the C E S and the simulator . The second mode involves the CES genera t ing control intentions for
a data file of process parameters on an a-posieriori basis. For this mode, there is no control feedback into
the process.

The CES has been exercised on several NPP accident scenarios. One case involved a failure in a
por t ion of the system that connected the reactor coolant system to the residual heat removal syMenr". This
event was diasinosiically challenging because it produced symptoms in mult iple regions of ihe plant ihai
are normally unconnected, suggesiing the possibility of multiple independent events. The performance oi
the C E S on ihis event was successful in revealing the knowledge and reason ins; required to diaenose this
class of incidents, but it did not accouni for the difficulty that humans have in assessing the relevant
knowledge and integrating the evidence. Fu ture areas of research will investigate the addit ion of human
cognitive processing biases.

A cognitive reliability assessment lechnique ( C R E A T E ) was developed that ulil i /es the CES 10
generate input for human reliability analyses port ions of a PRA : J . Within the C R E A T E technique, CES
is run on mult iple variants of accident sequences of interest. The variants arc selected lo provide



eognitivcly challenging si tuations. The goal is lo identify sets of condii ions (eharacierisiics of the situation
and/or the ope ra to r ) that combine lo produce intent ion failures with significant risk consequences. Once
the range of plausible intention errors and the condii ions under which they will arise are identified, a
quantification procedure is used 10 assess ihe likelihood of these intention errors .

1. The Cognitive Simulat ion Model ( C O S I M O ) : i : "
The COSI.MO is being developed by the Commission of the European Communi t i e s ' Joint

Research Cen t re in Ispra, Italy. It involves two cognitive levels of reasoning and decision making. These
are : 1) high-level decision making (HLD.M) involving exploiiaiion of an opera tor ' s knowledge by
cont inuously engaging in situation assessment and by building supervisor , and control strategies (planning).
and 2) low-level decision making ( L L D M ) involving a working memory and conscious memory dynamics.

The H M D L includes a knowledec-hase involving knowledee-framcs (descript ions of the processes
and s t ruc ture of the system) and action-frames (pre-defined plans of action for different situation1-). The
mechanism for bringing the products (if the stored knowledge base inio working memory i m o h e s
"similarity-matching" and "frequency eamhline". Thi \ mechanism is justified on the grounds that humans
tend to engage strongly in pat tern matching activities when confronted by a new siiuaiion. Within this
mechanism, fu//y set theory is ernploved alone with eonl'irmaiion bias principals. Planning within the
H M D L is assumed to be an analogical process jn\ol \ in t i selection from amongst the most app iopr ia t e
aci ion-frames.

The L L D M involves implementa t ion of an identified plan and is accomplished via a Fuzzy-Goal-
Orienled-Scr ip t (FL 'GOS) . The FL 'GOS involves a hierarchial goal-oriented s t ructure which decomposes
coals into subsjoals. and subgoals into acts (port ions of tasks). Through a pr ior i t i /a l ion of goals, and
traveling lop-down in ihe F L ' G O S . acts can be selected for implementa t ion and therefore tasks can be
carried out. A blackboard archi tecture has been proposed as the primary means for implement ing
C O S I M O .

The development applicat ions Tor C O S I M O are various and numerous . At a high level, it is
intended to suppor t enhancement of safety by providing means for the design and validation of emergency
procedures ; the study o( ihe usefulness and need for au tomat ion; the evaluat ion of the completeness and
functionality of human-system interfaces and decision support svstnis; and the design of archi tectures that
suppor t appropr ia t e allocation of functions.

111. A P P L I C A T I O N S O F H U M A N B E H A V I O R A L M O D E L S

In icvjewini! the models lhal have been discussed in this paper ihere have been two primary areas
of focus for their development . First, there is the area of design. Many of the models described were
developed to unders tand the ro 'e of humans in human- in- the- loop process control . These include decisions
related to staffing, au tomat ion , allocation of functions between humans and au tomated systems, man-
machine interface ensign, procedure development and assessment, and overall system opiimalitv. The
second area involves risk assessment. It is clear thai ihe general unavailability of human performance data
makes the genera t ion of such data via modeling an attractive approach.

In eeneral , a number of uses of human behavioral models can be identified. These uses a;e

provided in the following non-exhaustive list:

Rcliability/Risk/Safcty Assessment Area

o Estimation of human reliability in existing and proposed process control environments,

o Identification of crror-likelv situations.



o Estimation of improvements in human reliability due to modifications in equipment,
procedures, training, etc.

o Identification and estimation of the effects of critical human variablrs.

System Design Evaluation

o Estimation of the overall effectiveness of system designs.

o Identification of po'ential human-in-the-loop problems in existing and proposed process control
environments.

o Inieeration of human engineering and personnel-equipment designs into process control

enivronments.

o Identifiealion of personnel requirements,

o Development and evaluation of procedures.

Operations Analysis

o Optimization comparison of control strategies,

o Optimization of the roles of humans,

o Planning/scheduling of operations.

Human Performance Data Base

o Contribution (if human performance daia and information 10 a human performance data base.

Other applications of human behavioral models thai can be envisioned to be appropriate for future
advanced control systems and control room designs. They involve the following: 1) a fasier-ihan-rcal-time
forecasting tool that accounis for unceriainties associated wiih human activities and actions. 2) as a model
of expected human behavior against which actual human behavior could be compared (large differences
indicate error-likely situations, and could theoretically be utilized in much the same modality as model-
based control), 3) a real-lime simulated partner to facilitate loam training, -4) an advanced, intelligent,
interactive operator associate, and 5) the basis for expectancy models of intelligent machines.

IV. CONCLUSIONS

Models of HB&C have relatively wide applicability. In the design of new and advanced process
control environments, models of HB&C are almost mandatory in order to ensure lhai a philosophy of
human-centered automation can be achieved, and that the design facilitates not only a "physical fit" for ihe
human, but a "cognitive fit" as well.

As such models become more widely accepted, and as such models move out of the research
environments into the process control industries, it is felt thai lhey will play major roles in elements of
system design and optimization.
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