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Abstract

Today we are faced with what some call the “autéonaparadox” and others call “the ironies of auttiond.
Lisanne Bainbridge (1983) cautioned that the mamoraated a system becomes, the more important tib is
appropriately integrate human contributions inte fiystem. There is no question that automatedalmsistems
provide immeasurable benefit (improved efficiengliability, accuracy, safety, etc.); however, tbisnes at a cost;
loss of skill, knowledge, decision-making capabpilénd reaction-time in our human operators. Withdaily
engagement in the cognitive performance-baseditesivequired by a control system, humans becasg liseful
to the system. There seem to be two prevailingashof thought on the best approach to human-systeerface
design. One advocates automating the system ak aspossible to keep the human operator out of’kavay
and to remove the error-prone human from critigaérations. The other camp claims that the humasradpr
suffers significant losses in physical capabiliygmory and attention capacity and their learnedaeses diminish
in quality if they have not been actively and cdigely engaged in the operation. Then when calipdn to take
over control in an automated system, they are dagable of effectively operating the system mamyudilis not
well enough established which is correct or if éhisra generalizable correct path.

Currently, as automated control systems are dedjghés often the case that operators are letha operational
fringes. So, researchers at the University of Ruttgh have been exploring design methodologies hilhallow
system designers to understand and to then impkethenbest of the control system and human perfocma
attributes, with the intent of concurrently miniinig the likelihood of human error-induced incidentsThrough a
series of trials using licensed reactor operatora feconfigurable control room simulator, researstare planning
to identify and measure key performance variablédewarying task configuration, level of automatjoand
override authority. If impact on system outpusi®wn to be predictable, the generated model ckndessigners
simulate various design strategies and their regulinpact on system performance, thus providingexinformed
training protocols and content, more-informed samoi practice decisions and improved operationdl @grerating
procedure consistency.
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1. Introduction

It has long been known that if a human’s cognitimeut is not needed in a process for feedback pné¢ation,
decision-making, action-taking or planning; theyl wisengage and focus on other parts of the ojeratr some
other activity. In a sense, this can be a positivehe automated control system designer bedaeise she can free
up the operator’s attention capacity for other pidve tasks such as future planning. Howeves, disengagement
from the process can also lead to, as noted alsolass of knowledge, loss of skills, memory de@ayd possibly
loss of attention capacity. (Haight, 2007) Iukbbe referred to as sliding back down the leayrdarve. For
airline pilots who have operated in the automaftéat gorld for many years, it was shown that marfiyhese pilots
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were no longer as able to effectively carry outesalvtypes of interrupted landings as they onceew@Pasztor,
2013) Our retention of both knowledge and skilgelated to how much we use them. We do not getvkif

continued active operation alone is required @oifne form or level of practice, training or redudexkl of active
operation can also achieve operator skill and kedgé retention targets while allowing the automatedtrol

system to operate the process optimally. It is alst known in the case of nuclear power plant aihéind gas
production and processing operators, what speadfitvities and what level of engagement in thodeviies leads
to optimum system performance. Does this includ®raation supervision? Does it include knowledgeand

comfort with over-ride capability? Can it includ@ermittent but regular system checks with subsatjuecording
of meaningful system outputs? These are questiomsertly being explored at the University of Pitisth.

Previous research has shown that experienced opeee much more inclined to want to operate naffiectively

in a less automated environment, while system desggseem to favor more automation. (Haight anéh@iar2007)
The debate and the research continue.

Like most complex systems and situations in tties the best answer is not so black and white tbdst addressed
by one school of thought or the other. The beswan is probably something in between those twdtipas and it
would be different for every system, task and situa So if the answer is a mix between automateatrol and
human input and since automated control systemisuggcreasing in both numbers of operating systamd in
complexity and capability, we must ask, in our dagprocess, how much of the automated system fumstiould
we allocate to the human operator and how muchnaaty and override capability are necessary to ramirgafe
and efficient operations. A nuclear industry g@ato maintain a high level of situational awarenesd thus,
promote improved decision-making quality. Howewsnce we do not yet know if continued active eragagnt
alone is necessary to avoid loss of human perfocmaimat can come from over-automation or if sonsede level
of active engagement in the form of practice ointrgy, as one might achieve in a simulator, is gfoto maintain
operator skill and knowledge retention targets ali s to maintain operating production levels aigh quality
standards. This remains to be explored.

Currently, as automated control systems are dedjghés often the case that operators are letha operational
fringes. So, researchers at the University of Buttgh have been exploring design methodologies hilhallow
system designers to understand and to then impkethenbest of the control system and human perfooma
attributes, with the intent of concurrently minirnig the likelihood of human error-induced incidentsThrough a
series of trials using licensed reactor operators ieconfigurable control room simulator, researshare planning
to identify and measure key performance variablédlewvarying task configuration, level of automatjoand
override authority. If impact on system outpusi®wn to be predictable, the generated model chndessigners
simulate various design strategies and their regulinpact on system performance, thus providingesioformed
training protocols and content, more-informed saad practice decisions and improved operationdl grerating
procedure consistency.

It is well known that the information processin@itlone goes through in the operation of a compjetesn and for
problem-solving in that complex process is effdrtfThis activity takes command of a significanrqgentage of
one’s attention capacity. If effective reallocatiof that cognitive load to the control system bamrmade, attention
capacity is freed up to allow the operator to agslrether critical needs in the operation, suchegsis that cannot
be addressed by the automated control system. ddidd possibly be future operational planning oerev
anticipation of a near term, future state of th&tey, for example. (Sharples, Millen, GolightlydeBalfe, 2011)

As noted above, a Wall Street journal article abeuhajor Federal Aviation Administration report fisbed in
2013 tells us that “commercial airline pilots havecome so dependent on the automated control system
airplanes that poor manual flying skills and fa@lulo master the latest changes in cockpit techyofmse the
greatest hazards to passengers...” Pasztor (authtbe 013 WSJ article) explains that the panel c@sioning
this study states that because pilots have becomeesl to the automated control that they haverheceluctant to
override the system. Over reliance on automatoa Very real phenomenon and not only does it kgepators
from realizing when they need to take over contitols also responsible for the erosion of manudllss It is
reported that not only do operators lose confideimcéheir skills after a period of not using thethpy also
experience an actual and significant decline irs¢hskills. The loss of both confidence and skildl can lead to
poor or late decision-making. Devastating outcoofakese poor or late decisions can be also bezeghin nuclear
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power plants, oil and gas refining and processimg) @y other process industry plants where casttdoss of
containment of toxics, flammables, radioactiveeaative material is possible.

It is well established and agreed upon by the rekeas at the University of Pittsburgh and indugiepple as a
whole that automated control can help to ensursistant and predictable performance of a reactstesy or any
other controlled complex system. However, whileneoadaptability can be designed into the contretesy, it

lacks human-level flexibility and adaptability. i# not capable of supplying judgment to situatitimst were not
programmed into its logic. While our human opersitdo bring judgment and adaptability to the system also
introduce emotion, bias, fatigue, habits of mind are generally unpredictable in nature and act{¢taight, 2007)
In order to maximize overall system performancee arust design the control system by taking advantfghe

strengths of the computer while concurrently takinlj advantage of the experience, judgment, adalitta and

intelligence of the human operator. In the expereof the authors, control system engineers seebe tmore
inclined to automate as much as possible and hwparators, especially experienced ones are mol@edcto

want a predominantly manual system. How much danwelve the operators in the system operation?wemnly

allow them to identify when the system is beginniadose control and then give them the ability #mel option to
step in and take over the control? (Haight andr@ark007)

The University of Pittsburgh research involves deselopment of analytical methodologies that waliat nuclear
power plant control system engineers and designedetermining optimum levels of automation to desinto
their human-system interfaces to maximize overpdirating performance. Researchers are attemmihgyhlight
the means to maximize the performance attributes cpralities of the automation as well as thosequerance
attributes and qualities of the human operator avitibncurrently identifying the means to minimizeidkent
likelihood due to human error.

What is best for the nuclear power plant operator?

2. A practical determination

A case study was carried out during a project inctvta control system for a batch chemical reactas Wweing
considered for complete automation. As an indicatf how these questions can be answered, adeBign team
took on the designing the control system usinglalvased analytical process. A modified failuredeweffects and
criticality analysis was used as an analytical meétto help the team to determine the extent anel kevwhich this
system would be automated. The team was made tige @gfrocess engineer charged with accomplishieglésign
of the automation system, two operators, the omemtmanager, the engineering manager, an engmggeri
researcher and a study coordinator. The 114 stéghlrecipe for a representative family of chensical be
manufactured in this reactor was used as the ddsgis document. As each step of the batch proeedas
analyzed for failure mode and/or successful digpadcdetermination was made as to whether thesdtepld be
automated, which should be maintained as manualveridh would be a hybrid with some level of operato
supervision. This determination was based on ttabgbility of failure and the seriousness of thdeptal
consequences of a failure in that step. Whilewds not a scientific means, the sound engineéuichgment of an
experienced team responsible for both the designtlae operation was brought to bear. It was alseagonable
and practical approach to determining what wasegyeed to be the best function allocation basechemeople who
would be most responsible for using the systemhe Tesults of this analysis were a mix of relativel/enly
distributed function allocations across automateanual and partial automation with operator supémi (Haight
and Caringi, 2007) While no post-design or opersti validation study was made of this system termeine that
this mix was optimal, it is known that now nearlyéars later, there has been no uncontrolled upsétss reaction
system. This concept can easily be applied incéeau power plant design project.

3. Adaptive Automation

As stated previously, it is important for nucleaswer plant operators to maintain a high level dbational
awareness, however, there is a bit of a fine lieevben and a competition with what it takes to t@ma high
level of plant situational awareness and an exaeslaf the workload limit that is required to attaind keep that
situational awareness. (Kaber, Riley, Tan and Eyd2001) With the increase in the numbers andptexity of
automated control systems, the well documenteddbsassk proficiency and reduced situational awassrcertainly
supports the movement to a design approach usaddtion called adaptive automation. (Bailey, $oefFreeman,
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Mikulka and Scott, 2006) Bailey, et al. (2006) gests that this adaptive automation where the lefvalitomation

or the number of systems under the control of thteraated controller can be modified in real timatassystem or
the operator demands or needs. These systemsdgsst their method of operation and can restructutask
depending upon how the task itself evolves and wmatsituation demands. Researchers in the past drgued
that adaptive automation can reduce workload, ezshdruman performance and even improve the operators
situational awareness. (Bailey, et al., 2006) sTapproach to managing the apparent competitiodirectly
applicable for use in nuclear power plant operation

The concept in this approach is a dynamic allocatibcontrol of a system’s functions to the compweto the
human over time depending upon how well the hunegwpans to be functioning or what her or his wortléa
The allocations are based on the expectation ligagdal is to optimize system performance. At sirttee operator
may be functioning optimally and can handle theesvigory or other cognitive work load, but at adinvhen the
operator is actively engaged in other activitibg, tontroller can determine that the operator nasdstance and it
can then allocate a particular function to the cotep (Kaber, Wright, Prinzel and Clamann, 2005)uriby
complex operations, if operator sensory and psychomfunctions are being tracked, the system can this
information to estimate an overload point in themgor and can make the switch between computeatpes and
operator manual operations. The possible modep@&fation under consideration here have to do infhrmation
acquisition, information analysis, decision makargd action automation (the response to the praopss). It is
thought that this more user-centered design wilvédte “operator-being-out-of-the-loop type prabkeby keeping
him or her in the loop, while still allowing the mol system to continue to operate with the fuortsi that it best
manages. (Kaber, et al., 2001) Research has lweenid the aviation industry, but while not muchrkvbas been
done in the nuclear or process industries, the eqasccan be considered for application there neheth. (Kaber,
Wright, Prinzel and Clamann, 2005)

While either of these design approaches seem te applicability in the nuclear power plant contsgstem design,
there is another approach that warrants considerati

4. Flexible Interaction between Humans and Automation

Experienced researchers in the aviation contrdesysiesign field propose that no system shouldds@gyded such
that the automated control system has completeaanrid likewise, no control system should be desigsuch that
the operator has complete manual control. These sasearchers suggest that a concept of intertaddizels of

automation be used as well as the implementatiom ftéxible allocation of control function be desagl into the
system such that, depending upon the status girtheess, the work load of the operator or everpthesiological

and psychophysical state of the operator be aceduot in the allocation. (Miller and Parasuram2®07)

Miller and Parasuraman (2007) suggest consideraitionhe design for various levels of automation ke
considered. This work and its consideration i€used in the context of aviation, but these legélautomation
can have direct application to nuclear and prooehsstry control rooms. For example, these leaets

“Full manual operation

Manual, but computer offers alternatives

Manual, but computer offers a prioritized or narea\ist of alternatives

Computer executes alternative if the human opeggiproves of the action.

Computer executes alternative, but the human amrecah veto the alternative

Computer executes alternative and informs the hunpamnator

Computer executes selected alternative and infémmsuman operator only if requested
Computer executes selected alternative and infémmsuman operator only if it decides to
Computer acts entirely autonomously”

(Miller and Parasuraman, 2007)

As the function allocation is determined, thesesiomilar levels of automation are incorporated itite operation
dynamically. In doing so, several researchers gseihe concept of a “playbook” of a sports tearthasapproach
to determine what “play” will be implemented in &agarticular situation, status or condition. MiJl&unk, Wu,
Goldman, Meisner and Chapman (2005) suggest thafitasnation continues to become more sophisticateshch
year arrives, the interface between the human tgreemnd the control system becomes increasingly pbexn
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Miller, et al. (2005) propose that with this plaghostyle system, the human to machine delegatidaradtion can
be implemented similarly to any human to human ghtien of a task or function. Care is needed is tase
however, to ensure that the allocation is not gustinsferring of workload where the operator’'& rahd function is
just transferred to the control system and the apes role shifts to other activities that woultba him or her to
disengage.

Miller et al. (2005) suggest that the key to thpprach is to create automation that is smart emaugh that
instructing it is easy and that it maintain a subisat role in order to most appropriately implerath actions with
the operator’s intent. It is also critical that @stablished understanding between the operatottendutomated
control system be maintained.....what are the limftdhe automation and the human operator....agampgerator
does not just transfer a role to the automatedrobsystem unless the function of the system demandequires it
for effective process outcomes. It is an intengsttoncept that requires more research or at Eegdoration in
nuclear power plant control room applications.

5. University of Pittsburgh Research Direction

From these studies, it is clear that the best imoldfbr each system design is likely to be somewhsstween full
automation and fully manual operation. This is aosimple matter. The optimum location on the méarnoa
automated continuum will be different for everyteys and even in every situation. It is therefdre goal of the
University of Pittsburgh research to develop gelisghle methodologies that will allow engineersiteorporate
these adaptive and/or flexible design concepthéir tcontrol system designs that will help to eesoraximum
system performance (efficiency, increased or staleduction, reliability and achievement of corsist
specifications) through optimizing the strengthd amaknesses of the computer and of the humantopera

This will be done by placing human operators in kpdmut realistic, reconfigurable control rooms ungarious
levels of automation to carry out common activitesch as startup and shut down sequences. Research
categorize and generalize the human actions nagessaarry out these tasks and the system respdhsé result
during these series of tasks, using various levElutomation. The researchers then define, dfyaautid measure
specific and appropriate human actions and phygicdd and cognitive responses during mock operatiolis
carried out in the reconfigurable control room taiselates and contributes to overall system peréorce. The
emphasis of this research is on modernizationsefpacy control rooms, and the measures producediared at
fulfilling the difficult licensing requirements farhanges in crew control. The product of this regeavill be both a
set of findings on the optimal level of automatias well as the scientific basis and measures fwodncing
automation into the control room. While the reshasccentered on legacy control rooms, the findiwgsreadily
inform new control room concepts such as small Herdeactors.

Researchers will identify key performance variabéexl measure these variables and process systgmtout
variables while altering task configuration (emprmal events like start-up and shutdown transjgrawer change
transients like daily load following, and abnornesdents like reactor trips, turbine and generatipstrislanding,
reactor coolant pump and feed-water pump trips, anuident scenarios like small and large break L&Cation
blackout, and multiple system failures) and theslesf automation incorporated. The study will aduce upset
conditions into each sequence to determine theectress of the human operator response, time t@letemthe
response and error rates. These variables wibbgared to system performance output variables.

Several scenarios, including normal and abnormahesy will be developed and each one will be imgletad with
different levels of automation along the manuaktdemated continuum. Once the control room siroulé
programed with the sequences, operators will bedist carry out each of the responses necessaaghieve
successful completion of the sequence. The levepefator supervision that is required by eachllefautomation
will be varied as will the amount of override caligpin each sequence. (Tran, Boring, Dudenhaefftallbert,
Keller, and Anderson, 2007)

As each operator carries out each sequence and déthl each upset, the researchers will assessiphault
physiological systems. These recordings will aleabde the researchers to track the interaction dtwmultiple
physiological systems during various operator segee Assessing interactions between multiple plygical
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systems will enable us to understand the fundarheatases leading to faults introduced by an opergq.,
slowed respiratory and heart rates could denotethiaoperator is fatigued, which diminished hex/alertness).
The operator errors will be tracked.

It is expected that these human performance vasalill change in response to level of automatiod @ the
significance and magnitude of the upset conditibas will be introduced mid-sequence. As the lefel
automation, supervision and override capabilitp(it) are varied, the output variables will be deieed. The
measured internal human performance variables gugll be documented (internal, heart rate, braave
activity (both signal frequency and amplitude), e&s well as the external human performance vi@saberror
(output) rates will be documented. These variabiidoe analyzed with the level of automation,déoef overall
task performance (success or failure), the levelysfem supervision required and the level of side-capability
given. (Duschek and Schandry, 2007; Bay-HansennRad Knudsen, 2003; Alexandrov, Sloan, Wong, Diteyvi
Razumovsky, Koroshetz, Kaps and Tegeler, 2007)

It is then expected that the resulting mathematielattionship between input and output variablds lve validated
by implementation of model recommended automaticategies and subsequent measurement of error aates
overall system performance. Once the impact omégm and system output show to be predictable \ga th
simulation model, it can be used in real designliegiions by simulating various design strategies aheir
resulting impact on human and system performandh aimore informed subsequent decision making en th
appropriate design strategy. Another outcome haéllthat the operator’s changing role in the advamece of
technology and the ever-increasing level of auttonatan be determined and predicted. This is erpeto
provide increased capability for and developmentnofe informed training protocols and content, mafermed
decisions about simulator practice and improvedist@ncy of operating procedures for the advaneekiniblogical
equipment.

6. Final Thoughts

Everyone is different and every system is differeBach situation on each day can introduce diffiezs. The
complexity that results is significant and so desig a control system for a nuclear power plant thatimizes

human and production performance every day andiényesituation would be nearly impossible. Howeveis a

reasonable expectation that a flexible and adaptsjdtem can be designed and employed in a nynbeer plant
if it has the input of those that would design $lystem, those that would use the system and thbeeunderstand
human performance and the limits and capacitiesiohuman operators. Exciting improvements are ngmi
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