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ABSTRACT 

With the increased use of digital systems in Nuclear Power Plant (NPP) control rooms comes 
a need to thoroughly understand the human performance issues associated with digital systems. A 
common way to evaluate human performance is to test operators and crews in NPP control room 
simulators. However, it is often challenging to characterize human performance in meaningful 
ways when measuring performance in NPP control room simulations. A review of the literature in 
NPP simulator studies reveals a variety of ways to measure human performance in NPP control 
room simulations including direct observation, automated computer logging, recordings from 
physiological equipment, self-report techniques, protocol analysis and structured debriefs, and 
application of model-based evaluation. These methods and the particular measures used are 
summarized and evaluated. 
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1 INTRODUCTION 

As the nuclear industry transItions from analog instrumentation and controls (I&C) to 
advanced digital I&C, the need to provide an empirical basis for the evaluation of human 
performance associated with the development and implementation of human system interfaces 
(HSI) for digital systems increases. The introduction of digital systems is often accompanied by 
increased use of automation and computerized HSIs. Recent reviews provide ample evidence 
that the introduction of automation calls for the thorough understanding of nature of the role of 
the human in automated systems and that error in design can be quite commonplace and costly [1 
& 2]. For example, HSIs in digital and computerized systems can vary in their ease of use, their 
impact upon situation awareness, workload and planning functions, their navigational 
requirements, and their influence on control room crew dynamics. Although the design approach 
to HSI can be guided through the application of standards and/or cognitive theory, the usefulness 
of the resulting product is arguably a function of the context in which that system or systems will 
operate and the degree to which it is congruent with operator expectancy and cognition. 
Identification or endorsement of a particular theoretical orientation such as the ecological 
approach to design is not part of the scope of the current paper. We instead emphasize the 
importance of, and the approaches to, the appropriate assessment of the HSI product for use in its 
intended environment. 

Evaluation of HSI designs and their impact on overall plant safety should be conducted on 
the basis of quantitative evidence derived from operational experience gained through the 
introduction of digital systems in the current nuclear fleet, and from well-crafted experimental 
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studies using nuclear power plant (NPP) control room simulators. In order to assess whether a 
new design will affect the overall safety of a plant, it is necessary to provide evidence that safety 
is not compromised with the new design via analysis of how the HSI affects human performance. 
However, characterization of human performance in complex systems like NPP control room 
operations is a challenging endeavor. The challenge arises in identifying methods for collecting 
data to objectively assess HSI impacts on safety-related human performance, and by establishing 
what types of data or combinations of data are to be accepted as evidence. This paper focuses on 
the methods used to evaluate human performance in studies using NPP control room simulators 
or training simulators. 

Currently, there are six broad categories of ways that data are collected to evaluate human 
performance in simulator studies: 

1. Direct observation, 

2. Automated computer logging, 

3. Recordings from physiological equipment (e.g., ECG, eye tracking equipment, etc.), 

4. Self-report techniques (i.e., surveys and questionnaires), 

5. Protocol analysis and structured debriefs, and 

6. Application of model based evaluation. 

Each of these data collection methods allows for the gathering of multiple types of 
measures, and each measure has its own advantages and disadvantages. It is important for 
designers and researchers to carefully consider the goals of their data collection (whether it is 
through laboratory experiments or from evaluating operational experience). Data collection goals 
can include evaluating competing designs, reviewing crew response to emerging conditions or 
emergencies, refining or verifying procedures, or reviewing the adequacy of systems feedback. 
In addition to understanding collection goals, it is important for analysts and consumers of 
human-in-the-loop simulator data to be aware of the limitations of each type of data collection 
method and each specific measure. 

In the sections that follow, we summarize types of measures available with each data 
collection method and review the research applications of these methods in NPP control room 
simulations. 

2 OBSERVATION 

For the purpose of evaluating human performance, simulation scenarios can be observed in 
real time or can be recorded and observed later. Observations can be completed by experts in the 
field, or by personnel who are provided guidance and training for how behaviors and actions 
should be coded. Observations can be structured (i.e., observers are given specific criteria for 
evaluation) or unstructured and qualitative (i.e., observers may be given categories of behaviors 
to evaluate, but are not necessarily provided with specific evaluation criteria). 

Observational data are often used to verify self reports, but can also be used to verify 
behavioral profiles for operators or crews. For example, observation can be used to review 
group dynamics and communication patterns. Systematic observation can include frequencies 
and durations associated with certain behaviors, evidence of procedural non-compliance, and 
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tool usage including the use of displays to acquire information and aid decision planning. 
Observation methods have been used in a large number of settings, but not without criticism 
regarding their qualitative nature. As a practical matter, observational analysis should document 
the sources of observational error (such as observer bias) in addition to documenting the 
management of those errors (including methods for controlling or reducing potential 
observational errors). 

2.1 Field Observation 

Field observation is a qualitative approach to evaluating human performance. Typically, an 
NPP control room crew is observed by an expert during an experimental or training scenario. The 
expert will report his or her overall impression of the crew performance and individual 
performance, or will summarize cases that illustrate important issues or concerns [3, 4, & 5]. 
There is always a trade-off between field methods (like field observation) and laboratory studies 
in terms of the degree of experimenter control. The advantage of field observation is that it 
allows for the measurement of variables of interest in a realistic operational context. The 
disadvantage is that it does not allow researchers to control extraneous variables like they could 
in a laboratory study, therefore limiting the degree to which cause and effect conclusions can be 
drawn from the observational data. Field study analysis should document the approach to 
scenario design, the sample size, and the user population. Although replication of the conditions 
listed above is not always possible, it is to be desired. 

2.2 Observation of Errors 

A straightforward way to measure human performance in the simulated control room is to 
measure operator errors. In order to assess whether a system increases or decreases operator 
errors, operations experts can observe operators or crews and determine if control actions are 
appropriate or whether they are made in error. Non experts may also be used to determine if 
control actions are errors as long as they are provided with clear criteria for what constitutes an 
error. Typically, errors are counted across an entire scenario or they are counted for a given phase 
of a scenario if the comparison of interest is in relevant to a specific part of a procedure. In 
studies utilizing NPP simulators, errors have been defined as deviation from an optimum 
sequence of events [6], as failure to finish a procedure [7], as an operator taking the wrong 
action, as errors in operator decision making and as failure to detect malfunctions in the interface 
[8], or as a failure to complete a procedural task within a prescribed amount of time [9]. 

When characterizing errors, it is important to consult subject matter experts to verify the 
validity of defining errors in a particular way. This is important for a number of reasons. First, 
there are often many ways to arrive at a correct solution in NPP control room simulation 
scenarios. When evaluating designs, researchers should not classify an action or sequence of 
actions as an error if it is one of those cases where there are multiple solution paths. Second, if 
not carefully defined, characterization of errors can introduce confounding factors. For example, 
Converse [6] found that errors were lower with computerized procedures than with paper based 
ones. Unfortunately, the way errors were defined in this study artificially inflated the number of 
errors that were counted in the paper-based procedure condition. The definition counted looking 
ahead in the procedure as an error. However, it was possible to look ahead in paper-based 
procedures, but not in computerized ones. Therefore, the difference in number of errors could 
have been simply due to the amount of looking ahead that occurred when crews used the paper-
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based procedures. Not only did this definition introduce a confounding factor, in real operational 
settings, looking ahead in a procedure is unlikely to be considered an error. In fact, according to 
Roth [10] looking ahead is actually a desirable behavior. This example illustrates the importance 
of establishing meaningful measures of performance when designing experiments to test human 
factors issues in NPP control rooms. 

2.3 Team Interaction 

Behaviorally anchored rating scales (BARS) are tools developed to evaluate team interaction 
based on observation of team-related issues including communication, team coordination, 
openness, and team spirit [11 & 12]. Observers are given a list of team performance issues to 
evaluate, and the overall evaluation is made on a seven-point scale. While the overall output of 
BARS is quantitative (i.e., ratings of team performance), the judgments that go into the overall 
rating are subjective and qualitative. Particular care should be given to the designation of the 
anchor points developed by the analyst, and there is question as to whether intermediate points 
along the scale should be assumed to be equal intervals. 

Team interaction can also be evaluated qualitatively by using expert observation. 

2.4 Overall Performance 

Sebok [11] rated overall performance using three independent observers who rated 
performance using the criteria of solution path, control of plant, communication, and confidence. 

2.5 Response Time 

Observers can also record the time it takes to detect malfunctions or to complete actions as 
an additional measure of performance. 

2.6 Important Considerations when using Observation 

Observation is a useful tool when evaluating crew and individual operator performance in 
simulation studies. However, it is important to note a few limitations inherent in the method. 
First, because even structured observation is subjective, the results can potentially be 
contaminated by individual biases. The best way to overcome this limitation is to have multiple 
independent observers rate operator and crew performance. The observers should be given clear 
criteria for rating performance. In addition, and researchers should report inter-rater reliability. 
Many of the studies that utilized observation as a method to evaluate human performance in NPP 
control room simulation experiments used multiple observers and reported inter-rater reliability 
[11, 12, & 6]. 

Another limitation of observation is that the accuracy of timing is limited to the ability of the 
human observer to detect and record an event or action of interest. If accuracy of timing is 
important to achieve experimental goals, then researchers should consider using computers to 
automatically log data where possible. These logs may be synchronized with time-stamped 
electronic note-taking tools used by the observers to increase accuracy. 

3 DATA LOGGED ON COMPUTERS 

If accurate timing or capturing any rapid cascading of operator actions is important for the 
experimental goals, then the experimenter should consider having the measures below logged by 
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the system. Additionally, measures supporting design goals of reduced response times and 
reduction of unnecessary actions can be collected. 

3.1 Response Times 

Timing is an important human performance issue. Several studies have used time to respond 
as a primary measure of human performance. For example, operator response with and without 
alarm filtering can easily be collected. 

3.1.1 Time to initiate 

Important tasks can be identified for each scenario, and the time to initiate each important 
task can be used as a measure of performance [12 & 6] 

3.1.2 Time to complete 

Another time-based measure of performance is the time to complete the entire scenario [8, 9, 
7, 13, & 6]. 

3.2 Automatically Logged Errors 

3.2.1 Operator Errors 

Once performance requirements have been laid out, operator errors including errors in 
timing, sequence, and in taking inappropriate or unnecessary actions can be automatically 
logged. With the exception of observation of ongoing conversations or observer inferring intent 
almost all observational data can be gathered by computer. The only difference is that control 
actions and other relevant data would be automatically recorded by a computer rather than 
manually recorded by an observer. Computer-based methods have the advantage of eliminating 
potential observer bias in coding errors, but this has to be balanced against potential software 
errors. 

A potential issue when logging errors automatically is that errors must be defined prior to 
data collection. While defining errors a priori is generally desirable because it reduces the risk of 
experimenter bias, computer logged operator errors may not be defined in a way that allows for 
unexpected situational factors. For example, the scenario may evolve in such a way that a pre
defined error would actually be considered an appropriate action. Error data should be reviewed 
to verify that logged errors should indeed be coded as such in context. 

3.2.2 Deviation in plant parameters 

During a simulation exercise, plant parameters can be recorded and compared against an ideal 
parameter. Ha, Seong, Lee, and Hong [14] describe a mathematical formula for calculating the 
overall discrepancy of all plant parameters over the course of a simulation scenario. This method 
allows for the characterization of overall human system performance rather than simply focusing 
on the human performance. In other words, this method allows the researcher to see how human 
performance impacts system performance. Subject matter experts should be consulted to verify 
the validity of the ideal plant parameters. 

3.3 Performance on a Secondary Task 

Performance on a secondary task can be used to measure changes in workload on a primary task. 
As the difficulty or workload of the primary task increases, performance on the secondary task 
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degrades. This measure has been shown to correlate well with the NASA Task Load Index 
(NASA TLX) [15] which is a widely used self-report measure for workload, and it has been 
developed to be more objective than the NASA TLX. Another advantage of this measure is that 
it can be used to measure differences in workload within a task, which is not possible with the 
NASA TLX. 

3.4 Important Considerations When Using Computer Logged Data 

Similar to the use of observation to collect performance data, it is important to verify that the 
definitions used are valid. Definitions of error, of ideal parameters, and start times and end times 
(for response time data) should be reviewed by a subject matter expert to verify that they will 
generalize to an operational setting 

4 PHYSIOLOGICAL EQUIPMENT 

Using physiological equipment to collect data is advantageous because it allows for the 
continuous objective measurement of variables like workload and situation awareness 

4.1 Eye Tracking 

Data collected from eye tracking equipment can be used to measure workload, situation 
awareness, fatigue, the distribution of attention, and the efficiency of visual search [16]. Ha et al. 
[14] recommend using blink rate and blink duration to measure workload and gaze direction 
information to measure situation awareness. Researchers must make sure that areas of interest 
are well defined ahead of time and verified by subject matter experts for measures using gaze 
direction. Additionally displays must be static (or minimally dynamic so that areas of interest can 
be determined ahead of time and are in a fixed place in space) in order to use gaze direction to 
infer situation awareness. Eye trackers must also have a wide enough field of view to capture eye 
movement across all possible displays. 

4.2 Electrocardiogram (ECG) 

Heart rate and heart rate variability can be used to measure arousal (stress or workload) and 
boredom [14, 17, & 18]. 

4.3 Important considerations for physiological data 

While physiological data have the advantage of being objective and can be continually 
measured, some important issues make them less than ideal for widespread use. First, this 
method requires the use of expensive equipment. Second, physiological data (especially EeG) 
can be sensitive to noise. Third, the use of physiological equipment requires specially trained 
personnel and extensive data analysis. 

5 SELF-REPORT AND QUESTIONNAIRES 

Self-report techniques have the advantage of being easy to administer (they are usually 
administered with pen and paper), inexpensive, and easy to obtain. Many of the standard tools 
that exist were developed for the aviation industry (e.g., the NASA TLX and SAGAT), but there 
are a few tools developed specifically for the nuclear industry. A concern when using self report 
is that the results are subjective. 
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5.1 NASA Task Load Index (NASA TLX) 

The NASA TLX is a six-item scale for measuring workload, which was developed 
specifically for the aviation industry [19] It has been used in hundreds of studies in a variety of 
fields (for a review, see 20). Though it is most often used in settings associated with aviation, the 
NASA TLX has also been used in many NPP control room experiments to measure subjective 
workload [14, 11, 17, 18, 12, & 6]. The NASA TLX has been shown to reliably detect 
differences in workload between tasks in a wide variety of fields and under many different 
conditions [20] 

5.2 The Situation Awareness Control Room Inventory (SACRI) 

SACRI is an index of questions used to measure situation awareness (SA) that is adapted 
from the Situation Awareness Global Assessment Technique (SAGAT, which is an inventory of 
questions used in the aviation industry) [21], specifically for power plant control rooms [22]. 
SACRI is an index of questions that ask about the development of relevant parameters in the 
control room (e.g., pressurizer temperature, pressurizer level, etc.). SACRI is generally 
administered several times during a simulator scenario. For each administration of SACRI, 12 
questions are randomly chosen from a list of39 parameters and 3 sets of wordings 
(corresponding to Endsley's 3 proposed aspects of SA: perception, comprehension, and 
prediction) for a total of 117 possible questions. The questions ask about the development of 
parameters and require the operator to state whether they have changed, will change or whether 
they remain the same. SACRI has been used in studies using NPP control room simulations [12, 
11]. The use of SACRI requires that the scenario be interrupted to administer the questions. 
Such interruptions may disrupt the natural progression of crew activities in the NPP. 

5.3 Other Situation awareness (SA) inventories 

5.3.1 SA Measures in the Aviation industry 

There are many tools designed to measure SA in the aviation industry For example, SAGAT 
[21], the situation awareness rating technique (SART) developed by Taylor [23], the Situational 
Awareness for Shape Questionnaire (SASHA-Q) [24]. Though most of the SA tools are 
specifically tailored to the aviation industry, they could be adapted for use in the nuclear 
industry. 

5.3.2 Quantitative Analysis of Situational Awareness (QUASA) 

QUASA is a method of evaluating SA that utilizes signal detection theory [25]. Multiple 
probe questions with dichotomous choices (e.g., true or false) are inserted into the experimental 
scenario. The responses are then coded as hits, misses, correct rejections or false alarms and 
submitted to a signal detection analysis. In addition each probe question is given a confidence 
rating which measures the operator's subjective situation awareness. Like SACRI, this method 
requires interruption of the experimental scenario and cannot measure situation awareness 
continuous I y. 

6 PROTOCOL ANALYSIS AND STRUCTURED DEBRIEF 

Protocol analysis and structured debrief or interview are qualitative methods of data 
collection. Protocol analysis (also called "think-aloud protocol"), a method that typically requires 
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the operator to verbalize their actions while performing a scenario, is a way to gain knowledge of 
the cognitive processes associated with a performing a task [26]. It has been used widely in 
cognitive psychology [26] and usability testing [27]. 

Another qualitative method for gathering data on human performance is through interview 
or structured debriefs. Typically, at the end of an experiment or scenario, participants will be 
asked to report their experiences and overall impressions of what they did during the 
experimental scenario. Roth and O'Hara [4] used structured interviews to investigate the use of 
computerized procedures. 

These methods may provide insight into some of the issues or cognitive processes that 
traditional data collection methods might miss. For example, in an interview, you can ask an 
operator what they thought caused an error rather than simply reporting the error. Critics of this 
method are skeptical about an individual's ability to accurately monitor and describe their own 
cognitive processes. Ericsson and Simon [26] stress the importance of collecting protocol 
analysis data during a task (rather than after). They also stress the importance of instructing 
participants to only report what they are doing and not to attempt to explain how they are doing it 
or why they are doing it. Ericsson and Simon [26] have demonstrated that when participants 
attempt to explain their behavior it actually causes changes in the behavior, whereas when they 
simply report it, the behaviors are relatively unaffected by the verbalization. 

7 MODEL-BASED EVALUATION (SIMULATION) 

Model-based evaluation through simulation is an alternative to the use ofNPP control room 
simulators for human performance assessment and is mentioned here because of the large 
amount of research that continues to be generated with this approach. Analytic simulation is a 
quantitative process that has been used to study systems early in the design process and to imitate 
the behavior of very complex systems. This method is useful in situations where it may not be 
possible to get large numbers of subjects, where it is difficult to reproduce environmental 
conditions, and where the cost to develop systems for a complete simulator may be prohibitive 
[28]. 

Systems Analysis of Integrated Networks of Tasks (SAINT) [29] represents a model-based 
evaluation of crew performance. This task network model produced performance times and 
reliability estimates and allowed for inclusion of a number of performance influences or shaping 
factors, some of which have found their way into human reliability analysis (HRA). The early 
use of this performance model is evident in such fields as aerospace. SAINT is the forerunner to 
contemporary SAINT-related network models, the most notable being MicroSaint and 
MicroSaint Sharp, which allows for the incorporation of a cognitive model [see, 30] MicroSaint 
has been used to evaluate the Computerized Procedure Manual II (COPMA-II) computer based 
procedure system, and the model has made predictions in line with experimental data [31]. 
Another variation of the SAINT model is the maintenance personnel performance simulation 
(MAPPS) model, a maintenance performance model that predicts maintenance crew performance 
times and failure rates [32]. 

Another type of model called GOMS (based on early work of Card, Moran, & Newell, [33]), 
has been used to construct operator performance models in terms of Goals, Operators, Methods, 
and Selection rules. It originated with a keystroke level model in which time to complete tasks 
was predicted. According to O'Hara et al. [34], GOMS has been used to compare the 
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Computerized Procedure Manual (COPMA) to the COPMA-II computer based procedure 
systems. For a review of GOMS family of applications to user interface analysis see John and 
Keras [35]. 

Still another widely used modeling approach is Anderson's Adaptive Control of Thought
Rational (ACT-R) [36 & 37]. ACT-R has been applied to perception, learning, problem solving, 
and language processing. More recently, it has been applied to the multitasking domain, which is 
a relevant feature ofNPP control room operations [38]. 

In order to be valid, the model must be sensitive to details of human decision making 
strategies. For example, people often use heuristics rather than optimization schemes to make 
decisions [in 39] also, people may have different mental models of a process, or tend to be more 
or less intuitive in terms of their approach to problem solving. One of the cautions regarding the 
use of any analytic simulation of operator performance and cognition is the quality and 
completeness of the underlying cognitive model. 

To sum, any consideration of the use of these varied models must acknowledge limits to the 
basic science underlying the models as well as be able to provide evidence for the predictive 
success of the model in similar applications. It may be best if this approach is used in 
conjunction with other methods where analytic performance simulation is used to develop a 
design that is validated in the simulator. 

8 CONCLUSION AND DISCUSSION 

The value of simulation techniques and use of simulators as a standard tool for training NPP 
personnel as well as research in accident management is well established. The simulator can also 
be used to support the design and evaluation process. However, the utility of the simulator is a 
function of the goals of the simulator usage and the experimental methods employed. There are 
many methods for collecting data to evaluate human performance in research utilizing NPP 
control room simulations. These methods include observation, data logging, physiological 
response, self report, protocol analysis, and model based evaluation. There are several variations 
within these methods. While all of these methods can provide useful information about a task 
and justification of design decisions, - the goals of data collection must always be carefully 
considered before decisions about which data collection method is to be used. 

The methods for assessment that can support intelligent design range from automated 
computer logging to naturalistic observation and analytic simulation. Some methods such as field 
observation and protocol analysis may be more appropriate for interface design while self-report 
and performance measures (like error and operation time) may be more appropriate for the 
evaluation of designs. 

In selecting among human-system evaluation methods, the experimenter or designer is urged 
to consider the cognitive aspects of operator tasks and to avoid shallow analyses that can fail to 
detect the operator becoming decoup1ed from the plant process. This implies some 
sophistication in experiment execution and data collection. Decoupling from the process can 
result in maladaptive behavior wherein the operator relies upon commonly used but 
inappropriate strategies and heuristics; attempts to optimize on a 10ca11eve1 at the expense of the 
bigger picture, or fails to keep up with and respond to plant conditions. 
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9 DISCLAIMER 

This paper was prepared as an account of work sponsored by an agency of the United States Government. 
Neither the United States Government nor any agency thereof, nor any of their employees, makes any warranty, 
expressed or implied, or assumes any legal liability or responsibility for any third party's use, or the results of such 
use, of any information, apparatus, product, or process disclosed in this paper, or represents that its use by such third 
party would not infringe privately owned rights. 
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