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Ecological Interface Design in the Nuclear Domain:
An Empirical Evaluation of Ecological Displays

for the Secondary Subsystems of a Boiling
Water Reactor Plant Simulator

Nathan Lau, Greg A. Jamieson, Member, IEEE, Gyrd Skraaning, Jr., and Catherine M. Burns

Abstract—Laboratory studies have shown that ecological inter-
faces can enhance operator performance in process control. How-
ever, limited verification and validation studies in representative
settings are impeding the adoption of the Ecological Interface De-
sign (EID) framework in the nuclear domain. A companion article
presents an application of EID to the secondary side of a Boiling
Water Reactor plant simulator, demonstrating that the framework
can lead to display features and verification criteria relevant to sup-
porting operators in both anticipated and unanticipated situations.
This article presents an empirical study as a first step towards the
validation of EID in the nuclear domain. The results suggest that
ecological displays have a marked advantage in supporting oper-
ator performance during monitoring for unanticipated events as
compared to mimic-based displays. The ecological displays did not
support operator performance differently for other types of tasks.
This study provides supporting or validation evidence that EID is
effective at a scale and level of complexity that is representative of
nuclear power plant operations. The implications for introducing
ecological displays into NPP control rooms are discussed.

Index Terms—Control room, ecological interface design, nuclear
power plant.

I. INTRODUCTION

E COLOGICAL INTERFACE DESIGN (EID) is a theo-
retical framework for designing human-computer inter-

faces for complex socio-technical systems [1], [2]. The frame-
work explicitly aims to support worker adaptation, especially
during unanticipated events, thereby facilitating robust designs
of user interfaces. Research on the EID framework has pro-
gressed significantly since its introduction over fifteen years ago
[3]. Proof-of-concept ecological interfaces have been reported
in many domains (see [2]) and performance benefits have been
demonstrated in many empirical studies (see [4]). Despite its
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theoretical strength and accumulating research evidence, how-
ever, EID has yet to be widely adopted by industry.

One factor precluding industry from gaining the knowledge
and confidence to adopt EID is a shortage of representative
studies that address the verification and validation of design
products in specific industrial settings. Verifying examples are
critical to demonstrate applicability of the design framework
while validating studies are crucial to confirm performance ben-
efits. To address this research issue, the University of Toronto,
University of Waterloo and the OECD Halden Reactor Project
established a research program to provide design, verification
and validation evidence for EID in the nuclear domain.

In a companion article [5], we present the applications of EID
for both design and verification. This includes applying EID to
the secondary side of a Boiling Water Reactor (BWR) plant sim-
ulator and analytically demonstrating that the framework spec-
ifies information requirement and design principles that could
complement current verification practices. The companion ar-
ticle describes the EID framework and reviews previous EID
applications in the open literature, outlining the need for verifi-
cation research in the nuclear domain.

In this article, we turn to the validation or evaluation compo-
nent of our research program that specifically examines operator
task performance supported by ecological displays. We have
also collected other data pertinent to the evaluation of human-
system interfaces. Refer to [6]–[8] for our empirical evaluation
on the support for Situation Awareness [9] provided by EID in
this study. Refer to [10] for a qualitative analysis of interview
and video data collected in this study. We first review the em-
pirical foundations upon which our research program is built.
Then, we present an empirical study evaluating the ecological
displays for the secondary side of the BWR simulator described
in the companion article, and discuss the benefits that EID could
bring to the nuclear industry.

A. Review of EID Research—Empirical Studies

The empirical foundation of EID is built upon studies of
process control ‘microworld’ simulations [4], [11]–[14], which
have served as experimental platforms for a large number
of studies covering many aspects of the interface design
problem. Vicente [4] provides a comprehensive review of
these results, concluding that EID can lead to robust and
usable interfaces. Participants are frequently more effective
and efficient in completing laboratory tasks using ecological
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interfaces than with traditional (i.e., mimic-based) interfaces
under unanticipated or uncommon conditions. Unanticipated
events typically force operators to engage knowledge-based
work, involving reasoning about safety and operating goals,
and the sometimes conflicting means of achieving them (see
[15], [16]; also cf., knowledge-based behaviors in [16]). The
advantages with knowledge-based tasks are usually obtained
without performance decrements under anticipated conditions
when operators typically engaged in procedure-guided tasks,
primarily involving rule-based-decision-making (see [15], [16];
also cf., rule-based behaviors in [16]).

These empirical studies, however, lack the scale and com-
plexity needed to evaluate the performance benefits of EID in
the process industries. Nevertheless, they motivate continued re-
search, including proof-of-concept applications and a selection
of empirical studies.

Of the ecological interfaces for industrial process systems
mentioned in the companion article [5], three were empirically
evaluated. Jamieson [17], [18] developed an ecological inter-
face for a simulated petrochemical process and evaluated it
in a full-scope simulator with licensed operators. The results
corroborated many of the findings of the foundational studies,
supporting the generalization that ecological interfaces im-
prove monitoring and control performance in comparison to
conventional computer interfaces.

The two other EID empirical studies are situated in the power
generation domain. Ham and Woon [19], [20] presented an em-
pirical evaluation of ecological interface content in a nuclear
plant simulator. They found that student participants presented
with the full suite of information identified by a Work Domain
Analysis were more effective at diagnosing unfamiliar faults
than those presented with a subset that was similar to the infor-
mation content identified by task-based approaches. Because the
evaluation was limited to the content (i.e., there was no manipu-
lation of graphical representation), the study did not completely
assess the EID framework, which typically employs configural
graphics to communicate system information.

Burns [21], [22] developed and implemented three ecological
displays based on a single work domain analysis for a simulated
prototype fossil fuel power plant. Each of the displays used a
different information integration and navigation technique (as
opposed to the two previous investigations where alternative in-
terfaces were developed through different design approaches).
The displays afforded an empirical comparison of these tech-
niques employing university students as participants. While the
findings provide valuable guidance for the design of interfaces
for the process industries, they are not intended to serve as val-
idation evidence for performance benefits of ecological inter-
faces over conventional interfaces.

B. Implications for the Nuclear Industry

Empirical findings in representative settings to date support
the conclusion that the benefits of EID observed in microworlds
can generalize to real world applications for process control.
However, the weight of empirical evidence collected under con-
ditions representative of the industrial environment and user
population is insufficient to validate the claims of EID and fa-
cilitate broad adoption in industry.

This shortage of representative empirical evaluations may im-
pede the adoption of EID in the nuclear domain. To acquire sup-
port from management and regulators, demonstrating the ability
of ecological displays to meet operational and safety goals or
to obtain benefits over existing technology is crucial. Given the
validation evidence currently available, it is unrealistic to expect
widespread adoption of EID in the nuclear industry. In effect,
the nuclear industry would not be able to capitalize on the po-
tential value of EID providing support for operators to cope with
unanticipated events [15], [23].

C. Overview of the Current Study

To support the nuclear industry in managing unanticipated
events, EID researchers should begin the validation process by
gathering empirical evidence in representative settings. This ar-
ticle presents the first empirical evaluation of an ecological in-
terface that was developed for the secondary side of a high fi-
delity simulator [5]. This study provides empirical evidence on
the relative levels of operator performance for ecological dis-
plays in comparison with mimic-based displays during realistic
nuclear power plant events. The findings are the first validation
evidence for EID in the nuclear domain.

II. METHOD

A. Participants

Six licensed operator crews1 were recruited from a
BWR power plant identical to the simulated process. Each crew
consisted of one reactor operator (RO) and one turbine operator
(TO), responsible for the primary and secondary side of the sim-
ulated process, respectively. In two cases, participants currently
working as ROs operated the secondary side. This substitution
should not affect generalization of the results given that all ROs
must previously or currently hold TO licenses. Because the Eco-
logical displays are only developed for the secondary side, the
results and discussion in this paper only pertain to the perfor-
mance data collected on the TOs. (The performance data col-
lected on the ROs was not analyzed here.)

B. Experimental Environment

We used the HAlden Man-machine laboratory BOiling water
reactor (HAMBO) [24], [25] as the experimental platform for
this study. HAMBO, a high-fidelity simulator of a 1200 MW
boiling water reactor plant (in operation), offers a realistic en-
vironment of industrial nuclear processes and features for so-
phisticated graphics [5]. The access to licensed operators from
the operating plant corresponding to the simulation was also a
crucial factor for our decision to use HAMBO, as this increases
the representativeness of the study. However, we confined our

1A “crew” as organized by the nuclear plant where operators were recruited
is composed of: (a) two turbine operators, (b) one reactor operator, and (c) one
shift supervisor. In this study, we were able to recruit three four-operator crews
and reorganized them into six two-operator crews. In general, we reserved the
role of the turbine operators in the re-organized crews for the turbine operators
(leaving the role of reactor operators in the study to either reactor operators
or shift supervisors). This re-organization was a compromise for the limited
access to licensed operators but should not significantly affect the outcome of
the experiment, which focused on the performance of turbine operators.
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Fig. 1. HAMMLAB: reactor operator workstation, left; large screen display, center; turbine operator workstation, right.

Fig. 2. LCD panel layout for the turbine operator workstation in the Ecological display condition.

Fig. 3. Display layout.

scope to the secondary side of the plant because of the higher
availability of TOs.

The HAMBO simulator resides within the HAlden Man-Ma-
chine Laboratory (HAMMLAB) facility, where the experiment
was conducted. Fig. 1 shows the reactor and turbine operator

workstations, and the large screen display in HAMMLAB2.
Each operator station consists of twelve 19” LCD panel dis-
plays. Fig. 2 schematically shows the layout of the displays for
the turbine operator workstation. All navigation and interaction
is carried out via keyboard and mouse. The large screen dis-
play in the centre is shared between both reactor and turbine
operators and provides a condensed mimic diagram of both the
primary and secondary side with key instrumentation outputs.

C. Experimental Manipulations

1) Display Types: Three display types—Traditional, Ad-
vanced, and Ecological—were selected for comparison. Prior
to illustrating their distinct characteristics, we first describe the
shared features of the interfaces.

As mentioned in the companion article [5] and illustrated in
Fig. 2, the design scope is limited to the secondary side. Given
this scope, alarm information was communicated in the same
manner across the display conditions (i.e., they have the same
alarm displays). Furthermore, all three types of displays share
the general layout shown in Fig. 3, in which the gray areas are

2In HAMMLAB, a supervisor workstation is also available but not shown as
it is not part of this study.
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Fig. 4. An example of a Traditional display.

the same across the three display types. The interaction style was
also consistent across display type. Specifically, operators could
click on a plant component icon in the format field of any display
to access/view the equipment status and related control variables
that appeared in the automatic and/or process control fields. To
execute control actions, operators could key in desired values
in corresponding variable entry fields. In contrast, for displays
that were within the design scope (i.e., the secondary side), the
format fields (i.e., the white area in Fig. 3) varied according to
the description as follows.

a) Traditional: The Traditional displays are the comput-
erized version of the hard-wired wall panels originally installed
in the operating nuclear plant (Fig. 4). The Traditional displays
roughly represent the “state-of-practice” design, characterized
by mimic diagrams of the facilities with numeric outputs of in-
strumentation (i.e., mimic-based displays). Although the design
process might not adhere strictly to a particular framework, the
design was largely informed by task analyses and possibly some
user input as mandated by regulators (see [26]).

b) Advanced: The Advanced displays are an improved ver-
sion of the Traditional displays (Fig. 5). The Advanced displays

retain the mimic-diagrams of the Traditional displays; however,
they also contain some configural graphics (e.g., [27], [28]) and
“mini-trends” strategically developed or inserted by process ex-
perts. For this display condition, the large screen display con-
tained some advanced visualization features that were absent
from both Traditional and Ecological display conditions in ad-
dition to the condensed mimic diagrams with key instrumen-
tation outputs. The Advanced displays generally represent the
latest implemented design, characterized by some novel visu-
alization or leading edge features on top of mimic-diagrams
with numerical outputs of instrumentation. The Advanced dis-
plays resemble the displays developed in many control room
modernization projects. Though potentially similar to configural
graphics typifying ecological displays, the new visualizations
in the Advanced displays are based on expert opinions that are
often considered as products of a user-centered approach and
evolutionary design strategy.

c) Ecological: The Ecological displays were designed ac-
cording to the EID framework as described in the companion
article [5]. Because the design scope was limited, the partici-
pants had access to the Traditional displays for plant processes
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Fig. 5. An example of an Advanced display.

that were not represented by the Ecological displays. Further-
more, the operators had access to the large screen display in the
Traditional display condition.

2) Scenario Type: This study contained three Procedure-
guided and three Knowledge-based scenarios (Table I). In gen-
eral, equipment failures anticipated by the utilities and job re-
sponsibilities familiar to operators characterized the Procedure-
guided scenarios, while unanticipated failures and unfamiliar re-
sponsibilities characterized the Knowledge-based scenarios.

For the purpose of this study, Procedure-guided scenarios
were defined by a set of disturbances that could be resolved
by referencing plant procedures. For instance, one Procedure-
guided scenario involved a leak in the intermediate superheater
at full power. An alarm (based on the temperature difference be-
tween two instruments) could identify this fault, which could be
resolved by following a procedure for mitigating the alarm(s).
Operators who did not follow the procedure might encounter
more errors or pursue a less efficient solution path.

Scenarios in which disturbances could not be resolved by
procedures were classified as Knowledge-based. For instance,
one Knowledge-based scenario challenged the operator to re-

spond to a sudden temperature increase of seawater, the pri-
mary cooling source for the entire power plant. Although alarms
would sound as equipment became overheated, prescribed solu-
tions did not exist in any procedure. In this scenario, the best so-
lution was to reduce power manually, even though maintaining
full power was one of the operational objectives.

3) Scenario Phase: Each scenario started with a “Detection”
phase, a time period just before the first alarm sounded, and
ended with a “Mitigation” phase that consisted of all subsequent
events. (Fig. 6 illustrates the detailed structure of the scenarios.)
The two phases afforded separate assessments of the effective-
ness of the displays in supporting both monitoring and interven-
tion.

D. Experimental Design

A 3 2 2 within-subjects design was employed with treat-
ments of display type (Traditional, Advanced and Ecological),
scenario type (Procedure-guided and Knowledge-based), and
scenario phase (Detection and Mitigation). The treatments were
completely crossed and counterbalanced using a Latin-square
technique. Table II presents the final experimental design and

Authorized licensed use limited to: IEEE Xplore. Downloaded on January 25, 2009 at 15:37 from IEEE Xplore.  Restrictions apply.



3602 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 55, NO. 6, DECEMBER 2008

TABLE I
DEFINING CHARACTERISTICS OF THE PROCEDURAL-GUIDED AND KNOWLEDGE-BASED SCENARIOS IN THE EXPERIMENT

TABLE II
THE FINAL EXPERIMENTAL DESIGN: DISPLAY TYPE � SCENARIO TYPE � SCENARIO PHASE. THE INDEPENDENT VARIABLES WERE

COMPLETELY CROSSED. THE RUN ORDERS WERE COUNTER-BALANCED USING A LATIN SQUARE. (NOTE THAT SCENARIO 1, 2
AND 3 ARE PROCEDURE-GUIDED SCENARIOS; WHEREAS, SCENARIO 4, 5 AND 6 ARE KNOWLEDGE-BASED SCENARIOS.)

Fig. 6. Basic structure of the scenarios.

the assignment of the six crews to the six scenarios that were
divided into two phases .

E. Hypotheses

The theoretical foundations of EID [1] and previous empir-
ical results [4], [18] suggest that Ecological displays would sup-
port operators better than both Traditional and Advanced dis-
plays. In particular, the performance advantage of the Ecolog-
ical displays was anticipated to be most pronounced in Knowl-
edge-based scenarios, in which problem solving would be the
primary means to resolving process disturbances.

F. Measures

1) Actual Task Performance: Actual task performance was
captured and quantified using the Operator Performance Assess-
ment System (OPAS) [6], [29], [30]. OPAS provides a structure
for the assessment of whether operators carry out their task work
in accordance with scenario solutions prescribed a priori by ex-
perts in control room operation.

Prior to data collection, process experts analyzed the sce-
narios and developed optimal solutions by identifying items that
expressed the desired performance. In principal, any discrete
performance criterion that can be verified against actual operator
data (i.e., observable operator behaviors) may serve as a per-
formance item. Typical items that could differentiate between
levels of task performance across experimental conditions in-
clude omissions, commissions, response time, and strategies
(Table III; also see e.g., [31]). Performance items may also be
perceived in the light of process operation activities in terms of
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TABLE III
GENERIC EXAMPLES OF OPAS PERFORMANCE ITEMS.

(SCORES VALUES IN SQUARE BRACKETS.)

TABLE IV
EXAMPLES OF OPAS PERFORMANCE ITEMS FOR THIS EXPERIMENT.

(SCORES VALUES IN SQUARE BRACKETS.)

safety (i.e., preventing/mitigating transients or accidents), pro-
duction (i.e., maintaining power production level), and preser-
vation activities (i.e., minimizing physical stress on equipment).

Process experts specify different performance items (i.e.,
content of the task performance construct) according to the
defining characteristics of the scenarios. In effect, performance
items vary with scenarios according to the judgments of the
experts. OPAS is designed to rely on experts extensively be-
cause past research [32] indicated that expertise is a critical to
understanding human task performance in complex domains.

For this experiment, one process expert analyzed the sce-
narios and specified the performance items. A simple scoring

system was used, where the operators earned points for com-
pleting performance items. Each item depicted alternative oper-
ator activities that were rewarded by 0, 1, 2 or 3 points. In this ex-
periment, the performance items may be classified as one of the
four categories: detection, inference, action and teamwork/com-
munication3 (see examples in Table IV).

During the experiment, a process expert registered the points
earned by operators in completing the predefined activities
within each performance item based on observations of oper-
ator verbalization, physical behaviors, problem solving, and
system states. Studies have shown that real time expert rating
is comparable to objective data logs (e.g., simulator logs and
video recordings) and that a single expert rater is adequate given
the high inter-rater reliability [29] of the OPAS instrument. The
employed performance index is the unweighted average of all
performance items defined for a scenario.

The OPAS index reflects the discrepancy between operator
performance and predefined optimal solutions to scenarios. Due
to its relativistic nature, the OPAS index cannot establish any
general acceptance criteria, as it is only meaningful for compar-
isons between indices across situations. Nevertheless, operator
performance relative to the optimal level can be psychologically
meaningful. OPAS assesses the degree of conformance with per-
formance expectations that remain constant across task condi-
tions; thus, the raw scores originating from different scenarios
can be compiled into one performance index. In addition, OPAS
is similar to training and licensing assessment situations in the
nuclear domain, for which human performance constructs are
often ill-defined and may be difficult for non-experts to under-
stand due to domain complexity.

The ill-defined nature of human performance in complex do-
mains is partially attributable to the fact that measures of task
performance often include multiple and interacting aspects of
human performance. Some aspects of human performance, such
as expertise or past experience, are not generally considered
part of task performance but can significantly affect task perfor-
mance. In other words, task performance measures often cannot
distinguish between interacting aspects of human performance,
even though these aspects may be psychologically or concep-
tually distinct. For this reason, task performance may be inter-
preted from multiple perspectives depending on the combina-
tions of aspects of interest.

In this study, we are particularly concerned with distin-
guishing between task performance and workload. Workload
is largely driven by the nature of the scenarios, which also
determines the OPAS performance items. For some scenarios,
operators may experience high workload from completing
many relatively simple performance items in a short amount
of time. Other operators may experience high workload from
completing only a few complex performance items. In either
case, operators need to overcome workload demand to achieve
high OPAS indices. From one perspective, workload is an
integral part of task performance as both are always present
when performing work. From another, workload remains dis-
tinct from task performance, as workload could mediate but
not determine task performance. To consider task performance

3Performance items were classified during the analysis phase.
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TABLE V
WORKLOAD ITEMS OF THE SUBJECTIVE TASK-COMPLEXITY SCALE

TABLE VI
TRAINING PROGRAM

from both perspectives, the results include the effects of ex-
perimental manipulations on (a) Workload and (b) Actual task
performance controlling for the mediating effect of Workload
(see IV Discussion).

2) Workload: Workload is generally accepted to have a sig-
nificant impact on performance. Improved task performance at
the expense of higher workload is usually not desirable; thus,
we collected workload data using a subjective task-complexity
scale developed by the OECD Halden Reactor Project [33]. The
scale is a self-rating instrument focusing on task-related diffi-
culties that control room operators experience while they work.
Participants rate five items (Table V) in a seven-point Likert
scale anchored by ‘very difficult’ (1) and ‘very easy’ (7). Several
psychometric evaluations and experimental studies indicate that
the scale is more reliable and predictive of task performance in
representative nuclear process control settings [6], [7] than the
NASA-TLX [34]. [35] discusses the subjective task-complexity
scale in detail.

G. Procedure

The participation of each crew was divided over three consec-
utive days. The first day was dedicated to the training program
after obtaining informed consent and demographic information.
Six hours of training occurred on the first day as outlined in
Table VI. The second day started with a one-hour training ses-
sion to refresh the materials presented on the first day, followed
by three scenarios with fifteen-minute breaks in between. The
third day started with three scenarios also with fifteen-minute
breaks in between, followed by a debriefing/closing session.

For all scenarios, crews were asked to maintain the original
power level and safe operation. The process expert (who ana-

TABLE VII
ANOVA RESULTS FOR WORKLOAD

lyzed the scenarios) registered OPAS scores to corresponding
performance items at various points of the scenarios by ob-
serving the participants while they monitored system states and
resolved disturbances. The participants also responded to the
subjective task-complexity questionnaire during a short simu-
lator freeze and at the end of each scenario. The simulation
freeze occurred at the end of the Detection phase, which took
up the first five to ten minutes of the scenario as depicted in
Fig. 6. The scenario then continued with the Mitigation phase,
which was marked by the onset of the first alarm within the
first minute. The Mitigation phase usually lasted for 30 to 40
minutes, followed by another administration of the subjective
task-complexity questionnaire at the end of the scenario.

III. RESULTS

Two statistical models were built to analyze the dependent
variables. The first is a three-way analysis of variance (ANOVA)
on Workload, and the second is an analysis of covariance (AN-
COVA) on Actual task performance controlling for Workload.

A. Assumptions

The validity of the two statistical models rest on several as-
sumptions. The normality assumption for the Workload and Ac-
tual task performance measurements is not satisfied according
to the Shapiro-Wilks’ W tests on the distributions for every
combination of treatments. However, both ANOVA and AN-
COVA are generally robust against the violation of normality,
except for some specific characteristics of population distribu-
tion. (See [36] and [37] for a discussion of normality violations
on ANOVA and ANCOVA, respectively). For the normality as-
sumption, we thus examined the distributions for every treat-
ment level using histograms and normal probability plots for
these specific violations and did not find any major threats to
the validity of the statistical results. The sphericty assumption
also applies to the statistical models, which are both repeated-
measures. The Mauchley’s tests indicate that all effects of both
models satisfy the sphericity assumption. ANCOVA requires
an additional assumption—homogeneity of slopes/within group
regression or parallelism. The homogeneity of slopes assump-
tion is satisfied according to visual examinations of the scatter
plots, and the interaction terms between independent variables
and the continuous predictor in a general linear model.
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Fig. 7. Interaction plot of Display and Phase for Workload. The plot is drawn
according to the method proposed by [44] to remove within-subject variance.
(Note that overlaps between confidence intervals do not necessarily indicate that
the means are not significantly different. See [45], [46] for a discussion.)

Fig. 8. Interaction plot of Scenario and Phase for Workload. The plot is drawn
according to the method proposed by [44] to remove within-subject variance.
(Note that overlaps between confidence intervals do not necessarily indicate that
the means are not significantly different. See [45], [46] for a discussion.)

B. Workload—The Covariate

Workload was measured by a subjective self-rating scale,
which was confirmed to have a sufficiently high inter-item reli-
ability for further analysis. Workload was analyzed
in an ANOVA with fixed factors of display type (Traditional,
Advanced and Ecological), scenario type (Procedure-guided
and Knowledge-based), and scenario phase (Detection and
Mitigation), and with a random factor of crew. The ANOVA is
an over-parameterized model built on Type II sums of squares.

This analysis explores the fixed effects on Workload that are
helpful for interpreting the next model—an ANCOVA on Actual
task performance. Workload and Actual task performance have
a low correlation, . Table VII presents the
results of the ANOVA for all effects. A significant main effect
of phase , and significant two-way
interaction effects for display and phase

, and scenario and phase were
observed.

We omit the plot of the phase main effect as it provides lim-
ited and redundant information as compared to the significant
two-way interaction effects. The display and phase interaction
plot (Fig. 7) illustrates no practical difference in Workload be-
tween the three display types in the Detection phase, but the
Workload increase to the Mitigation phase is highest with the
Traditional displays and lowest with the Advanced displays. The
display and phase interaction effect accounts for 11% of the total
variance 4.

The scenario and phase interaction plot (Fig. 8) illustrates
that the participants experienced less Workload during the De-
tection phase and more Workload during the Mitigation phase
of Knowledge-based when compared to Procedure-guided sce-
narios (in which the participants experienced more Workload
during the Detection phase and less Workload in the Mitigation
phase). The scenario and phase interaction effect accounts for
17% of the total variance .

C. Actual Task Performance Controlled for Workload

Actual task performance (i.e., the OPAS indices) was an-
alyzed in an ANCOVA with fixed factors of display type
(Traditional, Advanced and Ecological), scenario type (Pro-
cedure-guided and Knowledge-based) and scenario phase
(Detection and Mitigation), a random factor of crew, and a co-
variate of Workload. The ANCOVA was an over-parameterized
model built on Type II sums of squares.

This analysis explores the fixed effects on Actual task per-
formance controlled for Workload, assessing the support for
problem solving provided by each display type while limiting
the mediating effect of task demand. The results provide empir-
ical evidence on whether EID could introduce performance ben-
efits according to its theoretical foundation. Table VIII presents
the results of the ANCOVA for all effects. The significant ef-
fects on Actual task performance after controlling for Workload
are the two-way interaction of display and phase

, and the three-way interaction of display, sce-
nario and phase .

Because the two-way interaction only provides limited and
redundant information, we present the three-way interaction
plot. Fig. 9 suggests that the Ecological displays enhanced
Actual task performance in the Detection phase of Knowl-
edge-based scenarios. The performance difference between
interfaces in other experimental conditions appeared negligible.
The three-way interaction effect accounts for 12% of the total
variance .

A post-hoc analysis using Tukey’s Honestly Significant
Difference (HSD) criterion for significance was conducted
to confirm the performance advantage of Ecological displays
in the Detection phase of Knowledge-based scenarios. As

4[36] provides the formulae for calculating the effect sizes based on F-value,
number of levels for each treatment (p, q, r), and number of blocks/operators (n)
for main and two-way interaction effects. We extended the formulas provided
by [36] for the three-way interaction effects. The formulae applied to calculated
the effect sizes in this article are: � � ��� � ���� � ������ � ���� �

�����	
��� � ���� ���	� ���� � ������� ���	� ���� � ���
��	
��� � ��� � ���	 � ���
 � ���� � ������ � ���	 � ���
 �
���� � �� � ��	
�.
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TABLE VIII
ANCOVA RESULTS FOR ACTUAL TASK PERFORMANCE

WITH WORKLOAD AS THE COVARIATE

Fig. 9. Interaction plot of Display, Scenario and Phase for Actual Task Perfor-
mance controlled for Workload. The plot is drawn according to the method pro-
posed by [44] to remove within-subject variance. (Note that overlaps between
confidence intervals do not necessarily indicate that the means are not signifi-
cantly different. See [45], [46] for a discussion.)

common statistical software applications do not support the
post-hoc test for the above ANCOVA model, we applied a
technique discussed in [38], [39]. The technique (1) formulates
a new set of scores by subtracting the standardized scores
between the dependent variable and the covariate, and (2)
applies ANOVA on the new scores, which exclude the variance
contributed by the covariate. In our case, we built an ANOVA
model on the differences between the standardized scores of
Actual task performance and Workload. The final Tukey’s HSD
post-hoc analysis indicated that the performance of Ecological
displays was significantly higher than
Traditional and Advanced

in the Detection phase of
Knowledge-based scenarios.

IV. DISCUSSION

The results have direct implications for interface design in
the nuclear industry. In this section, we will first discuss ef-
fects of the experimental manipulations on Workload to seek
a greater understanding of the covariate. Then, we examine the

analysis on the Actual task performance controlling for Work-
load that provides the first empirical and validation evidence on
EID in the nuclear domain. This section concludes with limita-
tions, contributions and suggestions for future work.

A. Workload—The Covariate

The analysis with Workload as the dependent measure con-
firms the effectiveness of the experimental manipulations. A
main effect of phase was expected given that the Detection phase
only required monitoring while the Mitigation phase required
intervention in addition to monitoring. The scenario and phase
interaction effect was also expected. As a result of low famil-
iarity with or poor anticipation of process events, participants
would be more likely to miss the early indications of system
disturbances in the Detection phase of Knowledge-based sce-
narios than of Procedure-guided scenarios, thereby assuming
normal operating states and experiencing less Workload. How-
ever, in the Mitigation phase of Knowledge-based scenarios,
participants must compensate for the unanticipated disturbances
and late intervention leading to a substantial increase in Work-
load. On the other hand, when participants could detect the early
indication of disturbances in Procedure-based scenarios, the in-
crease in Workload from the Detection to Mitigation phase was
less pronounced relative to Knowledge-based scenarios.

The analysis on Workload also illustrates some differences
between the display types. The results indicate that both Ad-
vanced and Ecological displays induced lower increases of
Workload from the Detection to Mitigation phase than the
Traditional displays. This finding is encouraging in that the
new visualization techniques do not result in higher Workload.
The reduced workload supported by the Ecological displays
in comparison to the Traditional displays is consistent with
NASA-TLX results in [14]. The minimum Workload increase
was unexpectedly observed with the Advanced displays. We
postulate that the evolutionary improvements based on the
user-centered approach for the Advanced displays may be
concentrated on improving efficiency and thereby reducing
Workload. In contrast, the ecological approach typically em-
phasizes interface effectiveness against unanticipated events
that does not necessarily correlate with Workload.

B. Validation Evidence: Actual Task Performance Controlling
for Workload

The theoretical foundations and accumulated empirical re-
sults pertaining to EID indicate that the primary contribution of
introducing ecological displays would be superior support for
knowledge-based or problem solving tasks relative to displays
based on conventional approaches. More specifically, ecological
displays improve task performance beyond the benefits from the
mediating effect of workload reduction. From this perspective,
task performance independent of workload variation could high-
light the precise effect of ecological displays intended by the
EID framework.

Actual task performance, however, as defined by OPAS is
likely to include the influence of workload (see II Method). To
limit the influence of workload while assessing the level of sup-
port for problem solving provided by the displays, we conducted
an ANCOVA on Actual task performance with Workload as a
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covariate. The ANCOVA removed the variance associated with
Workload in each scenario from the Actual task performance.
(The Situation Present Assessment Method [40] applies a sim-
ilar approach to separate workload effects from situation aware-
ness measurements.) In effect, the ANCOVA results provided an
indication of performance more confined to problem solving in
comparison to an ANOVA on Actual task performance.

The decision to limit the mediating effect of Workload on Ac-
tual task performance in our analysis does not imply the inde-
pendence between workload and task performance in general.
The integral perspective (that task performance is a synthesis of
many interacting aspects of human performance) is important,
particularly for a summative evaluation such as those in inte-
grated system validation [15]. Readers should not interpret the
ANCOVA Actual task performance results independent of the
ANOVA Workload results. Removing variance associated with
Workload from Actual task performance through ANCOVA is a
technique to clarify and emphasize of the intended effects of the
EID framework rather than a proposal for altering interpretation
of performance constructs within the nuclear domain. In consid-
eration that both the Advanced and Ecological displays appear
superior to the Traditional displays in terms of Workload ac-
cording to the ANOVA two-way interaction effect (see section
above and Fig. 7), this analysis approach appeared appropriate
and meaningful as new visualization techniques do not seem to
induce excessive Workload.

The ANCOVA results extend the available confirming evi-
dence on the theoretical claim [1], [41] that EID could improve
operator support for knowledge-based or problem solving tasks
beyond alleviation of workload, corroborating the general find-
ings of the previous EID studies [4], [18]. The three-way in-
teraction plot (Fig. 9) and post-hoc analysis illustrate a marked
advantage for the Ecological displays in the Detection phase
of Knowledge-based scenarios over both Traditional and Ad-
vanced displays, whereas other performance differences were
relatively negligible. This unique performance advantage also
directly translates to the significant two-way interaction effect
between display type and scenario phase.

The marked advantage for the Ecological displays in the
Detection phase of Knowledge-based scenarios indicates that
EID could lead to displays which better support operators in
monitoring for unanticipated events or early phases of problem
solving (i.e., problem identification and formulation) than
mimic-based displays. Monitoring for critical events evolving
from ‘normal’ operating states is a key part of supervisory con-
trol. Effective monitoring facilitates early intervention that can
prevent process deviations developing into major disturbances
or even accidents (see [42]). Furthermore, investigations have
repeatedly indicated that major accidents are often preceded by
unanticipated events [43], [44]. Thus, the unique advantage of
the Ecological displays demonstrated in this study is encour-
aging in that EID could be a design solution for coping with
unanticipated events, which have largely been neglected by
conventional approaches.

The theoretical foundations of EID [1], [2], [41] support the
argument that the framework could contribute to this benefit in
two ways. First, the information content and structure identi-
fied by the Work Domain Analysis are explicitly selected to

support operators in coping with all events, including unan-
ticipated ones. In contrast, conventional approaches only ex-
plicitly identify information requirements of anticipated events.
While all of these design approaches could effectively support
monitoring for anticipated events (as suggested by the negli-
gible performance difference between display types in the De-
tection phase of Procedure-guided scenarios (see Fig. 9)), the
information content and structure in Ecological displays should
better support operators in coping with unanticipated events.
Second, the graphical forms in Ecological displays followed the
SRK taxonomy, which served as an overarching framework to
guide design towards high compatibility with human informa-
tion processing (for all levels of cognitive control). On the other
hand, conventional approaches usually contain specific, rather
than overall, design heuristics and principles (e.g., [26]) to en-
sure compatibility with information processing. Thus, Ecolog-
ical displays could communicate process information more ef-
fectively to operators than displays based on conventional ap-
proaches. This advantage would also be most prominent for
information related to knowledge-based rather than rule-based
decision making when common monitoring strategies do not
apply.

The performance advantage of the Ecological displays, how-
ever, did not persist in the Mitigation phase of Knowledge-based
scenarios, as predicted by the framework and observed in pre-
vious empirical studies. We postulate four related factors con-
tributing to the diminished performance difference between dis-
play types in the Mitigation phase. First, operators were en-
gaged in a greater mixture of tasks during the Mitigation than
Detection phases. During the Detection phase, operators mon-
itored process deviations and began problem solving. On the
other hand, during the Mitigation phase, operators constructed
intervention plans and executed control actions in addition to
problem solving tasks. During the Mitigation phase, operators
could have engaged some tasks involving rule-based decision-
making even in Knowledge-based scenarios, such as executing
control actions according to their planned solutions. In other
words, the Mitigation phases inherently included tasks besides
problem solving even in Knowledge-based scenarios. In effect,
the unique support for problem solving provided by the Ecolog-
ical displays may not be as relevant during Mitigation in com-
parison to the Detection phase.

The intervention nature of the Mitigation phase also relates
to the remaining postulated factors. The second factor is that
intervention may be more robust to interface effects as operator
responses would rely on multiple skills and resources (e.g.,
trainings and procedures) as well as representation aides.
Therefore, performance advantages induced by any one type of
displays would be less discernable during the Mitigation phase
due to reduced reliance on representation aides. The third factor
is that the Traditional and Advanced displays could contain
features particularly effective for intervention. Task-based and
user-centered approaches typically emphasize efficiency and
precision in executing control actions. Furthermore, the Eco-
logical displays retained the same methods of interaction as the
Traditional and Advanced displays, inhibiting a full assessment
of the EID framework in supporting intervention. Fourth, en-
hanced support for other aspects of work, such as intervention
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as emphasized by the Traditional and Advanced displays, could
lead to greater cognitive resources allocated to problem solving,
thereby minimizing performance differences across display
types. From this perspective, interface designers might regard
task-based and user-centered approaches as complementary
techniques to be integrated with the ecological approach [2],
[17]. While these factors are plausible explanations for the
lack of observed performance differences between the display
types in the Mitigation phase, the results of this study prompt
further empirical examination that explicitly compares visual-
ization features contained in displays based on EID and other
approaches.

C. Other Empirical Evidence

Actual task performance and Workload are not the only rel-
evant indicators in human-system interface evaluation. More
data were collected and analyzed to evaluate these displays, and
these performance indicators should be interpreted in conjunc-
tion with one another.

The quantitative results of situation awareness [6]–[8] as a
dependent measure converge with the performance indicators in
this article. In summary, the analysis of variance results indicate
a three-way interaction effect on the Process Overview mea-
sure , which is analogical to level
1 situation awareness (i.e., perception as defined in [9]), and the
Scenario Understanding measure ,
which is analogical to level 2 and 3 situation awareness (i.e.,
comprehension and projection). For both Process Overview and
Scenario Understanding, the three-way interaction plots illus-
trates a performance advantage for the Ecological displays in
the Detection phase of Knowledge-based scenarios.

Extensive qualitative data was also collected during the study.
A cursory review of the debriefing comments by the designers
of the Ecological displays [45] indicates that the participants
preferred the conventional simulator (i.e., Traditional and Ad-
vanced) displays for their less cluttered information presenta-
tion. The participants noted some graphical information in the
Ecological displays appeared irrelevant (potentially due to a
limited sample of scenarios). The participants did find that the
graphical forms on the ecological displays were particularly
useful for detecting anomalies but some were often overly com-
plex for efficient diagnosis. All participants thought that the
training time was generally insufficient. The formal analysis and
report on the qualitative data collected in this study is in progress
[10].

D. Limitations

Several limitations to the findings of the study warrant con-
sideration. First, the Ecological displays employed in this study
are, in fact, a hybrid Ecological-Traditional interface. The hy-
brid nature is evident in that: a) the scope of the Ecological dis-
plays was limited to the secondary side, b) the overview dis-
play in the Ecological display condition was the same as the
Traditional one, and c) the interaction was consistent across all
display conditions. All of these limitations were a direct con-
sequence of the limited resources available for this study. Still,
the reliance on a hybrid implementation raises the question of

compatibility between the two display types that has not been
investigated in the open literature. Given that the full plant must
be in operation during the experiment, crews in the Ecological
display condition used different types of displays to control the
primary and secondary sides of the plant. In the Ecological dis-
play condition, crews used the large screen display in the Tradi-
tional display condition because an ecological version was not
developed. This choice was influenced by the scope of the re-
search program that excluded design work for the displays of
reactor operators (i.e., the primary side), who also used the large
screen display for monitoring. Furthermore, the interaction style
was devised for the Traditional and Advanced displays, but was
also used by participants in the Ecological display condition.
This decision was governed by the availability of training time,
which was estimated to be sufficient for only one interaction
style. For all of these reasons, intervention may have been more
be challenging in the Ecological display condition.

It is worth noting that, although a hybrid implementation is
not ideal from an experimental perspective, it is actually quite
representative of industry practice. In our experience, industry
tends to adopt novel interface design techniques in phases,
testing new concepts in limited operations while retaining
the full suite of traditional controls. Thus, the benefits for the
Ecological interface demonstrated in this experiment are likely
to be conservative estimates. A comparison of displays that
included displays for the primary side and large screen displays,
and an interaction scheme based on EID, would provide a more
accurate assessment of the merits of the ecological approach.

A final limitation is the limited training provided to operators
in using the Ecological displays. Operators were generally more
familiar with both the Traditional and Advanced displays, which
are very similar to the one in the control room of the nuclear
plant being simulated. In an experiment spanning several days,
it is not possible to endow operators with the level of familiarity
in a novel display that they have attained with displays that are
either highly similar (i.e., Traditional) or substantially similar
(i.e., Advanced) to those employed in their workplace. Thus, to
observe superior performance with the Ecological displays in
any condition compared to the others is rather remarkable from
a training perspective. Again, it is likely that the benefits for
ecological displays shown in this experiment are conservative
estimates of the full effect of EID.

E. Contributions

This empirical study marks the beginning of EID validation
in the nuclear domain. The findings replicate some of those in
the only other EID study that is representative of operations in
the process control domain [18]. Taken together these studies
demonstrate that the benefits of ecological interfaces observed
in laboratory settings can scale up to industry applications. The
present study also demonstrated that hybrid implementation of
ecological and conventional interfaces did not appear to hinder
performance relative to (uniformly implemented) conventional
interfaces. This provides reassurance that the common industrial
strategy of adopting new visualization techniques in an evolu-
tionary manner is a viable avenue for adopting EID.
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F. Future Work

Validation depends on convergent support from a series of
empirical studies. Subsequent studies must address several unat-
tended issues. The scope of future assessments must be ex-
panded to include the primary side and other operator support
tools (e.g., large screen displays). Studies employing alternative
performance measures (e.g., system efficiency) are also needed
to obtain both convergent and discriminant validity. A complete
set of human performance measures would also illustrate the
particular facets of work best supported by EID. A more exten-
sive set of scenarios is also needed to explore the consistency
of support provided by ecological displays in other operating
modes (e.g., start-up, shut-down, and re-fueling). As recom-
mended in [2] and investigated in [17], [18], our findings sug-
gest that integrating other approaches into the EID framework
to explicitly provide procedural supports through ecological in-
terfaces may result in efficient and robust interfaces which may
not be achieved with any one design techniques. Thus, future
studies also need to assess integrated techniques, probably in
both laboratory and industrially representative settings.

V. CONCLUSION

The objective of our ongoing research program is to col-
lect design, verification and validation evidence to assess the
merits of EID in the nuclear domain. A companion article [5]
presents our effort in demonstrating that the EID framework
can lead to visualization features and verification criteria that
are valuable for supporting and ensuring effective monitoring
during both anticipated and unanticipated events. This article
presents the first empirical evaluation of ecological displays in
a setting representative of a nuclear power plant control room
with professional operators. The results support the conclusion
that ecological displays could provide a marked advantage
for monitoring for unanticipated events over other conven-
tional displays while other performance differences between
the interfaces are relatively negligible. This conclusion marks a
promising beginning of EID validation in the nuclear domain.
Furthermore, ecological displays seem to achieve this per-
formance advantage without any workload increments. These
results together are particularly encouraging because EID ap-
pears to be a design solution for coping with unanticipated
events, which have largely been neglected by conventional
approaches. This study, therefore, is an important step in the
ongoing effort to improve human-system interaction in the
nuclear industry.

ACKNOWLEDGMENT

The authors would like to thank C. Nihlwing of IFE for his
contributions as the process expert in this study and R. Welch for
developing the training program. They would also like to thank
J. Kvalem, of IFE, for his effort in making this collaboration
possible and A. Teigen, of IFE, for his work in implementing
our ecological interface.

REFERENCES

[1] K. J. Vicente and J. Rasmussen, “Ecological interface design: The-
oretical foundations,” IEEE Trans. Syst., Man, Cybern., vol. 22, pp.
589–606, 1992.

[2] C. M. Burns and J. R. Hajdukiewicz, Ecological Interface Design.
Boca Raton, FL: CRC Press, 2004.

[3] J. Rasmussen and J. K. Vicente, “Coping with human errors through
system design: Implications for ecological interface design,” Int. J. of
Human-Computer Studies, vol. 31, pp. 517–534, 1989.

[4] K. J. Vicente, “Ecological interface design: Progress and challenges,”
Human Factors, vol. 44, pp. 62–78, Spring 2002.

[5] N. Lau, Ø. Veland, J. Kwok, G. A. Jamieson, C. M. Burns, A. O.
Braseth, and R. Welch, “Ecological interface design in the nuclear do-
main: An application to the secondary subsystems of a boiling water
reactor plant simulator,” IEEE Trans. Nucl. Sci., vol. 55, no. 6, pp.
XXX–XXX, Dec. 2008.

[6] G. Skraaning, Jr., N. Lau, R. Welch, C. Nihlwing, G. Andresen, L. H.
Brevig, Ø. Veland, G. A. Jamieson, C. M. Burns, and J. Kwok, “The
ecological interface design experiment (2005),” OECD Halden Reactor
Project. Halden, Norway, 2007, HWR-847.

[7] G. Skraaning, Jr., N. Lau, R. Welch, C. Nihlwing, G. Andresen, L.
H. Brevig, Ø. Veland, G. A. Jamieson, C. M. Burns, and J. Kwok,
“The Ecological Interface Design Experiment (2005),” University of
Toronto, Toronto, ON, Canada, Tech. Rep. CEL 07-02, Mar. 2007
[Online]. Available: http://www.mie.utoronto.ca/labs/cel/publica-
tions/files/tech_reports/CEL07-02.pdf, [Online]. Available:

[8] C. M. Burns, G. Skraaning, Jr., G. A. Jamieson, N. Lau, J. Kwok, R.
Welch, and G. Andresen, “Evaluation of ecological interface design for
nuclear process control: Situation awareness effects,” Human Factors,
vol. 50, pp. 663–679, 2008.

[9] M. R. Endsley, “Toward a theory of situation awareness in dynamic
systems,” Human Factors, vol. 37, pp. 32–64, 1995.

[10] L. Norros, L. Salo, P. Savioja, and J. Laarni, “The ecological inter-
face design experiment (2005)—The qualitative analysis of operator
practices in three interface design conditions,” OECD Halden Reactor
Project, Halden, Norway, HWR-889, to be published.

[11] D. V. Reising and P. M. Sanderson, “Minimal instrumentation may
compromise failure diagnosis with an ecological interface,” Human
Factors, vol. 46, pp. 316–333, 2004.

[12] D. V. Reising and P. M. Sanderson, “Ecological interface design for
pasteurizer II: A process description of semantic mapping,” Human
Factors, vol. 44, pp. 222–247, 2002.

[13] O. St-Cyr, “Impact of sensor noise magnitude on emergent features
of ecological interface design,” in Proc. 50th Annual Meeting of the
Human Factors and Ergonomics Society, 2006, pp. 319–323.

[14] A. Garabet and C. M. Burns, “Collaboration with ecological interface
design,” in Proc. 48th Annual Meeting of the Human Factors and Er-
gonomics Society, 2004, pp. 543–546.

[15] J. M. O’Hara, J. C. Higgins, J. J. Persensky, P. M. Lewis, and J. P. Bon-
garra, “Human Factors Engineering Program Review Model,” Wash-
ington, D.C., USA, Tech. Rep. NUREG-0711 Rev. 2, Feb. 2004, U.S.
Nuclear Regulatory Commission.

[16] J. Rasmussen, “Skills, rules, and knowledge; signals, signs, and
symbols, and other distinctions in human performance models,” IEEE
Trans. Syst., Man, Cybern., vol. SMC-13, pp. 257–266, 1983.

[17] G. A. Jamieson, C. A. Miller, W. H. Ho, and K. J. Vicente, “Integrating
task- and work domain-based work analyses in ecological interface de-
sign: A process control case study,” IEEE Trans. Syst., Man, Cybern.,
vol. 37, pp. 887–905, 2007.

[18] G. A. Jamieson, “Ecological interface design for petrochemical process
control: An empirical assessment,” IEEE Trans. Syst., Man, Cybern.,
vol. 37, pp. 906–920, 2007.

[19] D. H. Ham and W. C. Yoon, “The effects of presenting functionally
abstracted information in fault diagnosis tasks,” Rel. Eng. Syst. Safety,
vol. 73, pp. 103–119, 2001.

[20] D. H. Ham and W. C. Yoon, “Design of information content and layout
for process control based on goal-means domain analysis,” Cognition,
Technology, Work, vol. 3, pp. 205–223, 2001.

[21] C. M. Burns, “Putting it all together: Improving display integration in
ecological displays,” Human Factors, vol. 42, pp. 226–241, 2000.

[22] C. M. Burns, “Navigation strategies with ecological displays,” Int. J.
Human-Computer Studies, vol. 52, pp. 111–129, 2000.

[23] J. M. O’Hara, “A quasi-experimental model of complex human-ma-
chine system validation,” Cognition, Technology, Work, vol. 1, pp.
37–46, 1999.

Authorized licensed use limited to: IEEE Xplore. Downloaded on January 25, 2009 at 15:37 from IEEE Xplore.  Restrictions apply.



3610 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 55, NO. 6, DECEMBER 2008

[24] T. Karlsson, H. Jokstad, B. D. Meyer, C. Nilhlwing, S. Norrman,
E. K. Puska, P. Raussi, and O. Tiihonen, “OECD Halden Reactor
Project: The HAMBO BWR Simulator of HAMMLAB,” Institutt for
Energiteknikk, Halden, Norway, Tech. Rep. HWR-663, Feb. 2001.

[25] F. Øwre, J. Kvalem, T. Karlsson, and C. Nihlwing, “A new integrated
BWR supervision and control system,” in Proc. IEEE 7th Conf. Human
Factors and Power Plants, 2002, pp. 4–41–4–47.

[26] J. M. O’Hara and W. S. Brown, “Human-System Interface Design
Review Guidelines,” Human-System Interface Design Review Guide-
lines, Washington, D.C., Tech. Rep. NUREG-700, Rev. 2, May 2002.

[27] K. B. Bennett and J. M. Flach, “Graphical displays: Implications for di-
vided attention, focused attention, and problem solving,” Human Fac-
tors, vol. 34, pp. 513–533, 1992.

[28] K. B. Bennett, M. L. Toms, and D. D. Woods, “Emergent features
and graphical elements: Designing more effective configural displays,”
Human Factors, vol. 35, pp. 71–97, 1993.

[29] G. Skraaning, Jr., Experimental Control versus Realism: Method-
ological Solutions for Simulator Studies in Complex Operating
Environments OECD Halden Reactor Project, Halden, Norway,
HPR-361, 2003.

[30] G. Skraaning, Jr., “The Operator Performance Assessment System
(OPAS),” OECD Halden Reactor Project, Halden, Norway, HWR-538,
1998.

[31] J. Sharit, Human Error in Handbook of Human Factors and Er-
gonomics, G. Salvendy, Ed., 3rd ed. Hoboken, NJ: Wiley, 2006, pp.
708–760.

[32] J. R. Anderson, Cognitive Psychology and Its Implications. New
York: Freeman, 1985.

[33] P. Ø. Braarud, “Subjective Task Complexity in the Control Room,”
OECD Halden Reactor Project, Halden, Norway, HWR-621, 2000.

[34] S. G. Hart and L. E. Staveland, “Development of NASA-TLX (Task
Load Index): Results of empirical and theorectical research,” in Human
Mental Workload, P. A. Hancock and N. Meshkati, Eds. Amsterdam,
The Netherlands: Elsevier, 1988, pp. 139–183.

[35] P. Ø. Braarud and H. Brendryen, “Task Demand, Task Management,
and Teamwork,” OECD Halden Reactor Project, Halden, Norway,
HWR-657, 2001.

[36] R. E. Kirk, Experimental Design: Procedures for the Behavioral Sci-
ences, 3rd ed. Pacific Grove, CA: Brooks/Cole, 1995.

[37] B. E. Huitema, The Analysis of Covariance and Alternatives. New
York: Wiley, 1980.

[38] E. J. Pedhazur and L. P. Schmelkin, Measurement, Design, and Anal-
ysis : An Integrated Approach. Hillsdale, NJ: Lawrence Erlbaum As-
sociates, 1991.

[39] D. Howell, Statistical Methods for Psychology, 5th ed. Pacific Grove,
CA: Duxbury/Thomson Learning, 2002.

[40] F. T. Durso and A. R. Dattel, “SPAM: The Real-Time Assessment of
SA,” in A Cognitive Approach to Situation Awareness: Theory and Ap-
plication, S. Banbury and S. Tremblay, Eds. Hampshire, U.K.: Ash-
gate, 2004, pp. 137–154.

[41] K. J. Vicente, Cognitive Work Analysis: Toward Safe, Productive, and
Healthy Computer-Based Work. Mahwah, NJ: Lawrence Erlbaum
Associates, 1999.

[42] R. J. Mumaw, E. M. Roth, K. J. Vicente, and C. M. Burns, “There is
more to monitoring a nuclear power plant than meets the eye,” Human
Factors, vol. 42, pp. 36–55, Mar. 22, 2000.

[43] J. Rasmussen, Man-Machine Communication in the Light of Accident
Records. Roskilde, Denmark, pp. S-1–S-69, 1969, Danish Atomic
Energy Commission, Research Establishment Risø.

[44] J. Reason, Human Error. Cambridge, U.K.: Cambridge Univ. Press,
1990.

[45] R. Welch, A. O. Braseth, C. Nihlwing, G. Skraaning, Jr., A. Teigen,
Ø. Teigen, N. Lau, G. A. Jamieson, C. M. Burns, and J. Kwok, “The
2005 Ecological Interface Design Process and The Resulting Displays,”
OECD Halden Reactor Project, Halden, Norway, HWR-847, 2007.

[46] D. Cosineau, “Confidence intervals in within-subject designs: A sim-
pler solution to Loftus and Masson’s method,” Tutorials in Quantitative
Methods for Psychology, vol. 1, pp. 42–45, 2007.

[47] G. Cumming and S. Finch, “Inference by eye: Confidence intervals
and how to read pictures of data,” American Psychologist, vol. 60, pp.
170–180, 2005.

[48] G. R. Loftus and M. E. J. Masson, “Using confidence intervals in
within-subject designs,” Psychonomic Bulletin and Review, vol. 1, pp.
476–490, 1994.

Authorized licensed use limited to: IEEE Xplore. Downloaded on January 25, 2009 at 15:37 from IEEE Xplore.  Restrictions apply.


