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Abstract—Accident investigations have revealed that unantic-
ipated events are often precursors of major accidents. Unfortu-
nately, conventional approaches to interface design for complex
systems do not explicitly support problem solving during unan-
ticipated events. Ecological Interface Design (EID) is a theoretical
framework for designing computer interfaces that explicitly aims
to support worker adaptation, especially during unanticipated
events, leading to more robust user interfaces. However, limited
verification and validation research in representative settings
is impeding the adoption of the EID framework in the nuclear
domain. This article presents an example by applying EID to the
secondary side of a boiling water reactor plant simulator. The
interface designers constructed abstraction hierarchy, causal, and
part-whole models to acquire pertinent knowledge of the work
domain and designed five ecological displays to represent the
plant processes. These displays are analytically shown to contain
visualization properties that could support monitoring and diag-
nosing unanticipated events in accordance to the claims of the EID
framework. The analytical evaluation of the visualization features
of the displays also illustrates that the EID framework could be
applied to improve current verification practice. A companion
article reports an empirical evaluation of these ecological displays
to validate whether these properties could enhance operator
performance.

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

I. INTRODUCTION

L OW carbon emission and stable fuel supplies are rekin-
dling interest in nuclear power [1]�[6]. At the same time,

Nuclear Power Plants (NPPs) are undergoing signi�cant mod-
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ernization to both extend plant lifecycles and accommodate up-
rates [3], [7], [8]. This period of global and local change presents
a unique opportunity for the industry to shift toward advanced
technologies, including those that support the cognitive work-
load challenges of control room operators who hold ultimate
responsibility for plant safety and ef�ciency.

Effective human-system interface design is increasingly ac-
knowledged as necessary to support operators in achieving re-
liable and safe operation (e.g., [9]�[18]). Knowledge about in-
terface design has been accumulating from both research and
practice. Nevertheless, new human-system interfaces developed
with this recent knowledge must undergo rigorous veri�cation
and validation to ensure safe NPP operations [19], [20].

The US Nuclear Regulator Commission [19] regards veri�-
cation as an evaluation of whether the properties of a design
product conform to regulatory standards and guidelines1 (also
see [21]). Veri�cation is often conducted through analytical
means. On the other hand, validation assesses whether the
performance of the product is in compliance with operational
and safety goals or requirements of the regulators and industry
[19], [20]. Validation is often comprised of a series of empirical
studies evaluating the veri�ed technologies.

A. Current Analysis Approaches for Interface Design and
Types of Verification

In the nuclear domain, human-system interfaces generally un-
dergo two types of veri�cation�(i) human-system interface task
support veri�cation and (ii) human factors engineering design
veri�cation [19]. Task support veri�cation analytically evalu-
ates whether the interface ful�lls the criteria derived from task
analyses, which identify information associated with those ac-
tivities or actions that must be performed in order to meet higher
level goals within a speci�c context [22]. Information identi�ed
by task analyses could also form the basis for design; and de-
sign approaches that rely primarily on task analysis are deemed
�task-based�. Task-based approaches to interface design and
task support veri�cation together ensure the ef�ciency of the
operator in performing �procedure guided tasks� or well-de-
�ned tasks under anticipated situations [23], in which decision
making is largely rule-based (see, [19], [24]).

1Veri�cation is sometimes more narrowly de�ned as an assessment of con-
formance between the �nal product and the design speci�cation (e.g., [30]).
Readers who prefer such a perspective may interpret the content of the article
to be more relevant to validation than veri�cation. More speci�cally, the appli-
cation of the EID framework could improve validation rather than veri�cation
practice.
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Human factors engineering design veri�cation analytically
evaluates whether the interface accommodates human capabili-
ties and limitations as re�ected by design guidelines (e.g., [21]).
Guidelines capture established �ndings in human factors re-
search, particularly on syntactic issues (e.g., legibility/font size
requirements), and re�ect knowledge from operational experi-
ence (e.g., scale units and labeling speci�cation). Thus, guide-
lines could directly inform interface design as well as veri�-
cation. In addition, user-centered design methods that specify
information based on operational experience may supplement
guidelines to achieve design veri�cation. In essence, guidelines
and human factors engineering design veri�cation together en-
sure that information on the interface is presented adequately
for human perception.

B. Unanticipated Events and Knowledge-Based Tasks
The conventional design approaches (i.e., task-based,

user-centered, and guideline-driven) and veri�cation processes
have seemingly led to interfaces with adequate performance
and reasonably good safety records. However, accident inves-
tigations indicated that unanticipated, non-routine events are
often precursors of serious accidents [14], [25]�[27], in which
decision making is mostly knowledge-based. Unfortunately
both task analysis and operational experience review do not
explicitly and conceptually account for ill-de�ned tasks and
unanticipated events [11], [23].

Control room operators are increasingly challenged by
knowledge-based tasks, which are often ill-de�ned, involve
reasoning about safety and operating goals, and managing
the sometimes con�icting means of achieving those goals
(see, [19]). As frequently occurring tasks become automated,
system-wide complexities rise, leaving operators to manage
unanticipated, ill-de�ned tasks [28], [29]. Even monitoring
during normal operations is cognitively demanding, sharing
many characteristics with active problem solving [29].

While effectively addressing the ef�ciency and safety con-
cerns associated with procedure-guided and even �operational
experience review-identi�ed dif�cult� tasks [19], conventional
design and veri�cation approaches relying on task analysis,
operational experience, and guidelines are not explicitly con-
ceptualized to support the reasoning and problem solving that
characterize knowledge-based tasks. Given the trend towards
knowledge-based work (see e.g., [28]) and lessons learned
from past accidents [18], the design and veri�cation processes
could be substantially improved if they offered guidance to
help operators cope with knowledge-based or ill-de�ned tasks
during unanticipated situations.

C. Work Domain-Based Approaches
Recent research on interface design increasingly emphasizes

work domain-based approaches [28], [30]. Work domain-based
approaches explicitly aim to support operators in performing
ill-de�ned tasks during unanticipated situations (i.e., knowl-
edge-based tasks; see knowledge-based behavior in [24]).
These approaches capture information describing the system
structures in terms of their functions within the overall envi-
ronment or �ecology,� in which the work is to be performed and
goals achieved [22]. Over the past decade, several alternative
frameworks with similar perspectives have emerged [17],

[31]�[33]. In essence, work-domain based approaches seek to
improve the robustness of interfaces; that is, their effectiveness
in supporting operators in coping with all events, including
unanticipated ones [11], [23].

Interfaces generated from work domain-based approaches
present information similar to those that are discovered through
functional requirement analysis as mandated by regulators.
�Functional requirement analysis is the identi�cation of those
functions which must be performed to satisfy the plant�s safety
objectives� [19]. More speci�cally, [19] states that a functional
requirement analysis is conducted to (1) determine the objec-
tives, performance requirements, and constraints of the design,
(2) de�ne high-level functions to accomplish the objectives
and desired performance, (3) de�ne relationships between high
level functions and plant systems, and (4) provides framework
for understanding the role of the controllers2. This description
reveals that the information discovered through functional re-
quirement analysis coincides with those presented in interfaces
following work domain-based approaches which often include
purpose, constraint and relationship information on system
structures (see [28]).

Though required by regulators for interface design input,
functional requirement analysis is only prescribed as a means to
specify the roles of operators, thereby setting the criteria for the
information content for supporting operators in their respective
roles [19]. In contrast, work domain-based approaches explic-
itly seek to present functional information on interfaces as
means to support problem solving during unanticipated events
in which pre-de�ned roles could limit operator adaptability in
resolving disturbances.

Work domain-based approaches can theoretically improve
current interface design and veri�cation practices to ensure
effective operator support for knowledge-based tasks. These
approaches also appear viable as the analysis methods generate
information that resembles those in functional requirement
analysis. However, work domain-based approaches have yet to
be widely practiced in industry. One factor precluding industry
from gaining the knowledge and con�dence necessary to adopt
work domain-based approaches is a shortage of design, veri�ca-
tion, and validation efforts based on these new interface design
concepts. The literature offers very few proof-of-concept exam-
ples of work domain-approaches at the scale and complexity of
industrial systems, and where examples exist in private industry
they are typically protected as intellectual property. Apart from
design practice, the literature also provides very few exam-
ples in which information identi�ed by work domain-based
methods forms the basis for interface design veri�cation. Given
the paucity of proof-of-concept examples, there are also virtu-
ally no validation studies of work domain-based approaches in
process control systems. Consequently, it is unknown whether
performance advantages deduced from theories or observed in
laboratory environments are obtainable in practical settings.

D. Overview of the Current Study

To address this research issue, the University of Toronto, Uni-
versity of Waterloo and the OECD Halden Reactor Project es-

2See [28 Chapter 11] on how Work Domain Analysis might be applied for
allocating functions to controllers.
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tablished a research program to assess the utility of a work do-
main-based approach�Ecological Interface Design (EID)�for
the nuclear industry. The intent was to provide representative
research results that speak to the selection, development, im-
plementation, veri�cation and validation of human-system in-
terface technologies during upcoming NPP modernization and
construction projects.

EID was selected as the work domain-based approach be-
cause, among comparable approaches, it offers the most sub-
stantial corpus of research available in the literature. Proof-of-
concept ecological interfaces have been reported in many do-
mains and empirical support continues to accrue [34]. How-
ever, many of these studies are only marginally representative
of industrial settings. Still, competing work domain-based ap-
proaches offer markedly fewer representative examples and less
empirical support. This lack of detailed, representative applica-
tion, veri�cation, and validation studies in the open literature
inhibits knowledge transfer, slowing down industry adoption of
work domain-based approaches.

In this article, we report our efforts in designing ecological
displays for the secondary side of a high �delity nuclear plant
simulator and verifying the conformance of the ecological dis-
plays to the EID framework. In describing the products of the
EID framework, we aim to provide guidance and foster con-
�dence in designing ecological displays. In verifying the con-
formance of the displays to the EID framework, we illustrate
the potential contribution of applying work domain-based ap-
proaches as part of human-system interface veri�cation to en-
sure the support of knowledge-based tasks. In a companion ar-
ticle [35], we report on our validation efforts involving an em-
pirical evaluation of the ecological displays.

HAlden Man-machine laboratory BOiling water reactor
(HAMBO) [36], [37] was selected as the simulator platform
for our research as it is a high-�delity simulation of an
operating, 1200 MW, boiling water reactor (BWR) plant.
Developed for realistic testing of prototypes and systems
prior to installation, HAMBO is suf�ciently advanced and
�exible to accommodate the complex, information-intensive
graphics that typify ecological displays. It also operates at a
scale and complexity comparable to the real plant, addressing
concerns about the representativeness of research �ndings to
actual practice. HAMBO has demonstrated high face validity
in many previous human-system interface studies employing
licensed operators [37]. Thus, the design and veri�cation
research on EID described in this article is applicable to
the practical settings of nuclear plant operation. The article
also provides a necessary foundation for future research,
including attempts to validate that EID can deliver practical
bene�ts to the nuclear industry.

The remainder of this article is organized as follows:
Section II describes the EID framework and reviews its ap-
plication to industrial systems. Section III then describes and
veri�es the products of this study, namely the Work Domain
Analysis for the secondary side of the BWR and the ecological
displays, themselves. Finally, Section IV discusses contribu-
tions and insights gained though development and veri�cation
of ecological displays at the scale and �delity of an operating
NPP.

Fig. 1. Five-level abstraction hierarchy with the �why, what and how� charac-
terization. 88� 76 mm (600� 600 DPI).

II. THE ECOLOGICAL INTERFACE DESIGN FRAMEWORK

EID is a theoretical framework for designing human-com-
puter interfaces for complex socio-technical systems [11], [12].
The EID framework relies on two fundamental activities: (1)
de�ning information content based on psychologically relevant
models of the work domain, and (2) representing information
based on perceptual forms that are compatible with human cog-
nitive capabilities [11], [12].

The speci�c tools in the original framework include the Work
Domain Analysis, which guides information content and struc-
ture; and the Skills, Rules, and Knowledge (SRK) taxonomy,
which guides the selection of perceptual form [11], as outlined
below. After describing the framework, itself, we review the
EID literature to uncover the foundations upon which the design
and veri�cation component of our research program is built.

A. Work Domain Analysis: A Guide to Information Content
and Structure

The Work Domain Analysis consists of an Abstraction Hier-
archy (AH) and a Part-Whole description. Together, these de-
scriptions form a structured framework for modeling work do-
mains to discover the constraints, invariants and parameters cru-
cial to problem solving that should be contained within an in-
terface [11], [12], [28], [38].

The abstraction hierarchy is a knowledge representation
framework characterized by structural means-ends links be-
tween levels (see Fig. 1). The structures are characterized
according to their functions; thus, the AH could be a framework
for conducting functional requirements analysis to capture
information required by regulators. The means-ends links
can be conceptualized as �why, what and how� connections
between entities at different levels. This hierarchy enables each
level to describe the work domain from a different perspective.
Between adjacent tiers, middle tiers represent the structure of
the work domain (what), while tiers above explain the purpose
(why) and tiers below describe the means (how) [28], [38].

In process control, an AH typically consists of �ve levels as in
Fig. 1: Functional Purpose (FP), Abstract Function (AFn), Gen-
eralized Function (GFn), Physical Function (PFn), and Physical
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Form (PFm), shifting from a high-level purpose statement down
to a detailed physical description of a system�s components [38].

The second component of the WDA is a part-whole decompo-
sition. Decomposition is undertaken to acquire a more detailed
technical perspective of the work domain. This portion of the
analysis documents the physical components of a system and
its aggregates (as units or subsystems).

The degree to which the abstraction hierarchy and part-whole
decomposition are populated is at the discretion of the ana-
lyst, based on domain complexities and project objectives. As
well, other domain analysis tools may be incorporated to sup-
plement the WDA. For this project, a causal analysis is per-
formed within the Abstract Function and Generalized Func-
tion levels; the physical connections amongst components and
their aggregates are documented in the part-whole analysis (see
Section III). These causal and physical connections in the WDA
are known as topological links, which depict relationships be-
tween system structures within an abstraction level. For recom-
mendations on supplemental modeling tools in process control,
see [10], [12].

In summary, WDA identi�es constraints, invariants and pa-
rameters that are necessary to support knowledge-based tasks.
Furthermore, the WDA is a functional analysis that overlaps sig-
ni�cantly with the mandatory functional requirement analysis.
The multiple representations of functional structures, structural
means-ends and topological links in the WDA yield the required
information on system objectives, functional requirements, and
functions-systems relationships that must be included in the out-
come of functional requirement analysis. Given that WDA spec-
i�es the information requirements for the interface, it can also
serve as the basis for design veri�cation to ensure the support
for knowledge-based tasks [39], similar to how task analysis is
the foundation for task-based approaches to both interface de-
sign and human-system interface task support veri�cation.

B. Skills, Rules, Knowledge Taxonomy: A Guide to Visual
Representation

In EID, transforming information content and structure into
perceptual forms is guided by the Skills, Rules, Knowledge
(SRK) taxonomy [24]. Using this taxonomy, the interface de-
signer can judge whether the perceptual forms convey relevant
domain information in a manner that capitalizes on innate
human perceptual capabilities.

SRK proposes three mutually exclusive categories of infor-
mation perception�signals, signs, and symbols. Signals are
continuous quantitative indicators of the time-space character-
istics of an environment (e.g., visual trajectory of a road). These
trigger Skill-Based Behaviors (SBB) marked by sensory-motor
performance in the absence of conscious control (e.g., driving
along a road).

Signs are familiar labels or percepts with external reference
to actions or environmental states (e.g., a stop sign). These ini-
tiate Rule-Based Behaviors (RBB) associated with the use of
�stored rules� derived empirically from prior successful experi-
ence (e.g., braking in response to a stop sign). For many proce-
dure guided and routine tasks, operators extensively apply RBB.

Symbols are information interpreted as concepts with func-
tional properties (e.g., highway mileage signs) that activate

Knowledge-Based Behavior (KBB). This is identi�ed by con-
scious processing of information through the application of
abstract knowledge (e.g., calculating the time to a destination).
For knowledge-based tasks, operators apply KBB to diagnose
problems and formulate solutions to achieve safety and pro-
ductivity goals.

SRK connects these information representations (i.e., signals,
signs, and symbols) with human levels of cognitive control (i.e.,
SBB, RBB, and KBB), thereby, providing the basis for pre-
dicting performance. Human beings appear predisposed toward
the lower level cognitive controls, that is, toward skill- and rule-
based behaviors. This propensity suggests that compatibilities
with cognition increase if the interface does not demand that op-
erators engage at higher cognitive levels than necessary. Never-
theless, NPP operators engage in all three levels of processing,
depending on the demands of the task and the expertise of the
operator. Thus, as a general principle, designers should aim to
present information in the forms of signals and signs on the in-
terface. This general principle could also serve as a veri�cation
criterion to ensure human-interface compatibility.

SRK is just one analytical evaluation tool predicting human
compatibilities with representational designs. The literature de-
scribes supplementary tools that support form design for eco-
logical interfaces as well. These tools are generally proven per-
ceptual form solutions intended to represent information in cer-
tain relational structures, such as those documented in the Visual
Thesaurus [12] or the library of representations for Functional
Primitives [10].

C. Research on Ecological Interface Design

The outlook for EID application appears promising, es-
pecially in the process control domain where the concept
originated. The nature of reported proof-of-concept designs
is continually more representative of industry practice, and
mounting empirical evidence suggests that ecological inter-
faces contribute to improved operator performance (see [12],
[34]). The discussion here focuses on the research pertaining
to design examples, leaving the review of empirical work on
validating EID to a companion article [35].

1) A Review of the EID Literature: The �rst ecological inter-
face was developed for a process control �microworld� simula-
tion�DURESS [40], [41], which has since served as an experi-
mental platform for many laboratory studies. DURESS has also
been used as an example to illustrate that EID can serve as an an-
alytical evaluation/veri�cation tool [39]. More recently, Reising
and Sanderson [42] designed an ecological interface for another
microworld�Pasteurizer. Because both work domains aimed to
have a balanced level of complexity that demonstrates the appli-
cability of EID and provides experimental control in laboratory
studies, the ecological interfaces for them are not fully repre-
sentative of industrial processes.

Extending EID beyond microworld applications, Jamieson
and Vicente [43] developed an ecological interface for a model
petrochemical processing unit. However, the interface was nei-
ther based on an operational unit nor implemented in any simu-
lator. More recently, Jamieson [44], [45] developed an ecolog-
ical interface for an operating acetylene hydrogenation reactor.
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Both interfaces, though, are situated in the petrochemical pro-
cessing domain.

Applications of EID have been demonstrated in the power
generation domain as well. Dinadis and Vicente [46] developed
an ecological interface for a conventional feedwater subsystem.
However, their scope was limited to a single subsystem of a
prototype plant, falling short of the scope and complexity of an
operating plant. Burns [47], [48] developed, implemented, and
evaluated ecological displays for a prototype fossil fuel power
plant, but descriptions of the design in the literature emphasize
the methods of information navigation and integration.

Three applications of EID to the nuclear domain have also
been reported. Ham and Woon [49], [50] developed an ecolog-
ical interface for a NPP simulator, but without employing the
con�gural graphics that have typi�ed the visual form of other
ecological interfaces. JAERI [51] developed and implemented
an ecological interface for a shipboard nuclear power plant sim-
ulation. Though representative of industry practice in terms of
scale and complexity, the design is not described in suf�cient
detail in the open literature to serve as a reference for designers.
Toshiba [52] has developed and implemented an ecological in-
terface for a full-scale BWR simulator as well. However, the
design appears to be an overview display, providing informa-
tion mostly at high levels of abstraction and excluding compo-
nents and controls of the plant simulator. In summary, EID re-
search in the power generation industry in general, and the nu-
clear industry in particular, has shown some promise. However,
the design examples are either of insuf�cient scale and �delity
to demonstrate feasibility of EID for industry, or they are inade-
quately described to foster con�dence in the design framework.
In addition, the literature does not contain any applications of
EID for improving veri�cation practice beyond its �rst proposal.

2) Implications for the Nuclear Industry: The paucity of rep-
resentative studies of EID in the nuclear industry may impede
the adoption of the framework in this industry. As noted above,
public information that ecological displays can be designed and
implemented in NPP settings is in short supply, but is needed
to persuade management and guide practitioners. Furthermore,
applying EID for veri�cation purposes to ensure the support for
knowledge-based tasks is virtually non-existent. EID research
must begin to address these challenges if its proponents hope to
make inroads in the nuclear industry.

III. EID FOR THE SECONDARY SIDE
OF A BWR: ANALYSIS AND DESIGN

We have developed a work domain model and ecological dis-
plays for the secondary side of a BWR plant. The analysis, de-
sign, and veri�cation effort was distributed amongst the three
research groups by separating the secondary side into turbine,
condenser, and feedwater divisions, according to processes of
the Rankine cycle.

The turbine division carries out the isentropic steam expan-
sion supported by equipment between the discharge points of
the reactor and low-pressure turbines. The condenser division
performs the isobaric heat rejection containing condenser-re-
lated and off-gases discharge subsystems. The feedwater divi-
sion executes the isentropic compression and regeneration (i.e.,

Fig. 2. Levels of part-whole decomposition. 88� 88 mm (600� 600 DPI).

preheating) of water, handled by equipment between the points
of condensate discharge at the condenser hotwell and feedwater
entry at the reactor.

A. Work Domain Analysis

The scale of this analysis does not permit a full description
here. Instead, we present several parts to illustrate key charac-
teristics and functions.

1) Part-Whole Models: The part-whole models provide
views of the system at different levels of detail. These levels
of decomposition are: (0) system, (1) division, (2) subsystem,
(3) unit, and (4) component (Fig. 2). Level 0 represents the
entire secondary side of the plant, treating it as a single black
box with speci�ed inputs and outputs (Fig. 3). At Level 1, the
part-whole models represent each division as a black box and
illustrate inputs and outputs (e.g., Fig. 4). Level 2 part-whole
models open up each black box to examine inputs, outputs, and
physical connections of the subsystems. (e.g., Fig. 5). The de-
composition continues at Level 3 examining the inputs, outputs,
and physical interconnections amongst units in each subsystem.
Level 4, the lowest level of part-whole decomposition, provides
details at the component level and resembles a piping and
instrumentation diagram. This level of part-whole models was
developed for the Feedwater division only because the Level
3 representation was not suf�ciently detailed to capture the
parallel operations of components3.

2) Abstraction Hierarchy Models: An AH model integrated
with causal descriptions was developed for Levels 1 through 3 of
the part-whole models. Each of the AH models consists of four

3The feedwater division is unique in comparison to the other two divisions.
In the turbine and condenser divisions, parallel equipment serves to provide
redundancy. Thus, the interaction between components in parallel streams is
not signi�cant. In contrast, much of the equipment in the feedwater division
is operated in parallel during normal operations. This distinction necessitated
further analysis at the component level to inform interface design.
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Fig. 3. Part-whole model of the secondary side of the simulator plant (i.e.,
Level 0 decomposition). 88� 25 mm (600� 600 DPI).

Fig. 4. Part-whole model of the turbine division at Level 1 decomposition (i.e.,
division black box level). Subsystems listed above exist in the operating nuclear
plant but are not part of the simulator. 88� 67 mm (600� 600 DPI).

abstraction levels�Functional Purpose (FP), Abstraction Func-
tion (AFn), Generalized Function (GFn), and Physical Function
(PFn)4.

For the purposes of illustration, the AH model of the con-
denser division at the subsystem level is presented (Fig. 6). The
FP captures the purposes of all subsystems within that division.
For example, one key purpose of the condenser division is to
satisfy the condensate demand of the feedwater division (as in-
dicated by the second item from left at the FP in Fig. 6). The
means-ends links (blue dotted lines between levels in Fig. 6)
point to physical laws or �rst principles at the AFn to achieve
this purpose. These �rst principles can be summarized as con-
servation of energy and mass.

To satisfy the condensate demand of feedwater division re-
quires mass source, transfer, transformation, and storage func-
tions. The same purpose also requires energy transfer that, in
turn, depends on the �rst and second laws of thermodynamics.

The manipulation of mass and energy at the AFn level is
achieved by means of engineered processes at the GFn level.
With respect to the physical laws linked to satisfying conden-
sate demand, the means-ends links indicate that the mass source
is �Steam Supply 1� transferred as a result of �Suction� and
�Vacuum Generation� (i.e., low pressure). The energy transfer is
connected to �Heat Conduction/Cooling� and �Condensation�;
the mass transformation is also linked to �Condensation.� The
condensate mass is stored in a �Condensate/Particulate Inven-
tory�.

4The Physical Form layer is omitted because the simulator environment does
not account for location and appearance.

The processes at the GFn are carried out by speci�c plant
subsystems at the PFn level. Continuing with the purpose of
satisfying condensate demand, the means of steam supply are
provided by the Turbine System (403), while the means of suc-
tion, heat conduction, condensation, and inventory are provided
by the Main Cooling Water System (441), and Condenser and
Vacuum System (461).

3) Causal Relationships: In addition to means-ends relations
between levels, this model represents causal links that illustrate
structural relationships within the abstract function and gener-
alized function levels5. To demonstrate how these links comple-
ment means-ends relations, we describe the causal relationships
for the GFn level in Fig. 6.

Starting from the left, steam supplies are drawn into the
condenser division by suction and (at center) vacuum gener-
ation. These gases then undergo heat conduction/cooling and
non-condensable gas extraction simultaneously. The condens-
able gases (mainly steam) condense after cooling, generating
a vacuum and contributing to condensate inventory at the
condenser hotwell. The condensate inventory is eventually
discharged (into the feedwater division). The non-condens-
able gases are diverted to the off-gas systems for treatment.
First, some non-condensable gases undergo chemical reaction,
forming water molecules that are redirected for condensation.
The remaining gases are subjected to cooling, radioactive decay
(by containment), and adsorption processes. Then, the gases
are pumped out for discharge.

Returning to the far left at the generalized function level in
Fig. 6, the plant has one cooling water supply (i.e., make-up
water) that directly contributes to the condensate inventory. The
second cooling water supply (i.e., seawater) is pumped to facil-
itate heat conduction/cooling and then discharged (i.e., to the
sea).

Using causal links, the generalized function level illustrates
the sequence as well as the engineered processes necessary to
achieve the functional purpose; this is not normally available in
an AH model constructed strictly with means-ends links. The
connections between processes are useful to determine those
downstream processes affected by upstream disturbances. At the
same time, scienti�c laws governing these processes can be ref-
erenced at the AFn level through the means-ends links. Simi-
larly, causal links in the AFn level show the sequence of sci-
enti�c laws exercised by the sequence of processes at the GFn.
Causal links, thus, complement means-ends links, illustrating
important relationships within an abstraction level that should
be depicted in the displays.

4) Summary: The information content and structure for the
ecological displays were built upon a WDA composed of (i)
part-whole decomposition, (ii) abstraction hierarchy/structural
means-ends, and (iii) causal analyses. The work domain anal-
ysis led to a psychologically relevant and physically faithful rep-
resentation of the work domain that could support operators in
diagnosing faults and formulating action plans in ill de�ned sit-
uations as required by knowledge-based tasks [11], [12]. Infor-
mation identi�ed by functional requirements analysis and the

5Structural connections within the PFn level are available in the PW models;
however, causal relationships cannot be meaningfully applied to FP (i.e., pur-
poses) and PFn (e.g., physical components).
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Fig. 5. Part-whole model of the condenser division at Level 2 decomposition (i.e., subsystem level). 179� 143 mm (600� 600 DPI).

WDA appeared to overlap. This overlap is expected as one ob-
jective of functional requirement analysis is to help engineers in
reasoning about the relationships amongst high-level functions,
plant systems, and operators. Given that it is psychological rel-
evant and physically faithful, the work domain representation
could also be a speci�cation for verifying the effectiveness of the
human-system interface in supporting knowledge-based tasks.

B. Ecological Displays
The WDA speci�es information content and structure for an

interface to support effective control of the work domain. It does
not, however, specify a perceptual form for the interface. The
SRK taxonomy provides guidance on transforming informa-
tion content and structure into perceptual forms by assisting de-
signers in predicting the compatibility of representational forms
with human information processing.

Five ecological displays were designed for a turbine operator
using Microsoft Visio�. A system programmer further trans-
lated the graphics and speci�cations of their dynamics into a vi-
sualization software, ProSee [53], that could communicate with
the HAMBO simulator. A complete description of the entire

suite of perceptual forms is beyond the scope of this article.
[54]�[57] provide the full description of the displays. Hence,
an overview of the entire ecological interface is presented, fol-
lowed by detailed discussions of selected perceptual forms to
illustrate the application of WDA and SRK as veri�cation tool.

1) Overview: Two turbine (Figs. 7 and 8), one condenser
(Fig. 9), and two feedwater (Figs. 10 and 11) displays were de-
veloped.

Turbine Displays: The two turbine displays depict process
�ows between the reactor and condenser in a left-to-right
manner. Fig. 7 shows the �rst turbine display. At the top left is
a trend graph of the reactor pressure, which is an indicator of
steam input for the entire secondary side (Fig. 7(a)). Below the
reactor pressure trend graph are the enthalpy, temperature, and
pressure pro�les across the entire turbine division (Fig. 7(b)).
Fig. 7(c) is a valve-monitoring unit describing the behavior of
control valves on the mimic diagram below. At the bottom right
is a mimic diagram depicting steam �ow discharged from the
reactor to the high-pressure turbine (Fig. 7(d)). Mass balances
are integrated in the mimic diagram to detect coolant/steam
losses.
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Fig. 6. AH model of the condenser division at Level 2 decomposition (i.e., subsystem level). 179� 292 mm (600� 600 DPI).

Fig. 8 shows the second ecological display for the turbine di-
vision. The top left of this display shows another valve mon-
itoring unit for the control valves (Fig. 8(a)) in the mimic dia-
gram (Fig. 8(c)) appearing below. To the right of the valve mon-
itoring unit are trend graphs of major storage tanks (Fig. 8(b)).
The bottom half of this display presents a mimic diagram in-
tegrated with mass balances, depicting process �ows from the
high-pressure to the low-pressure turbines (Fig. 8(c)). The bar
graph at the far left (which replicates the one at far right of
Fig. 7(d) shows steam exhaust from the high-pressure turbine,
while the graph at the far right shows steam output to the con-
denser and feedwater divisions. The exhausts of the low-pres-
sure turbines are dumped into the condensers for latent heat ex-
traction as illustrated by the downward arrows from the three
turbine icons to the three-chamber condenser icon in Fig. 8(c).

Condenser Display: The ecological interface for the con-
denser division (Fig. 9) depicts the operation of the condenser
and its supporting subsystems. At the top left are start-up
ejector components for reducing pressure during plant start-up
(Fig. 9(a)). Directly below is the three-chamber condenser icon
embedded with level and pressure trend graphs (Fig. 9(b)). To
the left of the condenser icon are the regular ejector components
with two identical valve monitoring units (Fig. 9(c)). At the
top right are two tanks embedded with pressure-temperature
plots to illustrate the re-combination process (Fig. 9(d)). The
bottom right depicts a seawater monitoring unit showing the
changing properties of seawater across the condenser as well as
the operating conditions of the seawater pumps (Fig. 9(e)). To
the left of the seawater monitoring unit is an energy balance,

representing the instantaneous relationship between energy
gain to the seawater and energy loss from the steam (Fig. 9(f)).
The energy loss from the steam is connected to the condenser
ef�ciency monitoring unit containing mass balance, energy
balance, and pressure-temperature plot of the condenser at
the bottom left (Fig. 9(g)). Beside the pressure-temperature
plot are arrows pointing to three condensate pumps, which
draw condensate from the condenser hotwell for the feedwater
division.

Feedwater Displays: The two feedwater displays depict the
pressurizing and pre-heating processes between the hotwell and
the reactor. Both feedwater displays orient the process �ow from
right to left. Fig. 10 is the �rst feedwater display. The middle
region consists of a mimic diagram illustrating the process �ow
from the condenser icon to the feedwater tank icon (Fig. 10(c)).
The top right presents a plot describing the condensate pump
operations in drawing condensate from the condenser hotwell
(Fig. 10(a)). The plot of the condensate pumps connects to the
mass balance, which depicts the mass entering and leaving the
components inside the control volume. The control volume is
the area of the mimic diagram that is light grey in colour. To the
left of the mass balance is a valve monitoring unit (Fig. 10(b)).
The bottom region below the mimic diagram is a temperature
pro�le that illustrates heat exchanges of condensate with bleed
steam (Fig. 10(d)).

Fig. 11 shows the second ecological display of the feedwater
division. The mid-horizontal region, Fig. 11(c), contains a
mimic diagram showing the components from the feedwater
tank to the reactor. Similar to Fig. 10, the top region shows
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Fig. 7. The �rst ecological display for the turbine division. (a) Reactor pressure trend graph. (b) Enthalpy, temperature, and pressure pro�les of the turbine division.
(c) Valve monitoring unit. (d) Mimic diagram integrated with mass balance depicting process �ow from the reactor to the high-pressure turbine. 179� 143 mm
(300� 300 DPI).

feedwater pump graphs, a mass balance for the control volume
(Fig. 11(a)), and a valve monitoring unit (Fig. 11(b)). The
bottom-horizontal region shows another temperature pro�le
illustrating heat exchange processes of feedwater (Fig. 11(d)).
Fig. 11(e) depicts part of the reactor containing valves and a
reactor water level trend graph.

This overview of the ecological displays (Figs. 7�11) presents
the basic appearance of the design. However, a more detailed
discussion of selected graphical forms is necessary to demon-
strate how the WDA and SRK taxonomy contribute to the de-
sign and veri�cation of these displays.

2) Design and Verification of Selected Graphical Forms: In
this subsection, we discuss three graphical forms in detail to sub-
stantiate the claim that application of EID can contribute to de-
sign and veri�cation of displays which support monitoring and
diagnosis, particularly within knowledge-based tasks. First, we
present relevant portions of the WDA that serve as a basis for
design and veri�cation of each graphical form. Then, we de-
scribe each graphical form to verify that the information iden-
ti�ed by the WDA is represented. We also illustrate the antic-

ipated bene�ts of each graphical form for monitoring and di-
agnosis to verify that the graphical form represents information
content and structure in a manner compatible to human informa-
tion processing. These detailed descriptions serve as an example
of verifying displays with respects to criteria derived from both
the WDA and the SRK taxonomy.

Condenser Efficiency Monitoring: Fig. 9(e) presents the
graphical form for monitoring condenser operations6. The
pertinent domain information for this form was discovered in
the AH model of the condenser subsystem (Level 3 part-whole
decomposition). Fig. 12 is a simpli�ed AH summarizing the
pertinent information.

Two relevant functional purposes are to satisfy condensate de-
mand of the feedwater division and to maximize ef�ciency of the
low-pressure turbine. The means to achieve these purposes are
through application of the laws of conservation of mass, energy,
and momentum at the abstract function level. In creating energy
differentials inside the condenser, condensate can be converted

6This design is an adaptation of an EID interface found in DUal Reservoir
System Simulation (DURESS) [40].
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Fig. 8. The second ecological display for the turbine division. (a) Valve monitoring unit. (b) Level trend graphs for major tanks. (c) Mimic diagram integrated
with mass balances depicting process �ow from the discharge point of the high-pressure turbine to discharge points of the low-pressure turbines. 179� 143 mm
(300� 300 DPI).

through heat transfers. In maximizing the momentum differen-
tial across the low-pressure turbines, the operating ef�ciency of
the turbines is optimized.

The laws at the abstraction function level can be achieved by
processes at the generalized function level. The heat conduc-
tion/latent heat removal process can lead to condensation, cre-
ating a vacuum for the turbine division and providing conden-
sate for the feedwater division. Studying the processes of con-
densation and vacuum generation in the WDA led to the identi-
�cation of the saturation curve of water as a domain constraint
for the relationship between pressure inside the condenser and
temperature of the condensate.

At the physical function level, the equipment used to perform
these processes includes the condensers, seawater pumps, and
ejectors. For the purpose of this example, detailed discussions
on the seawater monitoring (Fig. 9(g)) and ejectors monitoring
(Fig. 9(c)) units are omitted (see [56], [57] for details).

We now show how the interface conveys these portions of the
AH through a mass balance, energy balance, and pressure-tem-
perature plot. First, the mass and energy balances illustrate the
functional purpose and abstract function information (Fig. 13).

The mass balance indicates how well the condenser is sat-
isfying the condensate demand of the feedwater division. The
inlet and outlet are represented by the two horizontal bar graphs
at the top and bottom, respectively. The two bar graphs are
also connected with a line to illustrate their difference. The
vertical bar graph in the center represents a mass reservoir
in the hotewell. Under steady-state conditions, the mass inlet
and outlet should be equal, resulting in a vertical connecting
line and a stable mass reservoir. The mass inlet also serves as
an indicator of condenser ef�ciency. At a given power level,
a lower mass input (i.e., steam exhaust) suggests a higher
ef�ciency (e.g., low pressure inside the condenser).

The energy balance illustrates the operating capacity of the
condenser by accounting for both mass and temperature. At
steady state, the energy inlet and outlet should also be equal,
leaving the energy reservoir in the hotwell constant. Similarly,
at a given power level, a lower energy input suggests higher ef-
�ciency operation.

The AH in Fig. 12 identi�es three processes at the general-
ized function level as means to the abstract functions. The �rst
process is heat conduction, which is depicted by the seawater
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