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Abstract 

 

 Empirical evidence for the performance benefits of Ecological Interface Design (EID) in industrial settings 

is in short supply. A simulator study is initiated to determine the potential benefits that EID would bring to the 

nuclear industry. This paper discusses the ecological interface for the condenser subsystems developed to enable 

this experiment. The design process and product of the ecological interface are described to exemplify the appli-

cation of EID in the nuclear domain. 
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1. Introduction 

 

Ecological Interface Design (EID), a framework 

for designing human computer interfaces for com-

plex systems, claims to enhance operator diagnostic 

performance by specifying information requirements 

and perceptual features based on formative work 

analysis and attention to categorizations of human 

cognitive performance [1]. Although several proof-

of-concept designs have been reported for different 

domains (see [2,3]), the majority of the empirical 

evidence supporting these claims has been collected 

using low fidelity simulators that are only margin-

ally representative of industrial settings ([4]). 

The paucity of representative studies might im-

pede the adoption of EID in more conservative or 

heavily regulated industries such as nuclear power. 

Given that many nuclear power plants (NPPs) 

around the world are in the process of modernizing 

their control rooms, empirical evidence regarding 

the practical benefits that EID might bring to the 

nuclear industry is valuable. The Norwegian Insti-

tute for Energy Technology (IFE), University of 

Waterloo (UW), and University of Toronto (UT) 

have initiated a study to evaluate the EID framework 

within the Halden Man-Machine LABoratory 

(HAMMLAB) using the HAMlab BOiling water 

reactor simulator (HAMBO). HAMBO is a full-

scale simulation of a 1300MW Swedish boiling wa-

ter reactor plant.  

As a first step in this investigation, we have de-

veloped ecological interfaces for the secondary side 

of HAMBO. In this paper, we discuss the design 

process and product for the condenser subsystems.  

 

 

2. The ecological interface design framework 
 

The EID framework [1] specifies a two-stage 

analysis and design process. The first stage is the 

Work Domain Analysis (WDA) - a formative work 

analysis that should lead to a psychologically rele-

vant and physically accurate representation of the 

work domain. A WDA, commonly consisting of an 
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Abstraction Hierarchy (AH) and Part-Whole model 

(PW), is a structured framework for discovering 

domain constraints and invariants as well as parame-

ters that should be contained in the interface [3,5]. 

The AH is a multilevel knowledge representation 

framework characterized by means-ends links be-

tween levels. It typically consists of five levels: 

Functional Purpose (FP), Abstract Function (AFn), 

Generalized Function (GFn), Physical Function 

(PFn), and Physical Form (PF) [3]. The PW model, 

on the other hand, focuses on documenting the 

physical connections as well as the physical compo-

nents, or their aggregates (as units or subsystems). In 

contrast to event-based methods (e.g. task analysis) 

and/or operator perspectives (e.g. user-centred de-

sign), the formative approach to work analysis per-

mits EID to account for unanticipated events [1]. 

The second stage of EID involves mapping the 

identified parameters, constraints, and invariants 

onto perceptual forms that capitalize on innate hu-

man capabilities. These capabilities are described by 

the Skills, Rules, and Knowledge (SRK) taxonomy, 

which divides human information processing into 

three qualitative, distinct levels of cognitive control 

[6]. EID informs the selection of perceptual forms 

that facilitate the appropriate level of cognitive con-

trol for different monitoring and problem-solving 

activities. 

 

 

3. The Work Domain Analysis  
 

The WDA of the condenser subsystems pro-

duced seven models within the five-level AH at 

three levels of decomposition. An analyst with no 

prior knowledge of NPP operation took approxi-

mately three person-months to complete the analy-

sis. 

The first level of decomposition describes the 

functioning of the condenser subsystems as a whole 

with respect to the plant; the second level examines 

the subsystems with respect to one another; and the 

third level explores the components within each sub-

system. The PW descriptions were constructed be-

fore developing the corresponding AH because PW 

information was readily available in simulator 

documentation and piping and instrumentation dia-

grams. Furthermore, the component information 

drawn from PW model often inform the PFn level of 

the AH. Hence, the AHs were also built from the 

bottom to the top level. Given the PFn level, the 

GFn level was determined by identifying the proc-

esses afforded by the components. The GFn level, 

likewise, provided starting points for the AFn level 

by directing the investigation of the first principles 

that governed the relevant processes. The AFn levels 

was the most time-consuming to complete because 

domain invariants are difficult to learn and verify. 

The FP level was completed last based on plant 

documentation. The PF level was absent from the 

AHs because physical description of the components 

is not meaningful in a simulator environment. 

 Due to space limitations, only the AH (Fig. 1) 

and PW (Fig. 2) at the first level of decomposition 

are presented. They illustrate how WDA provides 

domain information pertinent to interface design. 

The PW, as mentioned, shows material flows 

across all of the subsystems. For the condenser sub-

systems, the PW illustrates how exhaust or bypass 

steam enters the Condenser and Vacuum System 

(461), which outputs condensate and off-gases. The 

condensate is consumed by the Condensate System 

(462) while the off-gases are treated by the Re-

combiner System (348), Off-gas Delay System 

(341), and Off-Gas Filter System (349). The Con-

denser and Vacuum System (461) is cooled by sea-

water circulated by the Main Cooling System (441).  

Given the basic information about the compo-

nents and their connections as described in the PW 

decomposition, the AH describes the system further. 

At the lowest level, the PFn contains all the elements 

of the PW (i.e. all of the connected subsystems). The 

level above is the GF, which consists of all of the 

processes afforded by the various subsystems at the 

PFn. This level shows that the cooling seawater is 

being pumped as a fluid heat sink, thereby facilitat-

ing the condensation and vacuum generation proc-

esses. The exhaust or bypass steam is condensed for 

the condensate system. In addition, steam is being 

supplied to generate suction for the extraction of off-

gases. Off-gasses are then treated through chemical 

reactions, radioactive decay, and adsorption before 

being vented into the atmosphere. These processes 

are governed by laws of physical science as recorded 

in the AFn level. In the process control domain, this 

level is often characterized by the conservations of 

mass and energy, which can be analyzed separately 

in this AH. As most of the processes are related to 

heat transfer, the field of thermodynamics is particu-

larly applicable. The treatment of off-gasses is 

largely related to nuclear physics. Due to limited 

fidelity for some of the processes, the Off-gas Delay 

System (341) and Off-gas Filter System (349) are 

excluded from the final interface. At the highest 
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level, the functional purposes of the condenser sub-

systems is to condense steam most efficiently with 

the least amount of pollution. The FP can be used to 

assess the completeness of the lower levels by veri-

fying that all of the functional purposes can be sup-

ported through structural means-ends links. 
 

 

4. The ecological interface  
 

The domain characteristics illustrated by the 

WDA are mapped onto visual forms, as guided by 

the SRK taxonomy, resulting in the ecological inter-

face for the condenser subsystems (Fig. 3). In gen-

eral, the left side of the interface depicts the Con-

denser and Vacuum System (461). At the very top 

left are the start-up ejector units used to reduce pres-

sure during plant start-up. Below the start-up ejector 

units is the three-chambered condenser embedded 

with three pressure trend graphs and level trend 

graphs. Directly below the condenser are the mass 

balance, energy balance, and pressure-temperature 

graph of the condenser, integrated as a complex 

graphical element. To the left of the condenser (i.e. 

pressure and level trend graphs) are the regular ejec-

tor units with two identical graphics to monitor 

valve operations. 

The top and bottom of the right side are allo-

cated to the Re-combiner System and the Main 

Cooling System respectively. The two re-combiners 

are monitored with two pressure-temperature graphs 

while the cooling process using seawater is depicted 

by six temperature-volume graphs. In between the 

pressure-temperature graph of the condenser and the 

Main Cooling System is another energy balance, in 

which the left and right bars represent energy loss 

from the steam and energy gain to the seawater. 

Fig. 1: Abstraction hierarchy for the condenser subsystems. 

Fig. 2: Part-whole model for the condenser subsystems. 
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Fig. 3: Ecological interface for the condenser subsystems of HAMBO.
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5. From Work Domain Analysis to design 

 

A selection of graphical elements depicting cru-

cial domain characteristics is described in this sec-

tion with respect to design concepts suggested by the 

WDA. The goal is to provide some insight into the 

design process, similar to the intention of the “Vis-

ual Thesaurus” [3] that suggests graphical forms 

according to different invariant or mathematical re-

lationships.  

 

5.1. The mimic concept  

 

The concept of visually mimicking the physical 

environment is widely applied in interface design 

regardless of design approach. The main idea is to 

illustrate equipment and layout as in the physical 

system. This concept illustrates the information dis-

covered from PW and PFn levels. The mimic ap-

proach is apparent in all parts of this ecological in-

terface such as the symbols for condensers and 

valves. This design concept is also applied to inte-

grate all of the interface elements to form the final 

design. 

 

5.2. The equality concept 

 

The equality concept suggests that some domain 

parameters should be equal under all normal circum-

stances. For this ecological interface, the WDA indi-

cates that seawater pumps of the Main Cooling Sys-

tem should operate in exactly the same fashion. A 

series of bar graphs connected by lines are created to 

illustrate such invariant relationships (Fig. 3a). 

When pumps fail to operate under the same condi-

tions, the formation of a straight line is broken.  

 

5.3. The conservation concept 

 

The concept of conservation is evident at the 

AFn level, particularly in the process control do-

main. The most commonly applied graphical ele-

ment to depict conservation is a balance. The WDA 

suggests that the conservation principle critically 

applies to three aspects of the condensing process. 

First, the mass input, reservoir, and output of 

the condenser (Fig. 3b) depict the sustainability of 

fluid flow in the NPP. The mass reservoir can be 

viewed as a condensate buffer for the feedwater sys-

tem. Fluctuations in the reservoir level while the 

input and output flows are balanced is an indication 

of abnormal circumstances suggesting that steam or 

condensate could be leaking. The mass input and 

output are estimates of efficiency at a given power 

level while the balance between the mass input and 

output provides a projection of reservoir level. 

Second, energy flow corresponding to the mass 

flow of the condenser (Fig. 3c) is equally important 

as it depicts the stability of the heat transfer of the 

condensation process. Steady state is depicted by a 

balance of energy input and output, assuming that 

the energy reservoir is unchanged. The amount of 

energy in the reservoir is also an indication of stabil-

ity as a high-energy reservoir suggests cooling prob-

lems that could take a substantial amount of time to 

resolve. 

Third, an energy balance (Fig. 3d) shows that 

the energy loss from the steam should be equal to 

the energy gain to the seawater. The functions of this 

graphical element are as follows: (1) to provide an 

unambiguous indicator of the stability of the con-

densation process, (2) to represent normal and ab-

normal states of the process, and (3) to indicate 

changes in heat transfer efficiency. 

 

5.4. The pairing concept 

 

 The pairing concept refers to domain character-

istics that can be fully represented by a pair of vari-

ables, which can be effectively mapped onto a 

graph. In three places graphs are used to illustrate 

system states that can be summarized in two nu-

merical values. First, the WDA indicates that the 

seawater is pumped at a fixed volumetric rate 

through the six sets of condenser tubes with exactly 

the same heat gain. Thus, the applicable two-

dimensional graph for each set of tubes is tempera-

ture (vertical axis) versus flow rate (horizontal axis) 

with inlet and outlet measurements (Fig 3e). The 

inlet and outlet measurements of the seawater tem-

perature and flow rate are connected with a line such 

that line angle indicates the degree of mass flow 

change (with a vertical line indicating no change) 

and line length indicate the extent of heat transfer. 

Since all six chambers should operate under the 

same conditions, the six lines should look exactly 

the same. Malfunctions of the condenser or seawater 

pumps violate this symmetry, as exemplified by the 

third line in Fig. 3e. 

Second, the WDA indicates that the inlet and 

outlet pressure and temperature of the re-combiner 

must be constrained to reduce explosion risks. They 

are thus depicted on pressure-temperature graphs 

(Fig. 3f). The normal operating region in terms of 
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pressure and temperature at both the inlet and outlet 

points are marked inside the re-combiner tanks. The 

 
Fig. 4: Complex display integrating mass balance, energy 

balance, and pressure-temperature graph of condenser. 

 

re-combiner intakes off-gas containing oxygen and 

hydrogen for recombination. Because recombination 

of oxygen and hydrogen is exothermic, the line con-

necting the inlet and outlet measurements becomes 

an indicator of recombination reaction rate. 

The third instance in which graphing is applied 

is to depict temperature of condensate and pressure 

of the condenser (Fig. 3g). The measurement point 

and expected value are marked by a white circle and 

a blue diamond, respectively. Note that the satura-

tion curve (i.e. grey diagonal line) is superimposed 

on the graph to depict the ecological constraint. The 

pressure and temperature should never go below the 

saturation curve as condensate in the condenser 

would evaporate due to the low pressure, resulting in 

loss of coolant. There is also one vertical and one 

horizontal line in the centre of the graph depicting 

the alarm limit for temperature and pressure, respec-

tively.  

 

5.5. Others 

 

Some perspectives of the WDA are specific to 

this domain, unlike those above that might be easily 

transferred to other domains. The condenser effi-

ciency display unit (Fig. 4) is composed of the mass 

balance and energy balance of the condenser de-

scribed in 5.3, and temperature-pressure graph de-

scribed in 5.4 to further describe system states. The 

integrated elements offer four distinct indictor lines. 

The black line connecting the energy reservoir to the 

white dot of the graph illustrates the relationships 

between the energy, temperature and pressure. The 

length of this black line is an indicator of condenser 

efficiency. As the condenser gains efficiency indi-

cated through low temperature and pressure (i.e., as 

the white dot moves downward and to the left on the 

graph), the black line increases in length. Finally, 

the blue line connecting the blue diamond and en-

ergy reservoir shows the ideal energy level based on 

the expected temperature and pressure (i.e. blue 

diamond). The blue line also marks the energy res-

ervoir target where the black energy line should be 

located. Large deviations between the black and blue 

line could be a major concern as stable shift between 

energy states is usually slow. 

 

 

6. Conclusion 

 

 The processes and products described here ex-

emplify the application of EID in the nuclear do-

main. The WDA illustrates the key domain charac-

teristics of the condenser subsystems, some of which 

can be expressed in generic design concepts that 

may transfer to other domains. An experiment to 

evaluate this interface has been conducted and data 

analysis is in progress to determine the practical 

benefits that EID could bring to the nuclear industry. 
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