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a b s t r a c t

This article describes challenges encountered in applying Jens Rasmussen's Cognitive Work Analysis
(CWA) framework to the practice of energy efficiency Monitoring & Targeting (M&T). Eight theoretic
issues encountered in the analysis are described with respect to Rasmussen's work and the modeling
solutions we adopted. We grappled with how to usefully apply Work Domain Analysis (WDA) to analyze
categories of domains with secondary purposes and no ideal grain of decomposition. This difficulty
encouraged us to pursue Control Task (ConTA) and Strategies (StrA) analysis, which are under-explored
as bases for interface design. In ConTA we found M&T was best represented by two interlinked work
functions; one controlling energy, the other maintaining knowledge representations. From StrA, we
identified a popular representation-dependent strategy and inferred information required to diagnose
faults in system performance and knowledge representation. This article presents and discusses excerpts
from our analysis, and outlines their application to diagnosis support tools.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Diagnosis tasks are a theme in Rasmussen's research. He first
studied diagnosis in electrical equipment (Rasmussen and Jensen,
1973), and subsequently in power plants (Rasmussen, 1983),
healthcare (Pedersen and Rasmussen, 1991), and library informa-
tion retrieval (Rasmussen et al., 1994). Rasmussen's early work at
Risø was concerned with safety in the nuclear power industry, and
energy remains at the heart of the greatest systemic safety risk of
the 21st century: climate change (Stern, 2007).

Systems engineering can contribute to climate change solutions
by helping businesses improve energy efficiency, identified by the
International Energy Agency (2014) as preferable to increasing
energy supply. Monitoring & Targeting energy (M&T) is a well-
d).
established efficiency support activity (ASHRAE Guideline Project
Committee 14P, 2002; Harris, 1989). However M&T has been
difficult for businesses to sustain, for reasons including skill re-
quirements, IT project risk, and credibility demands (Hilliard et al.,
2009). Diagnosing energy waste is difficult since it is intangible,
uncertain, and only indirectly measurable. Quicker, easier, or more
accurate energy efficiency diagnosis would preserve the financial
benefits of M&T and encourage more widespread (and reliable)
practice.

In this paper, we reflect on eight theoretic and methods issues
we encountered applying three phases of Cognitive Work Analysis
(CWA) (Rasmussen et al., 1994) to energy M&T with the goal of
developing diagnosis support tools. These issues, paraphrased, are
how to describe categories of work domains, with secondary pur-
poses, at appropriate decomposition levels; how to describe time-
dependent tasks in a goal, situation, and representation-
independent way; and how to specify strategies in terms of stable
knowledge products at a useful level of detail. We discuss how we
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Fig. 1. Conceptual diagram of M&T work system including the work domain (e.g.
factory), related control tasks (automated or manual), and workers (e.g. operators,
engineers, maintenance staff). M&T work considers outside disturbances and informs
operational changes, colleagues' behaviors, and longer-term management decisions.
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addressed these issues, and present excerpts from the analysis.
Finally, we briefly outline how the CWA effort supported formative
design (Vicente, 1999) of a novel statistical strategy for diagnostic
search.

2. Principles for applying CWA to design

The most well-developed method to apply CWA, and one of
Rasmussen's influential legacies, is Ecological Interface Design
(EID) (Vicente and Rasmussen, 1992). Its theoretic principles are to:

� Seek psychologically relevant regularities in the work environ-
ment (e.g. functional structure).

� Design unambiguous representations of these useful regular-
ities (e.g. analogies or metaphors).

� Implement interfaces to support thought experiments and
active information searches.

� Format interfaces to be easily perceived and manipulated by
workers using any cognitive mode of control.

We intended to apply EID principles to the energy M&T domain,
but as we investigated we found standard methods (Burns and
Hajdukiewicz, 2004) were not well suited to design general-
purpose M&T work support tools (Hilliard and Jamieson, 2014a).

3. Domain: energy monitoring & targeting

Energy M&T is a technical and managerial task with the goal of
reducing business energy costs (Carbon Trust, 2008; CIPEC, 2010;
Harris, 1989). M&T includes detecting, locating, diagnosing, and
correcting energy waste, subject to limited time and resources
(Hooke et al., 2004). As a simple example, to performM&T on a car,
you would measure energy input (gasoline), then monitor how
efficiently the car achieves the owner's transportation goals (dis-
tance, perhaps). With this information mechanics might find
maintenance problems, operators learn eco-driving skills, or
managers decide to replace their car fleet. Few drivers make this
effort; M&T is generally-applicable but only practical where energy
bills are large enough for efficiency savings to support labor and
tool costs.

We studied M&T through participant observation, literature
review, and field studies at a chemical manufacturer and a large
institution (Hilliard and Jamieson, 2014b). We observed field study
participants of different backgrounds (an operations engineer, fa-
cilities manager, electrical supervisor, and two consulting analysts)
as they used a commercial M&T software package to interpret
business gas and electric consumption over eight weeks.

Domains where M&T is practiced (Fig. 1) are usually mixed
causaleintentional (Rasmussen et al., 1994, p. 50), making con-
sumption difficult to interpret. While utility supply networks obey
conservation laws, businesses consume energy to satisfy intentions,
reject disturbances, and economically substitute for labor, time, or
control. While sophisticated analyses of energy consumption can
be developed, M&T must be social to be effective. Machine-
readable data are rarely sufficient to diagnose energy waste, and
consumption is affected by every worker's operational and super-
visory control decisions. M&T is practiced in diverse, loosely
structured systems whose intentional structures change over time.
Furthermore, an explicit goal of M&T is to change work domain
structure through informing renovations and retrofits. Rapidly-
changing domains challenge WDA-based EID methods (Flach
et al., 2011, p. 515).

EID was first and most frequently applied to highly-structured
domains with strong causal constraints like nuclear power
(Vicente, 2002). For semi-intentional systems, Rasmussen
suggested that ecological information systems could be based on
cognitive strategies (Rasmussen et al., 1994, p. 187). However, this
EID alternative was not explored by foundational authors; Vicente
(2002) focused on causal systems, and Rasmussen discussed only
Pejtersen's “BookHouse” library information retrieval case study
(Rasmussen et al., 1994).

We pursued this under-developed EID approach. Rather than
pre-analyzing specific domain structures and mapping them to
human perception (thereby presumably inducing effective strate-
gies) we drew directly from the task and strategy analysis phases of
CWA. We will next discuss the three CWA phases we performed a)
in terms of Rasmussen's theory andmethods legacy, b) as issues we
encountered in analyzing the M&T domain, and finally c) as we
addressed them in our analysis of M&T work. We conclude with a
summary of our design intervention and discussion.
4. Rasmussen's legacy in work domain analysis

Work Domain Analysis (WDA) was originally developed to
describe aspects of mental models “of importance for technicians in
diagnostic tasks in the control rooms and the workshops of in-
dustrial plants” (Rasmussen, 1979, p. 3). Rasmussen derived cate-
gories of mental models from terms vocalized in field work
(Rasmussen and Jensen, 1973) and scientific models used in engi-
neering. Conducting a WDA involves developing a set of purpose-
driven physical and functional system representations. The repre-
sentations are ordered from the tangible and physical to the ab-
stract and purpose-driven, and linked by structural means-ends
and part-whole relationships (Naikar et al., 2005).
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4.1. Issues with WDA

WDA examples abound relative to other CWA analysis phases
(Kilgore et al., 2008). Nevertheless, we encountered challenges in
analyzing a) the variety of businesses where M&T could be per-
formed, b) the implications of energy conservation being a sec-
ondary business purpose, and c) options for decomposing system
structure. We concluded thatWDAwas not a sufficient basis for our
design goals.
4.1.1. Categories of domains?
In safety-critical complex systems, risk management justifies a

bespoke analysis informing design for “a single, specific applica-
tion; generality is not important” (Vicente and Rasmussen, 1992, p.
595). Similarly, in stable, causal domains such as aviation (Borst
et al., 2014), insights into work domain structure (e.g. flight phys-
ics) and design elements (e.g. artificial horizon displays) can build
on each other.

However, M&T is neither safety-critical nor performed in a
stable domain. M&T information systems must be cost-effective
and attract a viable customer base. In high-risk stable domains,
technical structure is rigorously maintained once commissioned,
justifying design effort on a system-specific interface. But this may
be idealistic in business domains that evolve (or devolve) in
response to economic pressures and changing work requirements.
Rasmussen recognized this tendency in his RiskManagement work.

What system structures should WDA capture that are invariant
across most business systems where energy could be monitored
and controlled? Rasmussen's legacy in this area was to develop
WDA theoretic concepts (Rasmussen et al., 1990) and avoid pre-
scribing methods. Subsequent work specifying requirements for
military aircraft acquisition (Naikar et al., 2005) has developed
methods advice while applying WDA to categories of systems.
4.1.2. Secondary purposes?
WDA is purpose-constrained to describe only “functions and

processes whichmust be accepted as elements of work by people in
the system [or else] be considered … intruders, saboteurs, or ter-
rorists” (Rasmussen et al., 1990, p. 22). Rasmussen recognized that
this constraint is relaxed in intentional sociotechnical systems
where workers or customers introduce their own purposes and
private domains (Rasmussen et al., 1994, p. 47).

How then to best apply WDA to inform design of tools to
encourage workers to consider a secondary purpose (e.g. energy
efficiency) that they aren't compelled to accept? Do secondary
purposes change which of the many possible abstract functions
(Cartwright, 1999) analysts should represent? This has been
addressed through Object Worlds (Rasmussen et al., 1994;
Torenvliet et al., 2008), but at the cost of representation complexity.
4.1.3. Decomposition criteria?
Even for WDA of a specific system, many intermediate levels of

decomposition can be developed between the whole system and
individual components. Useful decompositions depend on the task
situation since “the abstractionedecomposition relation is basically
nonlinear” (Rasmussen et al., 1994, p. 44). One analysis rule for
decomposition levels is to elicit domain experts' opinions, but what
if preferred reasoning frames vary within a category of domains?
Another approach is to let physical constraints dictate more ab-
stract part-whole segments, such as decomposing cooking ac-
cording to whether it occurs in a kitchen or on a patio (Naikar et al.,
2005, p. 16). But does this pragmatic convention capture distinc-
tions relevant to problem-solving?
4.2. Work domain analysis for M&T

We next describe how we addressed the issues above in our
WDA of energy M&T. An AbstractioneDecomposition Space (ADS)
from the analysis is presented in Fig. 2.

4.2.1. Categories of domains?
To represent businesses from heavy industry to office space, we

considered choosing common subsets of the work domain (e.g.
lighting, HVAC), or idealizing categories of WDA distinctions. The
ADS in Fig. 2 does both, listing specific examples common to many
businesses (e.g. motors) along with templates of prototypical work
domain elements (e.g. thermodynamic or economic analysis).

Cells in the ADS specify information requirements that might
either structure M&T software databases, or be further instantiated
into a WDA of specific business to inform usual EID methods.
Relevant data is already collected piecemeal, such as equipment
inventories at Fig. 2's Physical Function (PFn) level (CIPEC, 2010, p.
B7.1), infra-red thermal images (PO), or even thermodynamic pinch
analyses (AF) (CanMET Energy, 2003).

4.2.2. Secondary purposes?
Energy efficiency is a secondary purpose for all but the most

energy-intensive heavy industries (e.g. aluminum smelting). Often
when businesses first adopt energy M&T, efficiency only concerns a
few managers and gaining employee buy-in is a challenge. To
represent this dynamic in a domain-independent way, we treated
energy efficiency as an implicit object-world (Burns et al., 2000;
Rasmussen et al., 1994). We defined the FP level in terms of exist-
ing core organizational purposes (Fig. 2), but the AF and lower
levels with respect to the implicit energy efficiency secondary
purpose promoted by M&T work. Means-ends links then represent
how energy efficiency-related functions contribute to core business
purposes that are more psychologically relevant to workers.

4.2.3. Decomposition criteria?
Without referring to specific domain objects, it was difficult to

use physical arrangement to guide more abstract decompositions
(e.g. of purpose-related functions). Similarly, without specific pur-
poses, it was hard to anticipate useful groupings of abstract func-
tions. We concluded that a generalized WDA should decompose
according to concepts within the same abstraction level.
Specifically:

� Functional Purposes decompose into parts of purposes.
� Abstract Functions decompose into theoretic components (e.g.
of energy: kinetic, potential, heat).

� Purpose-Related Functions decompose into sub-stages of pro-
cesses (e.g. low pressure/high pressure gas compression).

� Physical Functions aggregate groups of equipment with com-
parable functionality (e.g. interchangeable motors, lights).

� Physical Objects aggregate objects found in larger geographical
areas.

In M&T practice, decomposition boundaries often propagate up
from lower levels of abstraction (rooms, physical locations) because
sensors are often physically arranged to minimize piping/cabling.
For example, energymeasured according to nearby physical objects
(e.g. 3rd floor electric cabinet) carves through and up the ADS,
fragmenting the information available to reason about the many
processes (e.g. heating, manufacturing) that 3rd floor equipment
contributes to. This complicates topographic search strategies (see
Section 5.2.2) and informed our design application. While workers
can survey the condition of physical topology (e.g. trace 3rd floor
pipes for leaks) andmeasure physical functions, data aggregated by



Fig. 2. Generic AbstractioneDecomposition space for Energy Management in large enterprises. Functional purposes are those of the business, not ‘save energy’, but Abstract
Functions, Values/Priorities are limited to energy-related, and only energy-relevant equipment included.
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location may not be diagnostic for more abstract purpose-related
functions/processes.

4.2.4. Other highlights
Whether to represent sensors in WDA is debated (Reising and

Sanderson, 2002; St-Cyr et al., 2013) and relevant since M&T re-
quires utility energy metering. We concluded that the specific
utility meter structure for a business would be best represented as a
separate system in PO (e.g. cable routing) and PFn (e.g. supply
network) terms, mapped to an instantiated version of the WDA
(Fig. 2). Utility metering is worth analyzing even if it can't be
redesigned (Vicente, 1999), because (as discussed above) sensor
structure can force a suboptimal decomposition on higher
abstraction levels.

Since M&T is performed to reduce energy waste (CIPEC, 2010;
Harris, 1989), waste should be somehow represented in a WDA.
Rather than adding “reduce waste” to values & priorities, we
viewed waste as implicit in energy-related activities that “do not
comply with the means and ends found in the system” (Rasmussen
et al., 1990, p. 22).

We concluded thatWDA-based-EIDmethodswould be a poor fit
to design affordable mass-market M&T tools. To map theWDA onto
an interface would incur the cost of instantiating the WDA for each
particular business. While we might estimate poorly-structured
normative system behavior with numerical models (Lau and
Jamieson, 2006), our codified WDA structure and EID constraint
representations would likely fall out-of-date and add diagnosis
ambiguity. Imperfect representations have been raised as a criti-
cism of EID, for example that pilots will learn to “fly the interface,
not the airplane”. In subsequent ConTA we found that maintaining
representations is key to some M&T task strategies.

5. Rasmussen's legacy in control task analysis

Control Task Analysis (ConTA) represents work activities in
terms of information products (states of knowledge) and “infor-
mation processes required to go from one state to another during
reasoning” (Rasmussen et al., 1994, p. 65). A usual ConTA repre-
sentation, the decision ladder (DL), follows a control theory
perspective and shows goal-directed reasoning as like a state-
based controller (Franklin et al., 1994). From this perspective,
EID principles suggest designing to augment humans' state esti-
mator (Dutton and Starbuck, 1971).

DL notation was introduced as a taxonomy of increasingly ab-
stract reasoning (Rasmussen, 1974, p. 48), “useful for giving a pre-
liminary breakdown of our engineering problem” (Rasmussen,
1974, p. 30), then pursued as a standard framework to communi-
cate psychologically relevant task constraints within systems en-
gineering design teams (Rasmussen et al., 1994, p. 65). Some
ambiguity is expected from mapping complex work behavior onto
standardized knowledge states and transitions.

5.1. Issues with ConTA

We encountered three theoretic issues in applying ConTA: a)
defining stable states of knowledge, b) describing behavior inde-
pendent of mental models, and c) representing time in control
terms.



A. Hilliard, G.A. Jamieson / Applied Ergonomics 59 (2017) 602e611606
5.1.1. Goal and situation-independence?
The DL modeling template, like other task analysis frameworks,

describes goal-directed behavior (Vicente, 1999). But unlike nota-
tions such as Hierarchical Task Analysis, DL emphasizes goal-
switching decisions, for example between stabilizing or shutting
down a power plant (Rasmussen, 1986, p. 12). Conscious delibera-
tion is represented as cycling between two knowledge states Op-
tions and Chosen Goal, at the top of the metaphorical ladder
(Rasmussen et al., 1994).

We found it difficult to describe goal-directed behavior and
shifts between goals in the same representation. What is common
among knowledge states relevant to different goals? To capture a
wider range of task situations, Elix and Naikar (2009) introduced
notation which represents states of knowledge implicitly as an-
swers to a set of questions (as in the game “Jeopardy”). This nota-
tion also constrains knowledge states by representing only one
(possibly compound) goal in each DL. Single-goal DLs reframe
deliberation in terms of ambiguity in system state and the goal-
relevant consequences of possible states (Lintern, 2009).
5.1.2. Representation-independence?
The legs of DL notation (Fig. 3) describe observations and actions

grounded in the natural system; the tangible business being
controlled. Consistent with the ecological psychology intellectual
tradition, DL notation helps show low-representation, environ-
ment-coupled behaviors.

Knowledge, beliefs, or mental models, relevant in abductive
reasoning processes (Bennett and Flach, 2011), are instead
described in the subsequent Strategies Analysis (StrA) phase. While
this is reasonable to limit the scope of DL notation, social tasks in
domains such as medicine or even risk management require
Fig. 3. Decision Ladders for two work functions/goals: Cultivating Data & Models (with the
the goal of minimizing energy costs). Knowledge-seeking (epistemic) search actions shown
recorded estimates of system state. Record-building tasks are
equally important in M&T, as described below.
5.1.3. Past and future states of knowledge?
Time can be represented many ways in cognitive engineering

(Sanderson, 2005). DL notation, analogous to a control block dia-
gram (Franklin et al., 1994), shows goal-directed task behavior as
feedback loops. This makes it difficult to represent discrete:

� recall of past knowledge or prior beliefs.
� anticipatory feedforward behavior, predicting future state to
compensate for time lags.

Past knowledge might be described in knowledge of “Ambigu-
ity”, and anticipatory behaviors in “Desired State”, or analysts
might define time-shifted knowledge states (Lintern, 2010).

To summarize, we found that multiple goals, representations,
and time are difficult to represent in DL notation, but that prolif-
erating control loops and nodes might encourage hard-to-
communicate “spaghetti graphs” (Klein et al., 2003, p. 81; Naikar,
2010, p. 13).
5.2. Control task analysis for M&T

We analyzed the M&T task in three ways: as contextual situa-
tions, as part of related Energy Management activities, and in
decision-making terms. Disentangling cognitive products (ConTA)
from processes (StrA) required some iteration to resolve the three
issues discussed above. We present the analysis in decision-making
terms below.
goal of usefully representing business performance) and Controlling Energy Costs (with
in middle.



Table 1
Six M&T situation assessment strategies, categorized by whether they need external data &model maintenance (left) or can be recognition-
based (right).

Situation assessment strategies for control tasks
Use cultivated model to control energy costs Just control energy costs

Comparative analysis against normative/historic model Condition survey, or ‘Good Housekeeping’
Equipment inventory, reconciling with consumption Consumption time-series profile pattern-detection
Energy consumption and cost analysis Event e action time-series association

Table 2
Excerpts from annotated knowledge states incorporated in the comparative analysis situation assessment strategy for the two work functions presented in Fig. 3.

DL knowledge category Comparative analysis strategy for two goaledriven work functions:

Cultivate data/model Control energy costs

Alerted to potential issue Are data or models unexpectedly suspicious?
Are there new energy-related (e.g. production) data
available? utility meter data?

Is there a decision (e.g. operation, purchasing) that I need to make?
Did a surprising energy waste event happen?

observations e Aware of the
dimensions of the situation

What are the meter readings for utility consumption?
Electricity? Gas?
What energy-relevant data is available? Production?
Outdoor temperature?

) Cultivating model observations, plus e.g.
How much area/demand/production was un-recorded over this time?
What activities/events happened at this time? (startups/shutdowns/
maintenance)

Aware/model of current system
state

What true energy consumption does the meter data
indicate?
What underlying energy-related processes do other
data indicate?
What model most usefully predicts energy
consumption based on energy-relevant data?

) Cultivating model state awareness, plus
What true productive services were performed with this energy consumption?
How normal/typical were the un-quantified phenomena that happened?

ambiguity e Aware of potential
system states

Do energy/-related data still reflect the actual system?
Have sensors/records changed?
How ambiguous are the energy performance model's
calculations?
What could residual energy model errors mean?
Does the energy performance model's statistical
assumptions hold?

How does actual energy consumption compare to historic energy
consumption? Or model-calculated energy consumption?
Does comparison suggest structural changes in energy performance happened,
or persisted?
Do un-quantified phenomena adequately explain over/under-performance?
Is this actual energy consumption or model-calculated consumption
suspicious?

Aware of consequences of
potential states

What are the implications of violating energy model
statistical assumptions?
Should the energy performance model be changed to
be more useful?
Will correcting the energy or energy-related data
record make them more representative?

Will it be economic to meet this desired/target energy consumption?
Are the costs significant if this energy overconsumption persists?
What if observed data is wrong?What if explanatory observations are missing?

Aware of desired/achievable
state

What achievable energy consumption does a historic/
target energy model calculate?

What should the energy consumption have been for the productive output,
according to selected model, history, or arbitrary target?
What work activities/conditions are desired to achieve target energy
performance?
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5.2.1. Goal and situation-independence?
We adopted a streamlined DL notation (Lintern, 2009), which

collapses information encoding, processing, and re-encoding steps
into linking arrows (Fig. 3). Because M&T diagnosis requires
resolving ambiguity we adopted the stereotypical deliberative la-
bels “Ambiguity e aware of potential states” and “Aware of the
Consequences of potential states” (Lintern, 2009, p. 65).

To instantiate M&T-specific constraints in a DL template, we
described processing steps (including shortcut leaps) in single
words or brief sentences, to complement textual descriptions of
knowledge steps (Table 2). Some processing steps in Fig. 3 include
Diagnose current state, Compare vs. ambiguous historic or desired
energy performance, and possibly Seek new observations. We
described knowledge states as a set of questions (Elix and Naikar,
2009) to try and maintain independence, but found the questions
more useful when made strategy-specific (Table 2).

To constrain the analysis scope, we selected a concise, tractable
M&T goal: Minimize Energy Costs (Carbon Trust, 2008; CIPEC, 2010;
Harris, 1989). This reflects that cost control is the ultimate goal of
M&T. In subsequent analysis (not shown) we focused on utility
consumption and less on price estimation and contractual terms.
However, cost control was not the only goal we observed in M&T.
5.2.2. Representation-independence?
When analyzing M&T strategies, we concluded that knowledge

products and goals in three strategies (Table 1) differed enough
they should be represented as two distinct tasks:

1. The primary task with the goal of minimizing costs (at right,
Fig. 3), supported by

2. A representation-maintaining task (left) with the goal of use-
fully representing business energy performance, in terms of e.g.
data, lists, or statistical models.

Recognition-based “Good housekeeping” (Fawkes, 1986, p. 2)
M&T strategies only require the primary task, since they involve
directly perceiving energy waste through physical survey of valid
cues either:

� Human-perceivable (leaks, empty rooms lit, equipment idling),
or

� Sensor-augmented (infrared images, ultrasonic compressed air
leaks) (Hooke et al., 2004).

However, often dissipated non-productive (waste) energy use
cannot be directly observed as it is:
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� Imperceptible (small changes relative to variability).
� Control-rejected (replenished by increased steam or air-
conditioning load), or

� Unobserved (night shift secrets, miscalibrations, equipment
degradation).

To infer efficiency from observable data, M&T workers usually
need to cultivate models of the business, even simple ones like up-
to-date equipment inventories (see Strategies below). Models can
be used to estimate achievable business energy consumption
(Fig. 3) against which to compare metered utility consumption and
infer energy performance.

Showing M&T as two separate DLs communicates that main-
taining business energy models, in itself, doesn't save energy costs.
As well, it distinguishes that the two tasks act on different parts of
the work system: saving energy means changing work procedures
or equipment, while energy models can be cultivated by manipu-
lating just sensors and databases. Effective M&T work is adaptive
and lazy e spending only as much time maintaining models as
needed to disambiguate observations to infer business energy
performance.

5.2.3. Past and future states of knowledge?
Models of (desired) system state are not the only referent to

judge energy performance. Past energy consumption is commonly
used, as in residential utility bill comparison (Kempton and
Montgomery, 1982). Since standard DL notation doesn't distin-
guish knowledge of the past or anticipated future, we added a recall
history placeholder (Fig. 3), an information flow informing knowl-
edge of ambiguity. Similar information flows across the ConTA
scope boundary represent record-keeping of data, performance,
and analyses. We described particular recall processes in more
detail as Strategies.

Finally, it's common in M&T work to seek out un-observable
information, for example adding temporary electric meters and
test-running equipment to measure its power draw. Since the goal
of such epistemic action is knowledge-seeking (Kirlik, 2006), we
showed epistemic tasks and procedures as a decapitated (goal-less)
action sequence driven by knowledge of (missing) observations.

In representing the M&T task in DL notation, we tried to balance
the benefits of standardized knowledge categories with the
expressive power of specific, labeled items. We found ConTA
helpful in clearly distinguishing M&T model-driven strategy out-
puts from the information needed to question ambiguity or
determine reasonable situation-specific compromises. We
analyzed reasoning processes in more detail in the Strategies
Analysis (StrA) phase.

6. Rasmussen's legacy in strategies analysis

Strategies Analysis (StrA) (Rasmussen, 1986) describes con-
straints on purposeful cognitive behavior not captured in the WDA
as a “field in which a decision maker has to navigate” (Rasmussen
et al., 1990, p. 44) or in ConTA as work functions, goals, and
segmented knowledge products. To develop goal-relevant knowl-
edge, actors can overcome local difficulties by varying their
cognitive processes. StrA aims to categorize cognitive processes
according to distinctions useful for systems design. Rasmussen
concluded a cognitive strategy “will share important characteristics
such as.

1) A particular kind of mental model
2) A certain mode of interpretation of the observed evidence
3) A coherent set of tactical planning rules” (Rasmussen et al., 1994,

p. 70) (numbers added)
Strategies can also be distinguished and compared according to
their perceptual, memory, or experience demands (Rasmussen,
1986). CWA StrA has been less developed than WDA and ConTA
phases, and we found conducting StrA the most difficult phase of
analyzing M&T.

6.1. Issues with StrA

Among the issues we found in conducting StrA were a) how to
select a grain of analysis, and b) how to preserve comparable start-
and end-points across strategies.

6.1.1. Level of detail?
Cognitive strategies can be represented at different levels of

detail, and we tried to determine which would be most valid, cost-
effective, and useful to designM&T support tools. Most examples of
StrA methods use information flow map notation (Kilgore et al.,
2008; Rasmussen, 1986), which is like modeling transfer func-
tions for each DL arrow (Vicente, 1999, p. 216). Information flow
map notation is minimally defined, and Rasmussen included idio-
syncratic symbols e.g. to represent pattern-matching and system
structure. Standardized task analysis notation such as elementary
physical operations (Maynard et al., 1948) are useful for manual
tasks. A similar method, elementary information process notation,
has been used in cognitive psychology to model multi-attribute
choice decision-making (Payne et al., 1993). Perhaps inspired by
this, Vicente suggested adapting such a notation to StrA (1999, p.
233).

While fine detail is necessary to validate psychology theories
(Marewski and Schooler, 2011), obtaining it may be untractable for
systems design. Multiple DL steps can be aggregated (e.g. situation
assessment) into generalized strategies given sufficient evidence,
for example topographical search (Lintern, 2009; Rasmussen, 1974)
or standardized question probes (Burns et al., 2008). Even more
pragmatically, designers can consult stereotypical social strategy
templates (e.g. avoidance) to anticipate behavior patterns (Hassall
and Sanderson, 2014). For categories of work systems, where it's
hard to anticipate the task environment, information flow maps
may not be tractable. But are generalized strategies useful enough?

6.1.2. Stable knowledge products?
Strategies in CWA are defined as “transforming an initial state of

knowledge into a final state of knowledge” (Rasmussen, 1981, qtd.
in Vicente, 1999, p. 220). ConTA is intended to categorize cognition
products independently of the processes (StrA) used to transform
them. But if strategies entail different mental models, how similar
are their knowledge end-points?

This grapples with the broader issue of how to represent
cognition in systems design. For example, some strategies avoid
effortful cognition using tools and “knowledge in the world”
(Hutchins, 1996) while others substitute work domain resources
(Hilliard et al., 2008), like untying themythical Gordian Knot with a
sword. Environmental information structure contributes to strat-
egy effectiveness (Gigerenzer, 2002; Marewski and Schooler, 2011;
Payne et al., 1993; Simon, 1990). How to consistently represent the
diverse knowledge products involved in such different strategies?
This remains a challenge for StrA notation and methods.

6.2. Strategies analysis for M&T

We carried out the StrA in parallel with ConTA. From field
studies (Hilliard and Jamieson, 2014b) and literature review
(Carbon Trust, 2008; CIPEC, 2010; Harris, 1989; Hooke et al., 2004)
we identified six M&T diagnosis strategies.
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6.2.1. Level of detail?
We video recorded naturalistic think-aloud M&T task behavior,

intending to conduct a fine-grain descriptive StrA (Rasmussen,
1986, p. 25). However, we found the analysis time to sample time
ratio (Sanderson and Fisher, 1994) exhausted research resources,
and inter-rater reliability (Lombard et al., 2010) for our coded
2e20 s behavior samples was difficult to achieve.

We instead interpreted the field study observations in the
context of a literature review and developed a coarser taxonomic
StrA. We categorized strategies (Table 1) in terms of interpretation
rules, system structures they searched, and if they incorporated
external data records or energy models (Fig. 3). We described
strategy tactical rules two ways: 1) automated information pro-
cessing (e.g. data acquisition and model calculations) as informa-
tion flow maps, and 2) workers' tactical rules implicitly in terms of
knowledge inputs, outputs, and intervening DL states.

In the field study, participants used the Comparative Analysis
strategy most often (Hilliard and Jamieson, 2014b), possibly
because it was the strategy most supported by their software tools.
We discuss this strategy next.

6.2.2. Stable knowledge products?
One criterion Rasmussen proposed to distinguish strategies is

the mental model used. We adopted question-and-answer de-
scriptions of knowledge states (Elix and Naikar, 2009) to distin-
guish how each strategy developed ConTA knowledge products
slightly differently (Table 2). We found changing the phrasing of
questions captured differences in mental model, interpretations
Fig. 4. Excerpts of the two support tools designed based on this CWA of M&T. At left, part of
Modified Recursive Estimates diagnosis dashboard (right).
and relevant environmental features.
The Comparative Analysis strategy (Carbon Trust, 2008; Harris,

1989) develops a statistical model of the business to empirically
estimate constraints between:

� Energy input (metered utility consumption), and
� Observable measures related to energy output, such as
controlled disturbances or production (weather, production,
scrap, hours of operation).

The trained statistical model implicitly represents energy con-
version structures (e.g. equipment condition & operation), which
are M&T-relevant aspects of System State (Table 2). The model is
applied to process new observations into a desired target energy
use (arrow from left-to-right in Fig. 3) against which workers
compare actual energy consumption. However, to diagnose
whether discrepancies indicate a meaningful system change (e.g.
equipment failure or mis-operation), workers must question am-
biguity in both day-to-day system disturbances and model repre-
sentation (arrow from right-to-left in Fig. 3). In the field study, we
observed that participants took much time assessing data quality
and model meaning before attempting to diagnose energy perfor-
mance changes. We identified this as a design opportunity.

To conclude, our StrA of M&T did not develop the detailed
cognitive descriptions of seminal studies (Rasmussen, 1983;
Rasmussen and Jensen, 1973). We did describe (more inspectable)
computational processes of data-driven strategies, which was
helpful to identify intermediate products that workers might
a Model Summary sheet, which describes the meaning of the time-series charts in the
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reason about (e.g. model training residuals). Categorizing ap-
proaches to M&T according to (mental) models and mode of data
interpretation seemed effective (Table 1). Similarly, DL knowledge
states (Table 2) were a useful template to systematically consider
how each strategy formulated and produced knowledge differently
(cf. Vicente, 1999, p. 216). Our design interventions aimed to bridge
gaps between statistical outputs and knowledge required for
diagnosis.

7. Design applications to M&T

We used the CWA in designing two displays and a novel sta-
tistical strategy for M&T diagnosis. We will outline CWA outputs
that were useful in the designs, which are described elsewhere
(Hilliard, dissertation in preparation).

The WDA was useful to identify energy-related domain struc-
tures that workers might need to search in diagnosis. The more
structures in which energy consumption can be decomposed, the
more overlap to localize problems. The ConTA was useful to clearly
distinguish between representation-maintaining overhead and
productive work, and to identify key energy model-related infor-
mation that existing M&T tools did not convey. The StrAwas useful
to determine the information different strategies might need from
those key information flows, and led to the insight that Compara-
tive Analysis models often described energetic processes, a
Purpose-Related Functional (PrF) work domain structure (Fig. 2).

The first design application (Fig. 4, left) displayed information
required to resolve ambiguity about industry-standard linear
regression Comparative Analysis energy models (Hilliard et al.,
2014). This supported the second design which introduced a
novel statistical strategy to map empirical ambiguity in system
state onto the modeled (PrF) work domain structure (Hilliard and
Jamieson, 2013; Ploberger et al., 1989). To communicate structural
change ambiguity, wemodified a time-series representation (Fig. 4,
right) using EID visual analogy principles (Hilliard and Jamieson,
2014a; Zeileis, 2003).

8. Conclusions

Applying CWA to energy M&T helped us structure our under-
standing of the work, and tested the CWA framework's suitability
for a novel domain. We found the criteria that Rasmussen sug-
gested to distinguish whether to represent phenomena in WDA,
ConTA, and StrA phases remained mostly distinct.

Work Domain Analysis was less useful in this particular design
but the most straightforward phase to apply. A difficulty we
couldn't resolve was selecting among abstract functions, perhaps a
fundamental philosophical limitation (Cartwright, 1999). However,
we understand others' conclusions that WDA/ConTA may not be
distinct (Terrier and Cellier, 1999) such as when representing nat-
ural physiological systems (Miller and Sanderson, 2000).

The notation and compound goal framing we adopted for ConTA
seemed useful, and could be further developed. If representation-
maintaining functions are included in ConTA, abductive reasoning
processes can be shown in DL notation (Bennett and Flach, 2011).
Including explicit belief maintenance in DL models might be
particularly useful to describe communication in distributed
cognitive tasks where different actors perform system control and
knowledge maintenance (e.g. ship navigation in Hutchins, 1996).

We found Strategies Analysis more difficult to apply. Instead of
complete, validated detail of cognitive processes, we pursued more
immediately useful general categories of strategies. Methods for
multiple StrA detail levels progressing from stereotypical to specific
might be a useful approach for practical applications (Hassall and
Sanderson, 2014).
Our design application did not directly support ‘ecological’
strategies such as directly surveying equipment condition (at right
in Table 1), even though they are under-appreciated (Fawkes, 1986).
Future work could study how to effectively help workers transition
between diagnosis strategies, such as between hands-free func-
tional Comparative Analysis and hands-on physical Condition
Surveys.

Acknowledgments

This work was funded by Energent Inc., the Natural Sciences and
Engineering Research Council of Canada, and the Federal Devel-
opment Agency for Southern Ontario.

References

ASHRAE Guideline Project Committee 14P, 2002. Guideline 14-2002: Measurement
of Energy and Demand Savings, first ed. American Society of Heating, Refrig-
erating, and Air-Conditioning Engineers Inc, Atlanta, GA.

Bennett, K.B., Flach, J., 2011. Display and Interface Design: Subtle Science, Exact Art.
CRC Press, Boca Raton, Fla.

Borst, C., Flach, J.M., Ellerbroek, J., 2014. Beyond ecological interface design: lessons
from concerns and misconceptions. IEEE Trans. Hum. Mach. Syst. 1e12. http://
doi.org/10.1109/THMS.2014.2364984.

Burns, C.M., Bryant, D.J., Chalmers, B.A., 2000. A work domain model to support
shipboard command and control. IEEE 3, 2228e2233. http://doi.org/10.1109/
ICSMC.2000.886447.

Burns, C.M., Enomoto, Y., Momtahan, K., 2008. A cognitive work analysis of cardiac
care nurses performing teletriage. In: Bisantz, A., Burns, C.M. (Eds.), Applica-
tions of Cognitive Work Analysis. Lawrence Erlbaum and Associates, Mahwah,
NJ, pp. 149e174.

Burns, C.M., Hajdukiewicz, J.R., 2004. Ecological Interface Design. CRC Press, Boca
Raton, Florida.

CanMET Energy, 2003. Pinch Analysis: for the Efficient Use of Energy, Water, and
Hydrogen. Natural Resources Canada, Office of Energy Efficiency, Ottawa,
Canada. Retrieved from: http://www.nrcan.gc.ca/sites/www.nrcan.gc.ca/files/
canmetenergy/pdf/fichier.php/codectec/En/2009-052/2009-052_PM-FAC_404-
DEPLOI_e.pdf.

Carbon Trust, 2008. Monitoring and Targeting: Techniques to Help Organizations
Control and Manage Their Energy Use (No. CTG008). The Carbon Trust.
Retrieved from: http://www.carbontrust.com/resources/guides/energy-
efficiency/monitoring-and-targeting/.

Cartwright, N., 1999. The Dappled World: A Study of the Boundaries of Science.
Cambridge University Press, Cambridge.

CIPEC, 2010. Energy Savings Toolbox - an Energy Audit Manual and Tool. Canadian
Industry Program for Energy Conservation. Retrieved from: http://www.nrcan.
gc.ca/energy/efficiency/industry/cipec/5161.

Dutton, J.M., Starbuck, W.H., 1971. Finding Charlie's run-time estimator. In: Com-
puter Simulation of Human Behavior. John Wiley and Sons, New York,
pp. 218e242.

Elix, B., Naikar, N., 2009. Designing safe and effective future systems: a new
approach for modelling decisions in future systems with cognitive work anal-
ysis. In: Proceedings of the 8th Annual International Symposium of the
Australian Aviation Psychology Association.

Fawkes, S.D., 1986. A comparison of British and Japanese industrial energy man-
agement. R&D Manag. 16 (4), 309e316. http://doi.org/10.1111/j.1467-9310.1986.
tb01177.x.

Flach, J.M., Bennett, K.B., Stappers, P.J., Saakes, D.P., 2011. An ecological approach to
meaning processing: the dynamics of abductive systems. In: Vu, K.-P.L.,
Proctor, R.W. (Eds.), Handbook of Human Factors in Web Design, second ed. CRC
Press, Boca Raton, pp. 509e526. Retrieved from: http://psych-scholar.wright.
edu/flach/files/web_design_chpter_2011.pdf.

Franklin, G.F., Powell, J.D., Emami-Naeini, A., 1994. Feedback Control of Dynamic
Systems. Addison-Wesley, Reading, Mass.

Gigerenzer, G., 2002. Bounded Rationality: the Adaptive Toolbox (1st MIT Press
Paperback ed.). MIT Press, Cambridge, Mass.

Harris, P., 1989. Energy Monitoring and Target Setting Using CUSUM. Cheriton
Technology Publications.

Hassall, M.E., Sanderson, P.M., 2014. A formative approach to the strategies analysis
phase of cognitive work analysis. Theor. Issues Ergon. Sci. 15 (3), 215e261.
http://doi.org/10.1080/1463922X.2012.725781.

Hilliard, A., Jamieson, G.A., 2013. Recursive estimates as an extension to CUSUM-
based energy monitoring & targeting. In: Proceedings of the 2013 ACEEE
Summer Study on Energy Efficiency in Industry. ACEEE, Niagara Falls, NY, pp. 4-
1e4-13. Retrieved from: http://aceee.org/files/proceedings/2013/data/papers/
4_094.pdf.

Hilliard, A., Jamieson, G.A., 2014a. A strategy-based ecological(?) display for time-
series structural change diagnosis. In: Proceedings of the 2014 IEEE Interna-
tional Conference on Systems, Man, and Cybernetics. IEEE, San Diego, CA,
pp. 353e358.

http://refhub.elsevier.com/S0003-6870(15)30094-6/sref1
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref1
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref1
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref2
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref2
http://doi.org/10.1109/THMS.2014.2364984
http://doi.org/10.1109/THMS.2014.2364984
http://doi.org/10.1109/ICSMC.2000.886447
http://doi.org/10.1109/ICSMC.2000.886447
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref5
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref5
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref5
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref5
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref5
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref6
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref6
http://www.nrcan.gc.ca/sites/www.nrcan.gc.ca/files/canmetenergy/pdf/fichier.php/codectec/En/2009-052/2009-052_PM-FAC_404-DEPLOI_e.pdf
http://www.nrcan.gc.ca/sites/www.nrcan.gc.ca/files/canmetenergy/pdf/fichier.php/codectec/En/2009-052/2009-052_PM-FAC_404-DEPLOI_e.pdf
http://www.nrcan.gc.ca/sites/www.nrcan.gc.ca/files/canmetenergy/pdf/fichier.php/codectec/En/2009-052/2009-052_PM-FAC_404-DEPLOI_e.pdf
http://www.carbontrust.com/resources/guides/energy-efficiency/monitoring-and-targeting/
http://www.carbontrust.com/resources/guides/energy-efficiency/monitoring-and-targeting/
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref9
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref9
http://www.nrcan.gc.ca/energy/efficiency/industry/cipec/5161
http://www.nrcan.gc.ca/energy/efficiency/industry/cipec/5161
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref11
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref11
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref11
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref11
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref12
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref12
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref12
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref12
http://doi.org/10.1111/j.1467-9310.1986.tb01177.x
http://doi.org/10.1111/j.1467-9310.1986.tb01177.x
http://psych-scholar.wright.edu/flach/files/web_design_chpter_2011.pdf
http://psych-scholar.wright.edu/flach/files/web_design_chpter_2011.pdf
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref15
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref15
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref16
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref16
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref17
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref17
http://doi.org/10.1080/1463922X.2012.725781
http://aceee.org/files/proceedings/2013/data/papers/4_094.pdf
http://aceee.org/files/proceedings/2013/data/papers/4_094.pdf
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref20
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref20
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref20
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref20
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref20


A. Hilliard, G.A. Jamieson / Applied Ergonomics 59 (2017) 602e611 611
Hilliard, A., Jamieson, G.A., 2014b. Monitoring & targeting energy in practice: a field
study. In: Proceedings of the 2014 ECEEE Summer Study in Industry. European
Council for an Energy Efficient Economy, Arnhem, NL, pp. 591e601. Retrieved
from: http://www.eceee.org/library.

Hilliard, A., Jamieson, G.A., Jorjani, D., 2014. Communicating a model-based energy
performance indicator. Ergon. Des. Q. Hum. Factors Appl. 22 (4), 21e29. http://
doi.org/10.1177/1064804614550861.

Hilliard, A., Jamieson, G.A., White, A., 2009. Energy Management in Large Enter-
prises: A Field Study (Technical Report No. CEL09-01). Cognitive Engineering
Laboratory, Toronto, Canada. Retrieved from: http://cel.mie.utoronto.ca.

Hilliard, A., Thompson, L., Ngo, C., 2008. Demonstrating CWA strategies analysis: a
case study of municipal winter maintenance. In: Human Factors and Ergo-
nomics Society 52nd Annual Meeting, vol. 52. HFES, New York, NY,
pp. 262e266.

Hooke, J.H., Landry, B.J., Hart, D., 2004. Energy Management Information Systems -
Achieving Improved Energy Efficiency: A Handbook for Managers, Engineers
and Operational Staff. Natural Resources Canada, Office of Energy Efficiency.
Retrieved from: http://publications.gc.ca/pub?id¼290082&sl¼0.

Hutchins, E., 1996. Cognition in the Wild (2nd printing). MIT Press, Cambridge, MA.
International Energy Agency, 2014. Energy Efficiency Market Report 2014: Market

Trends and Medium-term Prospects. Retrieved from: http://alltitles.ebrary.com/
Doc?id¼10961845.

Kempton, W., Montgomery, L., 1982. Folk quantification of energy. Energy 7 (10),
817e827.

Kilgore, R., St-Cyr, O., Jamieson, G.A., 2008. From work domains to worker com-
petencies: a five-phase CWA for air traffic control. In: Applications of Cognitive
Work Analysis. CRC Press, Bocca Raton, FL, pp. 15e47.

Kirlik, A., 2006. Abstracting situated action: implications for cognitive modeling and
interface design. In: Kirlik, A. (Ed.), Adaptive Perspectives on Human-
technology Interaction Methods and Models for Cognitive Engineering and
Human-computer Interaction. Oxford University Press, Oxford;; New York,
pp. 212e229.

Klein, G., Ross, K.G., Moon, B.M., Klein, D.E., Hoffman, R.R., Hollnagel, E., 2003.
Macrocognition. IEEE Intell. Syst. 18 (3), 81e85. http://doi.org/10.1109/MIS.
2003.1200735.

Lau, N., Jamieson, G.A., 2006. Numerical models in representation design:
computing seawater properties in an ecological interface. In: Proceedings of the
Human Factors and Ergonomics Society 50th Annual Meeting, pp. 245e249.

Lintern, G., 2009. The Foundations and Pragmatics of Cognitive Work Analysis.
Retrieved from: http://www.cognitivesystemsdesign.net.

Lintern, G., 2010. A comparison of the decision ladder and the recognition-primed
decision model. J. Cognit. Eng. Decis. Mak. 4 (4), 304e327. http://doi.org/10.
1518/155534310X12895260748902.

Lombard, M., Snyder-Duch, J., Bracken, C.C., 2010, June 1. Practical Resources for
Assessing and Reporting Intercoder Reliability in Content Analysis Research
Projects. Retrieved January 30, 2012, from: http://matthewlombard.com/
reliability/.

Marewski, J.N., Schooler, L.J., 2011. Cognitive niches: an ecological model of strategy
selection. Psychol. Rev. 118 (3), 393e437. http://doi.org/10.1037/a0024143.

Maynard, H.B., Stegemerten, G.J., Schwab, J.L., 1948. Methods-time Measurement.
McGraw-Hill, New York, NY, US.

Miller, A., Sanderson, P., 2000. Modeling “Deranged” physiological systems for ICU
information system design. Proc. Hum. Factors Ergon. Soc. Annu. Meet. 44 (26),
245e248. http://doi.org/10.1177/154193120004402628.

Naikar, N., 2010. A Comparison of the Decision Ladder Template and the
Recognition-primed Decision Model (DSTO-TR-2397). Air Operations Division,
Defence Science and Technology Organisation. Retrieved from: http://www.
dsto.defence.gov.au/attachments/A%20comparison%20of%20the%20decision%
20ladder%20template%20and%20the%20recognition-primed%20decision%
20model.pdf.
Naikar, N., Hopcroft, R., Moylan, A., 2005. Work Domain Analysis: Theoretical
Concepts and Methodology.

Payne, J., Bettman, J.R., Johnson, E.J., 1993. The Adaptive Decision Maker. Cambridge
University Press, Cambridge, New York, NY.

Pedersen, S.A., Rasmussen, J., 1991. Causal and diagnostic reasoning in medicine and
engineering. In: Presented at the CEC Basic Research Action Project MOHAWC,
Stresa, Italy.

Ploberger, W., Kr€amer, W., Kontrus, K., 1989. A new test for structural stability in the
linear regression model. J. Econ. 40 (2), 307e318. http://doi.org/10.1016/0304-
4076(89)90087-0.

Rasmussen, J., 1974. The Human Data Processor as a System Component: Bits and
Pieces of a Model (Technical Report No. Risø-M-1722). Danish Atomic Energy
Commission Risø, Roskilde, Denmark, p. 51.

Rasmussen, J., 1979. On the Structure of Knowledge - A Morphology of Mental
Models in a Man-machine System Context (No. Risø-M-2192). Risø National
Laboratory, Roskilde, Denmark.

Rasmussen, J., 1983. Strategies for State Identification and Diagnosis in Supervisory
Control Tasks, and Design of Computer Based Support Systems (NKA/LIT-
3.2(83)126 No. N-6-83). Risø National Laboratory Electronics Department,
Roskilde Denmark, p. 55.

Rasmussen, J., 1986. Information Processing and Human-machine Interaction: an
Approach to Cognitive Engineering. North-Holland, New York.

Rasmussen, J., Jensen, A., 1973. A Study of Mental Procedures in Electronic Trouble
Shooting (No. Risø-M-1582). Risø National Laboratory Electronics Department,
Roskilde, Denmark.

Rasmussen, J., Pejtersen, A.M., Goodstein, L.P., 1994. Cognitive Systems Engineering.
Wiley, New York.

Rasmussen, J., Pejtersen, A.M., Schmidt, K., 1990. Taxonomy for Cognitive Work
Analysis. Risø National Laboratory, Roskilde, Denmark.

Reising, D.V.C., Sanderson, P.M., 2002. Work domain analysis and sensors II:
pasteurizer II case study. Int. J. Hum. Comput. Stud. 56 (6), 597e637.

Sanderson, P.M., 2005. Shapes of human control in time: models and a hydropower
system example. In: Presented at the 41st Annual Human Factors and Ergo-
nomics Society of Australia Conference 2005: Technology Improving Perfor-
mance, HFESA 2005, pp. 51e63. Retrieved from: http://www.scopus.com/
inward/record.url?eid¼2-s2.0-
84879919906&partnerID¼40&md5¼9bd8a1e2661445df395f286ccf696a91.

Sanderson, P.M., Fisher, C., 1994. Exploratory sequential data analysis: foundations.
Hum. Comput. Interact. 9 (3e4), 251e317.

Simon, H.A., 1990. Invariants of human behavior. Annu. Rev. Psychol. 41 (1), 1e19.
St-Cyr, O., Klein, G.A., Vicente, K.J., 2013. Ecological interface design and sensor

noise. Int. J. Hum. Comput. Stud. 71 (11), 1056e1068. http://doi.org/10.1016/j.
ijhcs.2013.08.005.

Stern, N., 2007. The Stern Review Report on the Economics of Climate Change.
Retrieved from: http://www.hm-treasury.gov.uk/independent_reviews/stern_
review_economics_climate_change/stern_review_report.cfm.

Terrier, P., Cellier, J.-M., 1999. Depth of processing and design-assessment of
ecological interfaces: task analysis. Int. J. Hum. Comput. Stud. 50 (4), 287e307.
http://doi.org/10.1006/ijhc.1998.0242.

Torenvliet, G.L., Jamieson, G.A., Chow, R., 2008. Object worlds in work domain
analysis: a model of naval damage control. IEEE Trans. Syst. Man Cybern. e Part
A Syst. Hum. 38 (5), 1030e1040. http://doi.org/10.1109/TSMCA.2008.2001058.

Vicente, K.J., 1999. Cognitive Work Analysis: Toward Safe, Productive, and Healthy
Computer-based Work. Lawrence Erlbaum Associates, Mahwah, N.J.

Vicente, K.J., 2002. Ecological interface design: progress and challenges. Hum.
Factors 44 (1), 62e78.

Vicente, K.J., Rasmussen, J., 1992. Ecological interface design: theoretical founda-
tions. IEEE Trans. Syst. Man Cybern. 22 (4), 589e606.

Zeileis, A., 2003. Testing and dating of structural changes in practice. Comput. Stat.
Data Anal. 44 (1e2), 109e123. http://doi.org/10.1016/S0167-9473(03)00030-6.

http://www.eceee.org/library
http://doi.org/10.1177/1064804614550861
http://doi.org/10.1177/1064804614550861
http://cel.mie.utoronto.ca
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref24
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref24
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref24
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref24
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref24
http://publications.gc.ca/pub?id=290082&amp;sl=0
http://publications.gc.ca/pub?id=290082&amp;sl=0
http://publications.gc.ca/pub?id=290082&amp;sl=0
http://publications.gc.ca/pub?id=290082&amp;sl=0
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref26
http://alltitles.ebrary.com/Doc?id=10961845
http://alltitles.ebrary.com/Doc?id=10961845
http://alltitles.ebrary.com/Doc?id=10961845
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref28
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref28
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref28
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref29
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref29
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref29
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref29
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref30
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref30
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref30
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref30
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref30
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref30
http://doi.org/10.1109/MIS.2003.1200735
http://doi.org/10.1109/MIS.2003.1200735
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref32
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref32
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref32
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref32
http://www.cognitivesystemsdesign.net
http://doi.org/10.1518/155534310X12895260748902
http://doi.org/10.1518/155534310X12895260748902
http://matthewlombard.com/reliability/
http://matthewlombard.com/reliability/
http://doi.org/10.1037/a0024143
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref37
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref37
http://doi.org/10.1177/154193120004402628
http://www.dsto.defence.gov.au/attachments/A%20comparison%20of%20the%20decision%20ladder%20template%20and%20the%20recognition-primed%20decision%20model.pdf
http://www.dsto.defence.gov.au/attachments/A%20comparison%20of%20the%20decision%20ladder%20template%20and%20the%20recognition-primed%20decision%20model.pdf
http://www.dsto.defence.gov.au/attachments/A%20comparison%20of%20the%20decision%20ladder%20template%20and%20the%20recognition-primed%20decision%20model.pdf
http://www.dsto.defence.gov.au/attachments/A%20comparison%20of%20the%20decision%20ladder%20template%20and%20the%20recognition-primed%20decision%20model.pdf
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref40
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref40
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref41
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref41
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref42
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref42
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref42
http://doi.org/10.1016/0304-4076(89)90087-0
http://doi.org/10.1016/0304-4076(89)90087-0
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref44
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref44
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref44
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref44
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref44
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref45
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref45
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref45
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref45
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref45
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref46
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref46
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref46
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref46
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref46
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref47
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref47
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref48
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref48
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref48
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref48
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref48
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref49
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref49
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref50
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref50
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref50
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref51
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref51
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref51
http://www.scopus.com/inward/record.url?eid=2-s2.0-84879919906&amp;partnerID=40&amp;md5=9bd8a1e2661445df395f286ccf696a91
http://www.scopus.com/inward/record.url?eid=2-s2.0-84879919906&amp;partnerID=40&amp;md5=9bd8a1e2661445df395f286ccf696a91
http://www.scopus.com/inward/record.url?eid=2-s2.0-84879919906&amp;partnerID=40&amp;md5=9bd8a1e2661445df395f286ccf696a91
http://www.scopus.com/inward/record.url?eid=2-s2.0-84879919906&amp;partnerID=40&amp;md5=9bd8a1e2661445df395f286ccf696a91
http://www.scopus.com/inward/record.url?eid=2-s2.0-84879919906&amp;partnerID=40&amp;md5=9bd8a1e2661445df395f286ccf696a91
http://www.scopus.com/inward/record.url?eid=2-s2.0-84879919906&amp;partnerID=40&amp;md5=9bd8a1e2661445df395f286ccf696a91
http://www.scopus.com/inward/record.url?eid=2-s2.0-84879919906&amp;partnerID=40&amp;md5=9bd8a1e2661445df395f286ccf696a91
http://www.scopus.com/inward/record.url?eid=2-s2.0-84879919906&amp;partnerID=40&amp;md5=9bd8a1e2661445df395f286ccf696a91
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref53
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref53
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref53
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref53
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref54
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref54
http://doi.org/10.1016/j.ijhcs.2013.08.005
http://doi.org/10.1016/j.ijhcs.2013.08.005
http://www.hm-treasury.gov.uk/independent_reviews/stern_review_economics_climate_change/stern_review_report.cfm
http://www.hm-treasury.gov.uk/independent_reviews/stern_review_economics_climate_change/stern_review_report.cfm
http://doi.org/10.1006/ijhc.1998.0242
http://doi.org/10.1109/TSMCA.2008.2001058
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref59
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref59
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref60
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref60
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref60
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref61
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref61
http://refhub.elsevier.com/S0003-6870(15)30094-6/sref61
http://doi.org/10.1016/S0167-9473(03)00030-6

	Representing energy efficiency diagnosis strategies in cognitive work analysis
	1. Introduction
	2. Principles for applying CWA to design
	3. Domain: energy monitoring & targeting
	4. Rasmussen's legacy in work domain analysis
	4.1. Issues with WDA
	4.1.1. Categories of domains?
	4.1.2. Secondary purposes?
	4.1.3. Decomposition criteria?

	4.2. Work domain analysis for M&T
	4.2.1. Categories of domains?
	4.2.2. Secondary purposes?
	4.2.3. Decomposition criteria?
	4.2.4. Other highlights


	5. Rasmussen's legacy in control task analysis
	5.1. Issues with ConTA
	5.1.1. Goal and situation-independence?
	5.1.2. Representation-independence?
	5.1.3. Past and future states of knowledge?

	5.2. Control task analysis for M&T
	5.2.1. Goal and situation-independence?
	5.2.2. Representation-independence?
	5.2.3. Past and future states of knowledge?


	6. Rasmussen's legacy in strategies analysis
	6.1. Issues with StrA
	6.1.1. Level of detail?
	6.1.2. Stable knowledge products?

	6.2. Strategies analysis for M&T
	6.2.1. Level of detail?
	6.2.2. Stable knowledge products?


	7. Design applications to M&T
	8. Conclusions
	Acknowledgments
	References


