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Abstract: Designing interfaces for effective decision-making supports for complex, dynamic
systems is a challenging task. Besides the already challenging task of determining the visual
form, the task of defining the content of these supports can be even more demanding. Especially
for an unstable and complex work domain with multiple stakeholders and multiple interrelated
systems, e.g., commercial flight operations. Various methodologies for designing such supports
have been introduced in the last decades. In this paper two methodologies, Ecological Interface
Design (EID) and Applied Cognitive Work Analysis (ACWA) are compared to determine
what methodology is best suited for the design of an in-flight decision support system. The
methodologies are compared on two aspects, (1) development of the knowledge-based model
and (2) the means to translate this model into requirements for the actual representation.
The functional abstraction network (FAN), as part of the ACWA, is the preferred knowledge-
based modelling method for capturing a complex multi-system work domain, like commercial
flight operations. Mainly due to the increased flexibility in modeling and ease of extending
the model. The ACWA is also found to the preferable method to translate the functional model
into representation requirements due to its structured step-wise and system engineering inspired
approach.

© 2019, IFAC (International Federation of Automatic Control) Hosting by Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Interface design for complex systems has been a topic of
considerable research and will likely receive even more
attention due to the advances in computational technol-
ogy. Research on user interface design can be categorized
based on the emphasis of the research, with the main
three methods known as user-driven, technology-driven
or problem-driven (Bennett and Flach, 2011). User and
technology driven approaches aim to provide solutions for
effective interactions, perception and usability (Norman,
1988). They are particularly focused on the visual form
of the presented information and on making sure that the
user understands how to interact and use the system. Tra-
ditionally, this is called human-machine interaction. This
approach is dyadic in that it is focused on the interaction
between the human and the computer (Bennett and Flach,
2011).

Although this approach is crucial for effective support,
i.e., obtaining the operators goals, one important aspect
of the human-machine system is not properly considered
in the dyadic approach. Which is the interaction between
the system and its environment. Systems are designed
to perform work within a particular environment and
successful control of a complex system is not merely de-
termined by the human-machine interaction, but is also
largely determined by the interaction of the system with
the environment (Hollnagel and Woods, 2005) (Bennett
and Flach, 2011) (Rasmussen et al., 1994). The operator
should know what the system can or cannot do in order

to reach his/her goals. In the triadic approach, the inter-
actions between the system and its work environment are
systematically studied. The triadic approach is the dyadic
approach complemented with an accurate mapping of the
interactions between system and environment. The triadic
approach is more focused on determining what should
be presented, rather than how it should be presented.
However, one should never see the what and how separate
since they both determine the effectiveness of the human
machine control system.

The challenge of the triadic approach is to accurately
describe the interaction between the system and its en-
vironment. Traditionally, interactions are described with
tasks (Rasmussen et al., 1994). Here, a task is the ‘cause’
for an effect in the physical world. Describing interactions
in terms of tasks can be useful in stable work environments.
For these environments stable work procedures or a norma-
tive task sequence can be produced. Describing checklists
and procedures are a way of describing tasks, which are
common practice in aviation. Checklists work well if the
conditions are exactly as the predefined conditions, but
any deviating from these conditions can lead to a break-
down in performance. Describing interactions with a one-
to-one mapping necessitates the formulation of tasks for
every specific environmental condition. However, as Burian
et al. (2005) describe, it is impossible and unpractical
to develop procedures and checklists for every possible
situation. In case of an unanticipated event, operators have
to redefine their tasks based on features of the work envi-
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ronments and the operators’ interpretation of the available
means to meet the system goals (Rasmussen et al., 1994).
And so, they have the risk to be left with limited support
during such events, which compromises the performance
of the entire system (Vicente and Rasmussen, 1992).

A sequence of tasks in a stable environment can be consid-
ered as an “open loop” control. Rasmussen et al. (1994)
illustrate this principle well with an example of baking
bread. A recipe describes how the bread should be baked
and once placed in the oven, no corrections are possible.
This type of control only reaches its desired output state
if the initial conditions are satisfied. Any disturbance can
compromise the success of the baking process, e.g., placing
of an additional tray on top. On the contrary, if no recipe
exists the operator acts differently. The outcome of the
process is determined by judgement and experience of the
chef. The chef will closely control his/her activities during
the process and adjusts these based on the observations
of the effects to ensure the intended output. Hence, any
disturbance can be counteracted, within the boundaries of
the system, to make sure that the end result is as intended.
This example illustrates the importance of presenting the
interactions between the system and the environment not
merely as a recipe, but providing a functional envelope
which presents the work domain’s constraints (Vicente and
Rasmussen, 1992) (Rasmussen, 1985). The constraints of
the system should provide transparency on how the system
functions and provides the decision-maker with a presen-
tation of the affordances from which he/she can determine
the action that results in the intended output. This will
allow the operator to anticipate in advance to achieve the
desired outcome (Hollnagel and Woods, 2005) (Bennett
and Flach, 2011) (Rasmussen et al., 1994).

Now the question remains, how should this presentation of
the functional envelope be obtained and presented to allow
effective control in events that deviate from the anticipated
environmental conditions? In this paper we will evaluate
two methods designed for this specific purpose, namely (1)
Ecological Interface Design (EID) developed by Vicente
and Rasmussen (1992) and (2) Applied Cognitive Work
Analysis (ACWA), developed by Elm and Potter (2003).

The comparison will be based on two aspects (1) the
development of the knowledge-based model, i.e., how the
end-result scores on completeness, the modeling effort and
extensibility to allow an incremental design approach, and
(2) the ease of translating the knowledge-based model into
requirements for the actual representation. The compar-
ison is performed with the objective to select the best-
suited method that can be used for designing an in-flight
decision support system for the real-world test case of
commercial flight operations. But first, an overview of the
two methods will be discussed below.

2. ECOLOGICAL INTERFACE DESIGN

The Ecological Interface Design (EID) framework is de-
veloped to design and evaluate complex systems and es-
pecially for unanticipated events (Vicente and Rasmussen,
1992). The framework is structured around two questions:
(1) what is a psychologically relevant way of describing the
complexity of the work domain? (2) what is an effective
way of communicating this information to the operator?

Functional purpose
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Fig. 1. Example of an abstraction hierarchy (AH) used in
the EID

Physical form

Rasmussen and Vicente’s preferred formalism to describe
the work domain constraints is the Abstraction Hierarchy
(AH), where the Skill, Rule, Knowledge (SRK) taxonomy
provides guidelines for the visual form. The term “ecologi-
cal” is used to refer to an interface that has been designed
to reflect the constraints of the work environment in a way
that is perceptually available to the people who use it.

Work domain analysis The abstraction hierarchy is used
to describe the functional envelope of the system, or
in other words, the externalized mental model that the
operator should have to successfully control system to
reach the intended goal. It is a derivative of a functional-
decomposition used in system engineering (Burns and
Hajdukiewicz, 2004). A simplified example of the AH
is shown in Fig 1. The AH consists of five levels of
abstraction:

e Functional purpose level - describes basically what
the system is designed to do.

e Abstract function level - describing the underlying
values, laws or principles.

e Generalized function level - show how the abstract
layer is achieved and is describing the processes
involved.

e Physical function level - describes what equipment is
involved, e.g., components or systems.

e Physical form level - describes the physical appear-
ance. While often this layer is disregarded or not
elaborated in much detail.

An important part of the AH are the means-end links, or
the how/why links between the levels. These links describe
how the layer above is achieved by the layer below (Burns
and Hajdukiewicz, 2004). These links support reasoning
and options to manipulate the system.

Skills, rules, knowledge tazonomy  The skills-rules-know-
ledge taxonomy was introduced to match the presented
information to the human information processing capabili-
ties. All three types of human cognitive behavior, i.e., skill-
based, rule-based and knowledge based behavior, should
be supported by the interface in order not to force the
operator in a higher level of cognitive control (Vicente and
Rasmussen, 1992).

EID has consistently improved performance compared
with the industry state of the art as Vicente (2002) de-
scribes. It has its roots in mainly isolated, well structured
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process control systems or power generation, but is also
tested in the field of aviation, medicine, road transport,
command and control and several more (McIlroy and Stan-
ton, 2015; Van Paassen et al., 2018; Borst et al., 2015).

3. APPLIED COGNITIVE WORK ANALYSIS

The Applied Cognitive Work Analysis (ACWA) was intro-
duced by Elm and Potter (2003) and is intended to be used
for real-world engineering purposes. It is based on work
of Lind, Woods, Hollnagel, Rasmussen and Vicente, but
applied to become a more pragmatic process for designing
decision support systems. The methodology is developed
with the following underlying premises. First, the decision-
making support system must embody a ‘knowledge model’
that closely parallels the mental model of expert human
operators, just like EID. This knowledge model is com-
posed of functional nodes and relationships intrinsic to
the work domain. The basis for this knowledge model is an
adaption to the AH, which is used to represent the abstract
functional concepts. Second, Potter et al. (2000) observed
that many results of cognitive task analysis are weakly
linked to the actual design. Hence, ACWA is designed
to provide smaller steps to transform the results of the
various analysis into traceable design requirements. Hence,
the process in ACWA is divided into a sequence of small,
logical engineering steps. The five steps in the ACWA are:

Functional Abstraction Network (FAN) The knowledge
model as part of the ACWA is an adapted version of
the abstraction hierarchy, i.e., Functional Abstraction Net-
work (FAN). This FAN is a function-based multi-level re-
cursive goal-means decomposition and is based on the work
of Woods and Hollnagel (1987), the FAN was considered
by Vicente and Rasmussen (1992) as an alternative to the
AH. A simplified example of a FAN is shown in Fig 2. The
basic idea is to understand the goals to be achieved and
functional means available for achieving them (Elm and
Potter, 2003). Each functional block consists of a goal and
a process to achieve the goal. Functional blocks are linked
to specific elements in a process. This enables that blocks
lower in the FAN are of a lower level of abstraction.

Cognitive Work Requirements (CWR)  Once the model
of the work domain is created, cognitive demands for that
work domain model can be derived. For each functional
block in the FAN (each goal, each component of the
functional process) cognitive work requirements can be

determined. These requirements can be in the form of
monitoring, control or assessment activities, which are
required by the operator for successful control.

Information / Relationship Requirements (IRR)  The
next step will be to identify what information is required
for each CWR. It reveals what computations and/or
transformations are needed. In this step data become
contextualized information. This process is focused on
satisfying the CWRs and is not limited by data availability
in the current system. This step might uncover the need
for additional transformations or sensors.

Representation Design Requirements (RDR)  The next
step is to describe the requirements for the intended rep-
resentation of each set of CWR and IRR witht the intend
to make sure that each presentation element effortlessly
communicates its information. This explicit description
becomes the key artifact between system developers and
has the goal to eliminate subjective arguments during the
display design phase.

Presentation Design Concepts (PDC)  The final step
of the ACWA is used to transform the requirement into
its visual form (shape, color, layout). The techniques to
optimize for perception, usability and effective interactions
are used to create the most suitable display. This step
is the largest to bridge and requires significant skill and
experience. But the end result can always be verified for
completeness based on the RDRs.

4. TEST CASE

Both methods will be applied to the test case of in-flight
operational decision-making in commercial air transport.
In-flight decision-making is a challenging task (Shappell
et al., 2007). Flight crews have to monitor, assess the flight
progress continuously during a flight and evaluate if the
initial flight constraints with which the flight plan was
constructed still hold. Unexpected events are happening
frequently due to influences of weather, air traffic, aircraft
(sub)systems and airport facilities. The flight crew needs
to have a clear picture on what affects their operation and
determine how to handle the impact.

Analyzing what affects flight operation is a challenging
task, because of the many factors and stakeholders. This
test case is complex in the sense that it not only embodies
the complex system by itself, i.e., aircraft (sub)systems,
but also includes the many interactions with (and be-
tween) other systems like weather, air traffic, terrain, reg-
ulations, passengers and company preferences. These may
all need to be included as they all have the potential to
affect the operational decision to some extent.

A traditional task-based approach for this “‘unstable”,
open, complex environment is not preferred, as discussed
before, because it is simply impossible to cover all possible
conditions. Therefore, this is an ideal case for supports
that can cope with unanticipated events, developed either
with the EID or ACWA methodology.
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5. RESULTS

Several observations were made about the practical imple-
mentation of both methodologies applied to the test case.

5.1 Development of the knowledge-based model

Completeness € FExtensibility — One observation made is
that it is challenging to specify detailed functional pur-
poses in the abstraction hierarchy. Various example AHs
have “safety” as a functional purpose combined with other
functional purposes such as productivity, efficiency, or
increase dividend, comfort (Xu, 2007; Bisantz and Burns,
2008; Stanton et al., 2016). But what does safety mean
specifically? We can describe it as; not harming anyone
or anything involved. However, this goal comes from an
even higher mechanism. Besides the ethical considerations,
companies don’t what to harm anyone since they will
not be allowed by authorities continue operation and no
customer will ever buy an unsafe product (depending on
the price and demand). This gives us the notion that
capturing the functional purpose of a system with safety is
not entirely complete. The real purposes are often purely
economical and / or political. These layers are represented
by Fig 3.

This risk of unspecific goals is also present in the FAN.
However, the goals of each functional block are focused on
success, which forces the analyst to be more specific on
defining what embodies success. The higher level mech-
anisms, as discussed before, can be added on top with
additional function node, with a certain process, until no
higher level goals are found. The result is a more complete
model. Each stakeholder has different goals and a different
perspective of a problem. This means that the functional
purpose of the system will be different for various stake-
holder. This can lead to a set of inconsistent goals.

A way of capturing these higher level mechanisms in an
AH is to introduce an new AH with this specific system.
Other potential solutions are to split the AH in several
sub-abstraction hierarchies as was presented by (Bisantz
and Burns, 2008)(Ho and Burns, 2003). Or to organize
the AHs by using levels of sophistication and nested AHs
as was introduced by Amelink (2010). This is a relative
cumbersome process compared to adding a functional
block in the FAN. Furthermore, by adding only a single
functional node instead of a full abstraction hierarchy with
five layers the increase in size can be minimized.

Ultimately, these unspecific goals come from the need
to define a clear system boundary in advance, which is
basically the first challenge that one comes across when
mapping a complex work domain. Defining the boundary
is an crucial step of the work domain modeling. In many
examples a single isolated system is the boundary, for
example the power plant or the aircraft (Dinadis and
Vicente, 1999). This choice simplifies the AH drastically
and makes it practical tool. However, a variety of systems
are involved with in-flight operational decision-making;
i.e., the aircraft itself, the physical world with weather,
other traffic, airport infrastructure, passengers, laws and
regulations. And whether objects can be controlled by the
flight crew have to be included in the boundaries of the

Plane

Passengers

Flight crew

Airport infrastructure

g Traffic )
N Terrain J

Company policies

N Regulations / Authorities J

Fig. 3. Various system boundaries for commercial flight
operations.

system (Burns and Hajdukiewicz, 2004). All these systems
will in turn expand the AH significantly.

Modeling Efforts  Another issue with the abstraction
hierarchy that has become apparent is the issue of circular
means-ends. This can be explained with the following
example. If the work domain has the functional purpose
of flying from A to B safely and efficiently (see Fig 1).
And the abstract layer contains for example; conservation
of energy, separation, compliance to regulations, customer
satisfaction and time of arrival. Efficiency is achieved for a
company, if a customer is satisfied. But how can customer
satisfaction be achieved? Only if they arrive on time, safely
and comfortably at the destination they bought the ticket
for. This suggests that a link exist between a lower function
to a higher function and on the same level. We see that
we have a problem with the hierarchy, since a hierarchy
can only flow down and not up, as being presented with
the dashed line in Fig 1. This issue was also noted by Lind
(2003). This problem can be resolved by using a network
instead of a hierarchy, which is exactly what was done in
the FAN. Circular or recursive links are feasible in the
FAN.

Further, modelling effort with the abstraction hierarchy is
found to be quite high mainly due to the abstract layer.
The step from functional purpose to abstract function is
often too big of gap, too broad or too high level. Lind
(2003) expresses it as follows ”How can abstract functions
be seen as causing the purpose or goal to be realized and
how can generic functions cause the abstract functions?”.
This layer makes sense if one evaluates or designs a
display for systems in which the laws of physics are the
start of a design. However, if experts are asked with
the 'how’ rule to extract the means to ends, few will
mention that they think of thermal laws as a second layer.
Many take these abstract function for granted and only
mention the generalized functions. The abstraction layer
for non-physical systems is difficult to define. Once money,
comfort, satisfaction or compliance with regulations are
abstract principles this layer becomes difficult to define.
Reising et al. (2002) and Naikar (2008) adopted a different
set of labels for the various levels to make the abstraction
hierarchy suitable for intentional systems. The label that
replaces the abstract function, i.e., priority measures,
makes the abstraction hierarchy more pragmatic. But the
mix between priority measures and laws of physics can be
confusing. Also, by putting Newton’s laws or thermal laws
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the risk is that this layer becomes cryptic and high level
with the results that it loses its meaning. Therefore, some
heard feedback on the EID methodology is that it is too
theoretical or too academical (Bennett and Flach, 2011).

The AH contains five levels, which are sometimes reduced
to four depending on the preferences of the analyst (McIl-
roy and Stanton, 2015). However, this fixed number of
levels in the abstraction hierarchy is observed to be restric-
tive, as was noted by Lind (2003). It becomes difficult to fit
all the functions into five layers because of the means-end
relations, particularly if multiple systems are integrated.
Since functions on one level provide the rationale or reason
for the existence of functions on the lower level, the five
means-end links may become a limiting factor. This prob-
lem doesn’t hold for the FAN, because as many functional
nodes can be added as desired.

The last observation found on modeling effort is the
question of how to model the system in certain states, or
phases in time. Distinct periods in a series of events also
influences the goals and functions of a operator drastically
like the definition of the system boundary. Different goals
are apparent in various flight phases. Take for example
landing and cruise flight. In cruise flight the landing gear is
not used, while for landing this is crucial. Taking the goals
of the various flight phases into consideration is important
for the entire operation. Some AH modeling approaches
describe these phases as functions (Ho and Burns, 2003).
While they are in fact periods of times that change specific
goals, which cannot are not captured by the functions.
While, a specific phase can be captured as a process in the
FAN. Providing more flexibility to model these parts.

Clarity ~ Various examples of abstraction hierarchies (Ho
and Burns, 2003; Naikar, 2008; Stanton et al., 2016) result
into a chaotic diagram with entangled links for relatively
small systems. For the application of commercial flight
operations, we assume that this issue might worsen due
to the size of the analysis. A lot of time would be spent in
unraveling the links. With the FAN, the links between the
functional nodes and processes are more specific and are
placed directly into a certain context, which makes them
easier to understand. The entangle of links can be resolved
with the different variations of the abstraction hierarchy,
but these techniques make it difficult obtain a overview of
the links. As can be seen in (Bisantz and Burns (2008) page
58). Therefore, for clarity proposes the FAN is preferred.
In which ordering can be done more flexible.

5.2 Translating into requirements into actual representation

The above-mentioned observations were about building
the knowledge model. However, this model is only use-
ful if it can be transformed into a visual form. Burns
and Hajdukiewicz (2004) describe that the first step in
transforming the model to a visual form is to extract the
variables from the different levels of the model. However,
this process is seems relatively unsupported and is based
on the analysts intuition. Many of the variables seem to be
determined subjectively and are ‘nice to have’. No strict
guidelines are presented what variables should be included.
The risk here is that information is included that is not
specific for the system, which can lead to clutter and
compromises the effectiveness of the interface.
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ACWA has the advantage that for each functional node,
cognitive work requirements have to be determined. These
are determined by analyzing what cognitive work an oper-
ator has to perform to reach the goal in that specific block,
e.g., monitoring, transforming data, making decisions. The
benefit of this approach is that the determination of vari-
ables remains linked with the process and functional nodes
to reach the purpose of the system. Furthermore, the
sequential steps, IRR, RDR and PDC are all traceable and
based on the FAN knowledge model. This with the goal to
eliminate unnecessary information and clutter. Although,
the SRK taxonomy is mentioned as a stand-alone tool
and integrated part of EID, few designs are using it in
the design of the displays Mcllroy and Stanton (2015).
This might be the result of how it is formulated in the
methodology. There is no step-wise method to determine
on how this SRK taxonomy is implemented, and many see
the SRK as a recommendation or good practice.

6. DISCUSSION

EID is presented above as a structured process to go from a
model to a visual representation. However, concerns exist
on this process since much of the end-result depends on
the practitioners experience with the methodology. Also,
the abstraction hierarchy shows some issues for multiple
stakeholder, complex socio-technical systems.

The EID process seems to be semi-structured and more
focused on obtaining the knowledge model than on trans-
forming the findings into a visual form. The SRK tax-
onomy states that the model should be reflected in the
interface, but a structured process on how to do this
is not present. Secondly, the abstraction hierarchy is a
theoretical useful tool. However, in practice it seems to
be too restrictive for larger systems than isolated process-
control systems due to the fixed five levels, difficulties in
defining the abstract function level and circular means-
ends relationships.

ACWA provides a structured step-wise approach to trans-
form the knowledge model into an interface. Furthermore,
the FAN is less restrictive in modeling the work domain.
This seems to be beneficial since the fixed layers and the
circular means-end issues can be resolved. This will lead to
more complete models, that can easily expanded. Hence,
it is suitable for incremental design approaches.

Despite the benefits of ACWA, only a few publications
with examples (Elm and Potter, 2003) (Potter et al.,
2003) were published since its introduction in 2003. Several
books (Bisantz and Burns, 2008) (Hollnagel, 2008) (Stan-
ton et al., 2005) publish the method. Elm and Potter
(2003) state that ACWA has been applied across a wide
range of domains. However, proof that this methodology
actually works is unfortunately not present. However, the
methodology is based on experimentally proven work of
Rasmussen, Hollnagel, Woods and Lind and is derived
from well-known system engineering practices.

7. CONCLUSIONS

Operational decision making in commercial air transport
has specific characteristics: an unstable, open environment
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with many stakeholders, various flight phases, and dif-
ferent types of constraints, i.e., intentional and causal.
This work domain was found to be easier captured by the
Functional Abstraction Network as part of the ACWA.
Relative to EID, it features a less restrictive knowledge
model analysis and a step-wise process to derive represen-
tation requirements. This has the advantage to eliminate
subjective arguments about what should be presented and
what not. ACWA will still lead to an ecological interface,
since it is based on a knowledge model that represents the
abstract, functional envelope of a work domain. Therefore,
although both methods are quite similar, we found ACWA
to be a more applied, more pragmatic and structured
methodology to analyze and transform a model into an
effective visual representation for real world applications.
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