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ABSTRACT

Motivation — Complex design specifications must be
partitioned in manageable pieces to be able touatal
them in separate experiments. No methodology ekiste
to deal with this task.

Research approach — Practical experience in Situated
Cognitive Engineering and the Mission Executionu\Cre
Assistant is combined with a theoretical perspectn
the relation between use-cases, requirements amd<c|

Findings/design — Hierarchical clustering is an
effective method for partitioning a design speaeifion.
Use-cases provide a good criterion based on wiich t
cluster the requirements and claims.

Originality/Value — A new method and tool are
presented for organising requirements and for
systematising the evaluation of a complex design
specification.

Take away message — Piecewise evaluation benefits
from a use-case-based partitioning of the design
specification combined with an experimental staone
requirements and claims.

Keywords
Empirical  requirements  evaluation, Cognitive
Engineering, use-case-based decomposition,

requirements clustering, piecewise evaluation.

INTRODUCTION

Future manned missions to the Moon and Mars sét hig
demands for personalised support systems takirg int
account the social, cognitive and affective statethe

astronauts. A common way to address the complexity

of developing such systems is to follow an itemativ

human-centered design process (see for an overview

e.g. Norman, 1986; Rosson and Carroll, 2002). his t

way, the requirements, claims and use-cases in the

design specification are developed iteratively in
successive stages of empirical evaluation and
refinement.

Typically the design specification of complex cdom@

design specification must be divided into manageabl
pieces that can be evaluated in separate expesment
Partitioning the design specification for piecewise
evaluation is a non-trivial task due to the many
interdependencies between requirements, claims and
use-cases. A systematic approach is required torens
that the quality of the design specification isfisigntly
assessed after its parts have been evaluated.iffihef a
this paper is to present our proposed solutionhis t
problem.

The solution is based on two core ideas. First,
experiment design in Cognitive Engineering shoudd b
driven by the formulation ohypothesesthat target
pieces of the design specification from an expentale
stance (cf. Woods, 1998; Carroll and Rosson, 2003).
Second, a suitable partitioning of the design
specification for piecewise evaluation can be otsdi

by applying appropriate use-case-based selection
criteria to the complete set of hypotheses.

To emphasise and illustrate the practical valuthese
ideas, we apply them to the Situated Cognitive
Engineering approach in general and the Mission
Execution Crew Assistant (MECA) project in partaul
(Neerincx and Lindenberg, 2008). MECA is an
electronic personal assistant aimed to empower the
cognitive capacities of human-machine teams during
planetary and lunar exploration missions. We preaen
prototype tool to \visualise the MECA design
specification and to select hypotheses adequate for
evaluation.

The paper is organised as follows. In the nexticect
we introduce Situated Cognitive Engineering and
explain which pieces of a design specification may
represent testable hypotheses. In the third sectien
describe how requirements and claims can be chdter
based on the use-cases to which they apply, y@ldin
use-case-based (as opposed to  functional)
decomposition of the design specification. In tharth
section, we explain why a use-case-based
decomposition is a useful method for the exploratio

support systems is of such a size that it cannot be gng selection of hypotheses for empirical evaluatio

evaluated as a whole in one experiment. Rather, the
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Figure 1. The basic organisation of the MECA
design specification. Claims justify requirements,
including the high-level core functions. Use-cases,
aside from providing context, serveto organisethe
requirements baseline.

ORGANISING THE DESIGN SPECIFICATION
Following trends in Cognitive Engineering (e.g.
Hollnagel and Woods, 1983; Norman, 1986;

Rasmussen, 1986), and requirements engineering, we
have applied our ideas to the Situated Cognitive

Engineering method, as employed in the Mission
Execution Crew Assistant project, formulated in
(Neerincx and Lindenberg, 2008). Situated Cognitive
Engineering centers on the notion that engineeaimd
evaluating complex systems like MECA relies on
situated rather than universal theories of cognmitio
theories which are embedded in the context of adesig
including operational demands, human factors
knowledge and envisioned technology.

Requirements, Claims and Core Functions
Figure 1 summarises the way the design specificasio

domains (as in for instance functional decompasjtio
This ensures that dependencies between the differen
core functions and between the requirements that
elaborate on them are not a-priori excluded.

Second, claims are included not only to justify toee
functions (as in Neerincx and Lindenberg, 2008}, bu
rather, in accordance with our stance on core fonst
as requirements, they are included to justify any
individual requirement (and, optionally, sets of
requirements).

Third, although use-cases still serve to conteigaghe
requirements (as in Carroll 2000), we show in the
remainder of this paper that use-cases are edstortia
organising the requirements baseline and selecting
useful hypotheses for empirical requirements
evaluation.

Design Specification as a Collection of Hypotheses

In order to deal with the often troublesome conioect
between individual design problems and an overagchi
theory as well as to streamline the evaluation ggsgit

has been proposed to regard (parts of) the design
specification as a scientific hypothesis (Carrofida
Rosson 2003, Woods 1998):

“An experimental stance means that designers need t
recognise that design concepts represent hypottases
beliefs about the relationship between technologg a
cognition/collaboration, [and] subject these bedieto
empirical jeopardy by a search for disconfirmingdan
confirming evidence, [...]. This experimental stamce
needed, not because designers should mimic traditio
research roles, but because it will make a diffesem
developing useful systems [...J[¥Voods 1998, pp.170-
71)

Applied to Situated Cognitive Engineering (or
requirements engineering in general), we propoaeah
design specification can be phrased as a hypothassis
follows:

(1) Any system adhering to the requirements base$in
optimised to help achieving the system’s goal.

Since claims, as justifications, are always forradan
line with the overarching goal of the system, wa ca

organised. Based on operational demands, envisioned make the hypothesis in (1) more concrete:
technology and human factors knowledge, a design (o) The claims are an adequate justification of the

specification is derived which is then iteratively
evaluated and refined. The design specificatiorsist&

of core functions and requirements that elaborate o
these core functions. In addition, claims are idetlito
justify features and design decisions, highlightihg
upsides, downsides and trade-offs involved (Caand
Rosson, 2003). A large set of use-cases contesésali
the requirements, indicating in what kinds of diitwas

a given requirement applies.

This approach differs from previous work on (Siagjt
Cognitive Engineering in three ways. First, as the
dashed line in the figure indicates, the set ofecor
functions is treated as part of the requiremenseloze,
rather than as a high-level division of functional

requirements baseline.

After all, if the claims are an adequate justifioat of

the requirements baseline (2), then a system auhéoi
the requirements baseline will optimally help relcé
goal (1); if the claims are not an adequate justtfon

of the requirements baseline (2), then a systerarauth

to that requirements baseline may not help reaeh th
goal (1). In this formulation the entire requirertgen
baseline is covered, but similarly any subset of
requirements with its corresponding claims may
function as a hypothesis. This is in line with Rwsand
Carroll's suggestion to treat claims as hypotheses
(Rosson and Carroll 2008), but our formulation nsake
the different roles of requirements and claims more



explicit. Below we explain how regarding (parts tfg
design specification as a hypothesis serves tarstiee
the evaluation and refinement loop.

Truthfulness and Exclusiveness

What does it mean for a set of claims to be an
‘adequatejustification of some part of the requirements
baseline? First, an adequate justificatiorrighful: all
information that the justification is based on mbst
factual. Second, an adequate justificatioexslusive it
must explain why the current and not some other
requirements baseline is optimal. For a claim to be
truthful, the upsides, downsides and trade-offtaiard

in it should occur as such in reality. If, for iaste, a
claim includes the upside “increases efficiency diy
least 10%” whereas factually this is only 5%, tkeim
must be revised. A revision need not always leatth¢o
requirement(s) becoming worthless. After all, a 5%
increase in efficiency is still good, provided thad
important downsides exist. However, if new factasea
the downsides to dominate the upsides, the inatusfo
the requirement in the design specification is amger
justified and the requirement needs to be moditied
removed.

For a claim to exclusively justify a requirementmiust

hold that the claim cannot apply to any other
requirement while maintaining its truthfulness. exfall,

if alternative requirements exist that lead to thect
same upsides and downsides and involve the same
trade-offs, choosing any one of them over the ather
would be unjustifiable. If such a situation occuss,
generalisation of the various alternatives shoale tits
place until further research reveals which of
instantiations is the best candidate. The exclugige of
claims thus ensures that preliminary convergendéen
requirements baseline can be detected and blo&ked.
consequence is that initial requirements are tyipica
general, as well as the claims that justify them.
Refinementan only iteratively proceed from general to
specific, carefully justifying at each step theimement
made.

Although treating the refinement process in Sitdate
Cognitive Engineering in detail is beyond the scope
this paper, a short remark is in place here becthese
refinement of requirements can be (and should be)
coupled to evaluation (they both label the samevain
Figure 1, after all). To see this, consider tha¢ th
exclusivity of claims requires an experiment to e
compare various alternatives. Although in principle
such alternatives could be invented especiallysfozh

an experiment, it is very hard for the researclarta

be biased in favor of the current requirementss Tiéas
can be avoided by, instead of comparing the current
requirements to a set of alternatives, testing ovari
candidate refinementseforethe actual refinement takes
place to determine which of all possible refinersent
would yield the best result. This method avoidshifees
because the current requirement is not being oquresti
(although, of course, it was being questioned at an
earlier stage in the evaluation and refinementeycl

its

MECA shall communicate with the crew
about important events.

Requirement
RF2024

Claim C064  Each MECA unit will alert the crew
member regarding for instance scheduled
events, low-frequency nominal events

and off-nominal events.

+ | Helps maintain high situation
awareness for crew members.
Consistent notifications help

maintain sufficient trust.

May interrupt with current activities,
increasing cognitive task load, and

hence decreasing effectiveness or

efficiency.

UCO077, UC078, UC080, UC083

Table 1. An example building block (simplified) of
the MECA design specification.

Use-Cases

The Mission Execution Crew Assistant

A first design specification for MECA was constreut
based on operational demands, human factors
knowledge and an envisioned technology. It was then
iteratively evaluated and refined using severalhogs.
The current MECA design specification consists 67 1
requirements that elaborate on the 6 core functions
(viewed as high-level requirements themselvesgt ot
claims that justify the inclusion of requirementsthe
baseline and a collection of about 80 use-cases. Th
core functions are health management, diagnosis,
prognosis and prediction, collaboration, resource
management, planning, and sense-making. Seven
criteria  have been derived from human factors
knowledge and are referred to in the claims: todase
effectiveness, efficiency and situation awarendss,
maintain appropriate trust levels, high learnapibind
high satisfaction and to incorporate emotional
responses. Table 1 contains an example of a MECA
requirement with its claim (simplified) and use€ss

As we mentioned, sets of multiple requirementsemath
than single ones could likewise be accompanied by a
claim and use-cases, for instance to highlight
dependencies between the requirements.

Following the ideas discussed above, requirement
RF2024 with its claim C064, included in Table luicb

be used together with other requirements and claisns

a hypothesis. The requirement is possibly too gdrer

be cast in any doubt: of course a personal assistan
should communicate with the crew about really
important events, for it is the only mean throudhich
they could possibly learn about such events. ksl
with upsides and downsides is just as generalyaiher
than as a rock-hard justification it should be sasm
rough guideline regarding which aspects to pay
attention to when formulating refinements. Its plolss
refinements, on the other hand, are numerous anallno



Use-case Alarm handling

uco083

Goal To bundle lov-level alarms intc
meaningful events.

Actors Astronau in habita, MECA of habitat

Requirements RF2024, RF2050, RF2080, RF22!
RU3010, RU3011, RU3012, RU4040,
RU4120, RU4130, RU4140, RU4170,
RU4260, RF2230, RU4200.

Scenario 1. Low-level smoke and IR alarms ¢
activated.
2. MECA combines the low-level alarms to
determine the location and scope of the fire.
3. MECA gets the attention of the astronaut
4. MECA provides procedures to the
astronaut to fight the fire
5. Astronaut fights fire
6. Fire is put out.

Table 2. An example use-case of the MECA system.
Fields like preconditions, post-conditions and
comments have been omitted for brevity.

trivially valid or invalid. For instance, should MEA
communicate about important events verbally or
visually? Should MECA consider postponing certain
messages depending on the current cognitive task?lo
When is an event to be classified as important ghou
for interrupting the current task? A literature dstu
could narrow down the set of alternatives suffitien
for them to be compared in an empirical evaluation
experiment.

USE-CASE-BASED DECOMPOSITION OF THE
REQUIREMENTS BASELINE

The design specification contains a large numbeisef
cases. Use-cases in the MECA project have beetedraf
along the lines of (Cockburn 2001). They make expli
the various contexts of use, varying from simple
interactions with only one crew member to complex
sequences of events (often referred to as scemathoer
than use-cases). Table 2 contains an example eéa u
case, containing descriptions of the goal and tters,

@)

(b)

Figure 2. Eight requirements labeled A toH are
clustered at several levels of within-cluster
similarity. (a) Here, for illustrative purposes, the
similarity between requirements corresponds to
their distance. (b) The same hierarchical
clustering can be depicted in a dendrogram.

measure of similarity between requirements can be
computed. The requirements can then be input to a
clustering algorithm, or in particular hierarchical
clustering algorithm (Johnson 1967), to obtain a
hierarchy of clusters of similar requirements. Ehes
clusterings range from a single large cluster dairtg

all requirements (low within-cluster similarity) @a to
many small clusters containing only one requirement
each (high within-cluster similarity), as in Figuda.
Such a hierarchy of clusterings can be visualised a
dendrogramillustrated in Figure 2b.

Use-case-based decomposition is similar to the more

a set of relevant requirements, and a step-by-step traditional way of organising a design specificatio

description of the event.

Use-cases are central to engineering complex sgstem
They allow multiple views and levels of detail, el
achieve abstraction and categorisation, are canenad
flexible at the same time, promote work-orientataor
invoke reflection (Carroll 2000). In this sectionew
show that an important role for use-cases, notecehy
Carroll, is to organise the requirements baseline.

The Requirements Dendrogram

We propose that a key role for use-cases in cagniti
engineering is to organise the requirements baselin
through use-case-based decompositidBy indicating
for each requirement the use-cases to which itiegph

throughfunctional decompositioifsee for instance the
‘structured analysis’ method, described by foranse
DeMarco, 1979; Yourdon, 1989), but offers a nunifer
advantages over the latter.

First, the stativity and rigidity of a top-down fctional
decomposition does not fit the fluidity of the dgsi
situation — a problem that the usage-centered togni
engineering was meant to resolve in the first platse-
case-based decomposition, on the other hand, is
dynamic and flexible, with the hierarchy automdtica
changing as requirements or use-cases are added or
removed. It should be mentioned here that the more
requirements and use-cases a design specification
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Figure 3. A screenshot of the hypothesis exploration tool (prototype).

contains, the more stable the

decomposition becomes.

Second, an advantage of use-case-based decompositio In our clustering

over functional decomposition is that it closelyleets
the pragmatic experience of the user. The clustdts
contain those combinations of requirements and the

use-case-based maximising the over-allcategory-utility a measure

based on conditional probabilities.

runs so far, the requirements’
applicability to use-cases has always been a binary
attribute, to increase the efficiency of the manuse-
case annotation process. With applicability asreadyi

dependencies between them that are relevant for the attribute, we found that use-cases should be cduple

user and which will provide a useful hypothesis for
user-centered empirical evaluation.

Third, in the more traditional approach, a mismatch
between the designers’ envisioned decompositionaand
functional hierarchy, or a disagreement between
designers on the desired location of a requirernmettte
hierarchy, will block creativity and discussion. By
employing use-case-based decomposition, on the othe
hand, such a mismatch will instead highlight white-
cases may be missing or inadequate. It will lead to
fruitful re-evaluation of the use-cases.

A Requirements Dendrogram for the Mission
Execution Crew Assistant

We decomposed the MECA requirements baseline
based on approximately 80 use-cases. We emploged th
conceptual clustering algorithm COBWEB (Fisher,
1987), as implemented in th&/EKA workbench
(http://sourceforge.net/projects/weka/;  Witten  and
Frank, 2005), with theacuity parameter set to the
default value andcutoff set to 0.09. In a nutshell,

COBWEB constructs a hierarchy of clusterings by

requirements rather liberally for the resulting
dendrogram to be insightful and balanced. We suspec
that using a continuous attribute instead couldh&mr
improve the resulting clustering.

For the MECA project we have developed a prototype
tool to explore and select hypotheses for empirical
evaluation (Figure 3). Central to this tool is the
requirements dendrogram: the hierarchy of clusters

constructed bottom-up from the use-cases. The
HyperGraph toolkit is used to Vvisualise the
requirements dendrogram (http://hypergraph.

sourceforge.net/). A hyperbolic (i.e. fish-eye)wies a
common tool for visualising large hierarchies, hesa

it provides an intuitive way to focus on parts bet
hierarchy while at the same time maintaining the
overview. Selecting a cluster in the tree will ralven
the right the requirements contained in it and uke-
cases to which they apply.

The MECA design specification is organised accaydin
to an OWL/RDF ontology (Breebaast al. 2009),
accessible to all parties involved through a web-



interface. The ontology defines concepts like ‘crew
member’ and ‘equipment’, as well as important meta-
concepts like ‘requirement’, ‘use-case’ and ‘claiwe
regard the tool presented above as an extension,
coupling a knowledge base with a dynamic, use-case-
based visualisation of the requirements baseline.

SELECTING A HYPOTHESIS FOR EMPIRICAL
REQUIREMENTS EVALUATION

So far we have mainly described how a design
specification is best organised. Central are tleasdto
view sets of requirements, with the corresponding
justifying claims, as hypotheses, and to decompbse
requirements baseline based on use-cases. In itentu
section we show how both ideas are combined in a
proposed methodology for selecting hypotheses with
high utility for empirical evaluation.

Criteria for a Useful Hypothesis

When is a design specification finished? Although a
empirical hypothesis can never be undisputedly gmov
(because a counterexample may always be discoyered)
hypotheses concerning parts of the design spetiifica
can be made more plausible through experimentation.
Determining when some part of the design specificat

is finished amounts to estimating theusibility of the
corresponding hypothesis. There comes a point athwh

to accept it as true and enter the implementatiages
(for pointers regarding this decision, see e.g.eZand
Jackson, 1997).

Before that happens, it is useful to keep trackvbich
pieces of the design specification have been tested
together and whether the outcome confirmed the
hypothesis, in order to avoid testing an alreaditequ
plausible hypothesis. With such bookkeeping, the
plausibility of a hypothesis can be computed
automatically. Looking again at the tool in Figuse
nodes in the hyperbolic tree, representing clusters
hypotheses, are coloured red (not plausible yetyeen
(plausible), based on their estimated plausibility.

Testability and Empirical Value

Not only do hypotheses differ in their established
plausibility, they also differ in theitestability (whether

the hypothesis is easy to test) aathpirical value
(whether testing the hypothesis has any influencée
plausibility of the design specification as a whola
requirements baseline can be decomposed into
exponentially many different chunks, each with a
corresponding hypothesis. Determining which of ¢hes
countless hypotheses are suitable for an evaluation
experiment is a difficult problem.

Two rules of thumb can help to optimise testabitityd
empirical value. First, the larger thaumber of
requirements in a hypothesis, the more closely it
resembles the design specification as a whole andeh
the higher its empirical value, but the lower its
testability. A hypothesis that concerns the entire
requirements baseline carries maximal empiricalie/al
but it is also the hardest to test — after all, bas to
implement or simulate the entire system.

Second, related requirements are often subject to
various interdependencies, the inclusion of whichai
hypothesis greatly increases its empirical value.
Relatedness also increases a hypothesis’ tesyabilit
because related requirements apply in similar Sing

and can be tested under similar experimental ciomgit
This is especially the case when relatednessimatstd
based on the use-cases in which requirements occur,
rather than for instance on functional grounds.

Both rules of thumb are present already in the
dendrogram resulting from a use-case-based
decomposition of the requirements baseline (previou
section). The number of requirements is incorparate
roughly in the vertical dimension in the hierarckwth

the sets higher up in the dendrogram containingemor
requirements than the sets at the bottom. The
relatedness between requirements is responsible for
grouping some requirements together while keeping
others separated and is fundamental to the deratrogr

A use-case-based decomposition of the requirements
baseline thus allows the designer to focus on éitise
design specification that, as hypotheses, will rojse
empirical value and testability.

A Simple Procedure for Selecting Hypotheses

Given a requirements dendrogram, possibly
incorporated in a tool like the prototype presented
above, the methodology for selecting an optimal
hypothesis can be sketched as follows:

1. Select an underevaluated hypothesis (i.e. a red
cluster in the dendrogram in Figure 3).
2. If the hypothesis is very difficult to test givehet

resources available (money, time, participants,
software), move down in the dendrogram to its sub-
hypotheses until an underevaluated hypothesis is
encountered that is testable.

If the hypothesis is very easy to test given the
resources available, consider moving up in the

dendrogram untii a maximally challenging
hypothesis is encountered.
The testability of hypotheses higher up in the

dendrogram increases gradually as each of its sub-
hypotheses are made plausible, because only the
interaction of its sub-hypotheses remains to be
investigated. This enables the designer to gragtedt
larger and larger parts of the requirements baselin
without introducing too many variables at once.

CONCLUSION
Partitioning a large design specification for pisise
evaluation can be difficult due to the many

interdependencies between requirements, claims and
use-cases. In this paper, we have proposed a maihod
improve systematicity of piecewise evaluation in
Situated Cognitive Engineering in two ways. Fiesich

set of requirements with a set of justifying claimss
regarded as a hypothesis concerning the adequabg of
justification. Such hypotheses should be tested by
comparing different refinements of the requirements



baseline. Second, whether a hypothesis is wortmges useful for identifying areas that need refinement a
depends on the number of requirements, the relagsdn  areas that have been prematurely refined.
of its requirements (which can be estimated based o ACKNOWLEDGEMENTS
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