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Abstract

Documented engineering design rationale has the potential to become a key source of information about past designs. Ease
of comprehension of design rationale might play a crucial role in ensuring that the full potential of documented information
is realized and that the effort and time necessary to capture design rationale pay off. This research proposes an empirical
methodology for evaluating how structuring design rationale and supplying it with visual nontextual cues influences read-
ing and interpretation. The study compares reading and interpretation of technical documentation presented in different for-
mats to engineering graduate trainees in the aerospace industry.
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1. INTRODUCTION

Aerospace engineering design relies heavily on the use of past
experience. It is known that engineering designers frequently
need to revisit previous design solutions and understand the
rationale for their generation (Karsenty, 1996). Research into
capturing and structuring the rationale for complex decisions
dates back to the early 1970s and Rittel’s proposal of an
Issue-Based Information System (IBIS; Kunz & Rittel, 1970).
A new IBIS-based software tool called DRed (Design Ratio-
nale editor) was developed in 2002 by researchers at the
Cambridge Engineering Design Center (EDC; Bracewell &
Wallace, 2003; Bracewell et al., 2004). DRed facilitates
recording design rationale at the time of its generation and
deliberation. The software is currently in regular use in design
projects in an international aerospace company.

Current understanding of how DRed and other IBIS-based
tools help designers to read and interpret design rationale is
largely based on informal evidence. According to the litera-
ture, structuring textual information supports comprehension.
However, the influence of splitting text into small chunks
using diagrammatic representations and hyperlinks, which
are the prominent features of DRed, is less clear cut, espe-
cially in the context of particular tasks that engineers perform.
To the best of our knowledge, a study to identify the most

suitable way to structure and present design rationale to facil-
itate its reuse has not been conducted in the engineering do-
main. Therefore, an evaluation of DRed is required to ensure
that a move from a traditional way to read and interpret design
rationale to a form mediated by DRed does not bring any
adverse effects on the task of reusing information. A project
to conduct a rigorous empirical evaluation of how DRed
supports designers has recently been launched at the Cam-
bridge EDC. Initial research to determine whether DRed
improves the richness of the recorded information suggested
that the engineering processes captured and structured in
DRed, compared to those presented in traditional design
definition reports (DDRs), are richer in both the number of
recorded design solutions and the number of pro and con
arguments underpinning those solutions (Aurisicchio et al.,
2006a). The present article explores whether the use of
DRed-structured reports (structured text), compared to tradi-
tional reports with very few visual textual cues (semistructured
text), makes the reading and interpretation of recorded infor-
mation more effective and efficient for those who would like
to reuse it. In particular, the aim is to determine what ex-
perimental design is more suitable to predict the influence of
structure on reading and interpretation of design rationale.

Researchers who undertake industrial empirical evalu-
ation of tools to support complex engineering tasks will
find this article of interest because it sets out a methodology
to guide in this endeavor. Practitioners on the lookout for ef-
ficient, effective, and user-friendly information management
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might find in this article ideas for future changes in their
organizations.

2. READING AND INTERPRETING DESIGN
RATIONALE

2.1. DRed

DRed is a simple software tool that was developed to help de-
signers to capture, structure, and edit new design rationale as
well as to read and interpret past design rationale. DRed is in-
tended to be complementary to and to be used together with
analysis software, computer-aided design, office, and other
applications. It facilitates the creation of a design folder,
where all electronic information, generated during a design
project, is stored. Information in the folder is mapped accord-
ing to the dependencies inherent in the design rationale.

As a design proceeds, the design folder for the project pro-
vides a place where a team of designers can store the emerg-
ing product definition, the ideas evaluated and accepted or re-
jected, clear rationale for these decisions, and all supporting
documents. In its implementation, a DRed design folder is
simply a directory, either personal or shared, containing at
least one DRed chart. A typical design folder will contain a
number of DRed charts, each one stored in a single file.
DRed charts are used to replace traditional designers’ note-
books and formal design reports. On completion of the pro-
ject, for future reference within the company, the folder can
be published on-line using a conventional Web server or, po-
tentially, it can be managed through its life cycle by a product
life-cycle management system.

A DRed chart is a diagrammatic representation of design ratio-
nale drawn on a canvas inside the main software window. DRed
charts are zoomable, scrollable two-dimensional spaces of prac-
tically unlimited extent. DRed fundamental nodes are created
from a predefined set of elements (see Fig. 1). These are the
IBIS traditional element types that allow designers to record
and present their rationale (MacLean et al., 1991; Conklin
et al., 2001). In response to practical needs of the engineering
design domain, DRed introduces three new element types,
termed text, task and file, also shown in Figure 1.

Each of the fundamental node types has a predefined set of
statuses; a change of status is signified by changes in color
and background graphic (see Fig. 2). A familiar to users traf-
fic light color scheme (red–amber–green) is employed to help
with comprehension and memorizing visual representations.
This gives a clear view of the progress of a design and enables
the knock-on effects of revoked decisions, or the discovery
of new information, to be propagated through the rationale.
For example, in the issue node, the amber question mark
image is used to identify an open issue, whereas the red
question mark and the red cross image is used to identify
an insoluble issue.

The user generates a DRed chart by manually creating,
positioning, and linking nodes to each other on a workplane.
Any node on a chart can be linked to any other, although there
are some advisory restrictions; and any node can easily be
converted from one type to another. A line with an arrow
on one end makes up a unidirectional link, which represents
a dependency whose meaning is inferred from the type of
nodes at each end of the link (see Fig. 2).

Tunnel links represent dependencies between two nodes
that either belong to different charts or to the same chart
but are positioned far from each other (see Fig. 2). The tunnel
entrance and exit mouths are shown as small circular icons,
which are always created as a pair and can be navigated in
both directions. The rationale for large design projects is often
represented legibly as a set of tree-structured DRed charts.
Tunnel links help to maintain connections and causality be-
tween multiple charts.

When reading and interpreting DRed charts, the users’
interaction with the software is mainly focused on the recog-
nition of the node graphics, reading and interpretation of the
text, and navigation of the linked spaces. Users have been
observed to follow specific node paths either with a finger
or by gazing along a locus of visual attention. The cognitive
processes involved in reading and interpreting a DRed chart
consist of inferring meaning from the contents of nodes
(both textual and graphical) and the way the nodes are linked.

DRed is used in the social context of a large aerospace
company producing major power systems products. DRed
is a system with large degree of sharing, that is, the DRed
charts often have multiple authors and are meant to be read

Fig. 1. DRed nodes. [A color version of this figure can be viewed online at journals.cambridge.org/aie]
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and reused by individuals who are not necessary the original
authors of the charts.

2.2. Current understanding on reading and
comprehension of structured text

Research into how the structure of information influences in-
terpretation is valuable for organizations and individuals that
are engaged in education, news publishing, and delivering
business information. This research received a powerful boost
with the introduction of e-learning and e-publishing, which
exploit the World Wide Web and on-line hyperlinked docu-
ments. Despite the fact that engineering design documents
differ in many aspects from a news article or from school
teaching material, in the absence of specific data on engineer-
ing documentation it is important to be aware of the lessons
learned in the research of text comprehension in those
domains.

Melville et al. (2002), comparing structured clinic letters to
conventional letters containing a listing of problems, showed
that structured letters take no longer to read, are strongly pre-
ferred by doctors, and improve comprehension. The authors
of this study found no correlation between reading time and re-
call (completeness). Reading structured letters was also found
to train doctors to read unstructured letters more effectively.

In a review of the relations between the organization of text
and its reading comprehension in an educational context,
Dickson et al. (1995) concluded that the effect of the structure
and presentation of text on reading comprehension is more
global that local, that is, well-structured text results in better

comprehension of the main ideas, while having little or no
effect on comprehension of details.

Duke and Pearson (2002) pointed out that students should
experience writing the range of genres that educators wish
them to be able to comprehend, and should develop abilities
“to write like a reader and to read like a writer.” The authors
expect that in the future text comprehension may be linked
to text navigation because of the growing use of hypertext
and the consequent need to read material in a nonlinear
style.

Hypertexts allow for nonlinear access to information,
usually dividing information into separate chunks and struc-
turing it. McDonald and Stevenson (1996) studied the phe-
nomenon of disorientation in hypertext, that is, a situation
when the user is unable to make informed decisions about
which paths to follow to satisfy their information goals. Dis-
orientation manifests itself in longer times to find the required
information and a loss of accuracy (correctness). The authors
stress that, despite these possible adverse effects during im-
mediate use, hypertexts are likely to help in tasks that require
the use of long-term memory. Brown (1998) reported that
jumping between small sections of text has no detrimental
effect on recall (completeness).

Vaughan and Dillon (2006), studying the effect of time on
navigation of certain types of Web pages, showed that over
time users increased their navigational exploration in the
reading tasks and improved their navigational efficiency in
the information-seeking tasks. The authors suggest that these
improvements reflect the development of mental representa-
tions of information structure.

Fig. 2. DRed nodes’ statuses and connectors. [A color version of this figure can be viewed online at journals.cambridge.org/aie]
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2.2.1. Levels of structuring technical textual information

Although in many companies textual technical information
is most commonly captured and structured in reports allowing
only linear access to information, alternative options for
structuring corporate information are possible.

Because hypertext allows for a nonlinear retrieval of infor-
mation it is widely used in manuals, for example, in the IT
industry. In hypertext each chunk of information is generally
known as a node. Several topological structures of these
nodes can be generated: the most popular are hierarchical
and network structures (Shin et al., 1994). The size of a
node can vary significantly and is generally down to the au-
thor of the document.

Text can also be represented visually by linking smaller
chunks of information in a meaningful way (Duke & Pearson,
2002) into a diagram. These representations also allow for the
nonlinear access to information, although of a different form
compared to hypertext. Different visual representations are
possible depending on the meaning of the nodes and their con-
nectors. This type of presentation is used to visualize transport
networks, data and control flows, organizational structures,
and so on.

2.3. Approaches to assess the role of visual
representations in reading and comprehension

Because DRed charts not only organize information in a cer-
tain way but also employ visual graphical notations, it is
important to be aware of the influence that these notations
might have on comprehension. A belief that images and dia-
grammatic representations help comprehension is common,
and there is evidence that supports it. However, there is no
clear consensus on the mechanisms through which visual
representations influence comprehension. A study by Black-
well (1997) dispelled the common belief that an image is
worth a thousand words by establishing that in a diagram
an image is worth, on average, 84.1 words. This example
gives a flavor of potential follies associated with assessing
the value of graphical representations on the basis of unsub-
stantiated cognitive beliefs.

Rodrigues et al. (2007) proposed a framework for assessing
comprehension of data visualization that is based on the the-
ory of sign processing. According to this theory, the visual
process is considered to include preattentive processing and
detailed scanning. Preattentive processing aims at extracting
low-level properties, and plays a crucial role in faster visual
cognition, whereas detailed scanning is slower and addresses
conventional reading practices. The authors proposed that ef-
fective visualizations must have features supporting preatten-
tive processing.

A large body of research on the role of visual represen-
tations exists in the field of visual programming. The cog-
nitive complexity of programming and the fact that software
development is a form of engineering makes findings and ap-
proaches in this field very relevant for engineering design.

According to Whitley (1997), “An underlying premise of
visual programming research is that visuals will improve
the human–machine interface by catering to human cognitive
abilities.” Whitley drew attention to the importance of the
design of evaluation experiments and to the large individual
variations that might influence or even mask the results of
between-subject experiments. In addition, she emphasized
that a complex task as programming involves at least two
cognitive skills like search and comprehension, which can
be helped through visual representations.

Studies of the so-called match–mismatch hypothesis oc-
cupy a prominent position in the field of visual programming
(see, e.g., McDonald & Stevenson, 1996; Chattratichart &
Kuljis, 2001). Gilmore and Green (1984) first formulated
this hypothesis for textual computer programs. The hypoth-
esis states that if a notation highlights a certain type of infor-
mation, then a task requiring that type of information should
be easier to perform than a task that requires a type of infor-
mation that is not supported by this notation.

According to North (2006), evaluations of visual inter-
pretations are often based on testing simple tasks, which
do not reflect the real tasks that users will have to perform
in a work situation. Similarly, in an article on graph visual-
ization, Purchase (2000) made a distinction between two
ways of assessing human performance in the reading of
graph drawings: a relational reading of the graph that mea-
sures the efficiency and accuracy with which people can
read a graph structure and answer questions about it, and
an interpretive consideration of a graph, where the effec-
tiveness of the graph drawing is measured within the con-
text in which the application-specific graph is usually used.
It can be expected that, in accordance with the match–
mismatch hypothesis, the user performance on relatively
simple tasks does not necessarily give a correct prediction
about the actual performance in the context of real work
and/or use.

Dürsteler (2007) emphasized the importance of cultural
aspects in understanding visual notations. Although the cul-
tural context can be considered as a part of wider understood
previous user experience, it is wise to consider it separately
because quite often the previous user experience is reduced
to the user’s familiarity with a particular type of software or
diagrams (Stone et al., 2005).

Finally, a study of a new software system should consider
the methodological approaches that were proposed in the field
of human–computer interaction (HCI). Rich information
about different experiment designs is available; see reviews
by Landauer (1997) and Karat (1997). However, depending
on the goals of a study, the resources available, and the nature
of the systems, and tasks to be tested, the design of experi-
ments can vary widely. In fact, in a detailed review of behav-
ioral research methods in HCI, Landauer (1997) identified
two main research issues in relative evaluation of systems:
finding measures that will accurately predict differences in
actual use, and finding data collection methods that are suffi-
ciently informative, quick, and economical.
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2.4. Summary of the literature

Despite the fact that the visual representations have been stud-
ied both on the empirical and theoretical level, current under-
standing of how these representations work is still very limited.
A successful visual representation does not exist in isolation. It
is strongly connected to the information tasks that the users
perform and to the social and cultural context of use.

The analysis of the literature indicates that structuring text,
supplying it with visual cues, and giving a possibility of non-
linear access to chunks of text is generally preferred by users,
is likely to improve comprehension, takes no longer time to
retrieve information, and can train in reading unstructured
text. Hyperlinked representations can potentially lead to dif-
ficulties with orientation, longer time to retrieve information,
and loss of accuracy (correctness). On the basis of these find-
ings we put forward the following hypotheses:

Hypothesis 1: DRed-structured reports are not going to
have a negative effect on reading and interpretation.

Hypothesis 2: The use of DRed helps to create mental mod-
els that users employ in the reading and interpretation of
standard documents.

3. RESEARCH METHODOLOGY

This article presents a summative comparative evaluation of a
software tool and a method embodied in it. More specifically,
the research focuses on carrying out a summative outcome
evaluation, which is defined by Trochim (2006) as the inves-
tigation of whether a program or technology causes demon-
strable effects on a specifically defined target outcome. The
effects of design rationale structure and presentation on read-
ing and interpretation are evaluated in the context of design
information reuse. The method for structuring and presenting
design rationale currently used in the collaborating company
is used as a benchmark. The method to be evaluated is Dred
and its way of structuring and presenting design rationale.
A formative evaluation of the features of the tool to inform
its further development and improve the expressiveness of
its graphical user interface was not a goal of the investigation
presented here.

3.1. Experimental setup

Comparative evaluation of the reading and interpretation of
design rationale consisted in designing, setting up, and con-
ducting an experiment involving participants as similar as
possible to real users. The experiment design is inspired by
past observational research on information seeking (Aurisicchio
et al., 2006b) and reproduces a real working situation. In the
experiment, to satisfy an information need and eventually
inform the design of a new component or assembly, a de-
signer has to read and interpret the design rationale captured
in a report. Therefore, the experimental task had to include
four key steps as described in Table 1.

The participants were randomly split in two groups and
were asked to read and interpret an electronic report in two
different formats and to retrieve and compose an answer to
a predefined question. The report formats used in the experi-
ment were a semistructured DDR generated using a standard
office text editor (see Section 3.2) and a DRed-structured re-
port generated by the researcher reverse engineering the same
DDR into DRed.

The performances of the participants were measured
through the time required to produce the answers as well as
their completeness and correctness. Table 2 presents defini-
tions for the three metrics used in the analysis.

Performing experiments in an industrial setting imposes in-
evitable limitations. The collaborating company agreed that
only the engineering graduate trainees would participate in
the experiment, and not the experienced designers. The activ-
ity had to present some educational bonus to the trainees and
provide all of them with similar experience, that is, each
trainee had to have a chance to work both with the traditional
and DRed-based representation of design rationale. The size
of the groups was limited by the number of engineering grad-
uates being trained by the company at the time of a particular
experiment. To obtain as much information as possible from
this constrained situation and to cover a range of information
needs that prompt designers to reuse design rationale, the ex-
periment consisted of repeating four times the basic experi-
mental task, each time using a new question and a new report.

Table 1. Steps in the task

Step Action Object

1 Reading and interpreting Question
2 Reading and interpreting Report
3 Retrieving Information
4 Composing Answer

Table 2. Evaluation metrics

Metric Definition

Time Measures the time (s) taken by a participant to read
and interpret a document in order to retrieve an
answer to a predefined question (steps 2–4 in
Table 1); in the text, it is also referred to as
“retrieval time.”

Completeness
(recall)

Measures the completeness of the information
returned by a participant: number of correct
entities in a given answer divided by the total
number of possible correct entities in the
document

Correctness
(precision)

Measures the correctness of the information
returned by a participant: number of correct
entities in a given answer divided by the total
number of entities in the answer
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The way the reports were presented to the participants is out-
lined in Table 3.

Prior to the start of the experiments, the goals of the re-
search were explained to the participants and instructions
on how to carry out the four tasks were provided through a
20-min presentation. The time allocated to each task was
22.5 min, that is, a total of 90 min for the entire experiment.

All participants were degree educated and new to the task
of designing. In addition, they were unfamiliar with the genre
of a DDR and with the task of writing, reading, and interpret-
ing design rationale. The structure of a DDR represented in
the traditional text editor was explained to them. All the par-
ticipants were fluent users of the text editor used in the experi-
ment. A few days before the experiment, the participants were
instructed in the use of DRed and provided with experience in
reading and interpreting DRed-structured design rationale.
Before the experiment they were given another short demon-
stration. However, none of them used the tool for practical
work before the experiment. Therefore, their exposure to
DRed was controlled and equal, which would not be the
case for experienced designers. Unfortunately, the lack of ex-
perience meant that they had to master the tool on the spot
during the experiment. The latter could be expected to have
two important consequences: results with DRed are not as
high as they could have been with a group of experienced
software users, and the individual performances could be
biased by the participants’ individual abilities to quickly learn
to work with a new method of representing information and a
new software.

In total, two experiments were conducted with different
participants under identical conditions, but on two different
occasions. The number of participants in the first (groups 1A
and 1B) and the second (groups 2A and 2B) experiment was
expected to be 12 and 16, respectively, but only 11 and 13
trainees actually participated. Groups 1A and 2A started the
experiment with a DRed chart, whereas groups 1B and 2B
started with the same information presented in a Microsoft
Word document (see Table 4). The experiments took place
in one of the computer rooms at the Learning and Develop-
ment Centre of the collaborating company. The time slots
were selected by the company contact and were from 4 to 6
pm and from 3 to 5 pm for the first and the second experiment,
respectively. The experiments were conducted using Win-
dows PCs or laptops. The technical characteristics of the ma-
chines, the size of the screen, and that of the font used to read

and interpret design rationale were standardized and con-
trolled as much as possible.

3.2. The technical reports used in the experiment

The technical information captured in designers’ notebooks
during the development of design tasks generally consists
of short textual paragraphs, sketches, and calculations (Auri-
sicchio et al., 2003). In the collaborating company, when
tasks are completed, this information is generally expanded
and structured in the sections of a DDR. These reports capture
the rationale behind the development of specific design
solutions. In the reports, the information is organized in terms
of structure, for example, semantic and syntactic cues as well
as logical connections, and physical presentation, for exam-
ple, physical features, signal words, and visual textual cues
(headings; Dickson et al., 1995). These reports offer a degree
of nonlinear access to information through their headings and
subheadings. The template for DDRs is predefined, and
designers write them using Microsoft Word. DDRs are gen-
erally prepended by a summary and structured into three
main sections, namely, specification requirement, alternative
solutions, and final solution description. The reports also
include a number of further sections, for example, statement
of compliance, risk and reliability, along with graphs and
images. The average length of a DDR is eight US letter-
sized pages. DDRs vary significantly depending on the nature
of the design solution and the individual styles of their
authors.

Four DDRs were used in the experiments, and the partici-
pants had to answer one question per report. The reports with
thoroughly documented design rationales were chosen for the
experiment. The design tasks described in the reports were
variant designs, which means that the work involved

Table 3. Alternation of reports’ structure in the four tasks for groups A and B

Task 1 Task 2 Task 3 Task 4

Groups A DRed-structured
report 1

Semistructured
report 2

DRed-structured
report 3

Semistructured
report 4

Groups B Semistructured
report 1

DRed-structured
report 2

Semistructured
report 3

DRed-structured
report 4

Table 4. Topics of the design definition reports

Report
No. Topic

1 Redesign of the spinner fairing assembly
2 Redesign of the service pipe insulation system
3 Redesign of the cruciform seal strip in the compressor
4 Redesign of the cross-key outer segment in the combustor outer

casing
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incremental innovation to extend existing product solutions
(see Table 4).

3.3. Reverse engineering technical reports into DRed

Reverse engineering a DDR into DRed is a time-consuming
and difficult task. It generally requires developing an in-depth
understanding of the design solution and identifying the is-
sues considered during the design process and the solutions
proposed, together with their dependencies. Figure 3 shows
a DRed chart, which presents a fragment of a DDR reverse en-
gineered into DRed. All reports were reverse engineered into
DRed by the same researcher, who was neither an experi-
enced DRed user nor an experienced engineering designer.

A DRed-structured DDR consists of a number of tunnel-
linked charts. The reports from one to four consisted of six,
six, six, and four DRed charts, respectively. Each DRed-
structured DDR was composed of a main chart, one specifi-
cation requirement chart, and a variable number of design

charts to describe the final and alternative solutions. The
main chart included the summary, which was copied from
the original DDR, the top level issues and its solutions, to-
gether with links to the specification requirement and design
charts. The charts were linked by tunnels into a tree structure
with the main chart acting as a root. There were only a few
tunnel links between branches of the tree structure.

The key difference with standard reports is in the way the
narration is structured and presented including the introduc-
tion of visual cues. As far as navigation is concerned, in stan-
dard DDRs users have to scroll up and down to move between
sections of the text, whereas in DRed-structured reports users
have to scroll up and down, left and right, and follow a num-
ber of tunnel links. Compared to a DDR, a DRed-structured
report offers additional levels of reading: visual scanning
for identification of accepted and/or rejected solutions, read-
ing and examining of accepted and/or rejected solutions, and
reading and examining of the reasons why solutions were ac-
cepted and/or rejected.

Fig. 3. A fragment of a DDR reversed engineered into DRed. [A color version of this figure can be viewed online at journals.cambridge.org/aie]
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3.4. The questions

The four questions used in the experiment are presented in
Table 5 in the order in which they were shown to the partic-
ipants. The identification and selection of the questions was
informed by previous research in engineering information
seeking behavior (Aurisicchio et al., 2006b). The four ques-
tions represent typical information needs of a designer on dif-
ferent design stages. The first question is answered by retriev-
ing a set of issues associated with the design of the spinner
fairing assembly. It is noteworthy that these issues are men-
tioned in both the specification of the requirements and the
development of the final solution. The second question re-
quired identifying the methods used to solve the problem of
carbon formation. The third question required identifying

the problems faced when attempting to tack weld the sealing
strips. Finally, the fourth question required identifying the
reasons for using a certain solution for the outer cross-key
segment rather than an alternative one.

The questions differ in the type and amount of information
required to be known to answer them. The answers are con-
structed by analyzing information from different parts of a
document and identifying a set of entities. The larger the
number of entities that compose the answer, the wider is the
search required. The model answers were defined before un-
dertaking the experiment.

Table 6 presents where in the report the entities composing
the answers are located. For DRed charts the table also details
the type of the node containing the entity. If a user were able
to correctly identify which node type he or she had to look
for, the search task could be simplified and the correct entities
could be identified more easily.

3.5. Capturing the actions of the trial participants

The requirements for the method to capture the actions of the
participants were identified as follows:

† to record the answers to questions,
† to record time taken to answer each question,
† to ensure that the participants perform the tasks in a con-

sistent and controlled manner,
† to reproduce as closely as possible an order of user ac-

tions during information retrieval for work-related pur-
poses (raise a question, read and interpret a report,
retrieve information, compose an answer),

† to use a method for data collection that permits a trial
with many people participating at the same time,

† to install no new software and not use client-server ap-
plications, and

† to use a method that requires the minimum learning
curve for the participants.

Microsoft Excel was selected to drive the experiment be-
cause of its convenient event-driven programming model,
flexible and resizable grid that allows the entry and display
of text of variable length, easy access to system libraries
(for capturing time), possibility of further numerical data pro-
cessing within the same application, and the fact that en-
gineers often use Microsoft Excel in their work and are

Table 5. Four questions and associated answers

Report
No. Question Answer

No. of
Entities

1 Q1: What issues were
addressed in the
design of the fairing?
(The reader should
find the requirements
and other issues
addressed.)

A1: Cost reduction,
weight reduction,
vibration avoidance,
failure prevention,
erosion avoidance,
flutter reduction,
impact resistance,
balancing, tooling,
assembling, interface,
mounting,
manufacturing

13

2 Q2: How was the issue of
carbon formation
addressed?

A2: Jacketed insulation
with sliding joints,
extending insulation,
straightening pipes,
finishing pipes’
surfaces

4

3 Q3: What problems
arose in the attempt to
tack weld the sealing
strips to the vane
packs?

A3: Inspections of the
vane, sealing strip
assembly, and weld
penetration

3

4 Q4: Why was the three-
piece outer cross-key
segment selected and
not the two-piece?

A4: Spot welds not strong
enough to hold the two
pieces of the assembly
together, plate metal
used in two-piece
assembly is expensive

2

Table 6. Location of answers to the four questions

DDR Sections DRed Charts

Question No. Spec. Req. Alternative Solutions Final Solution Spec. Req. Chart Main Chart Solution Charts

1 3 3 Issue nodes Issue nodes
2 3 Answer node Answer nodes
3 3 Issue node
4 3 Argument nodes
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familiar with its features. The Microsoft Excel workbook was
programmed in such a way that the user first sees and evaluates
the question and only afterward the document; thus, the natural
sequence of events in the information retrieval process is pre-
served. The graphical user interface is presented in Figure 4.

4. EVALUATION OF READING AND
INTERPRETATION OF STRUCTURED
AND SEMISTRUCTURED REPORTS

The answers returned by the participants were analyzed using
the three evaluation metrics previously presented: time, com-
pleteness, and correctness (see Table 2). The time metric and
two other metrics were analyzed and computed by two indepen-
dent researchers to exclude possible bias in the data analysis.

4.1. Answer completeness and correctness over time

Irrespective of the structure and presentation of the design in-
formation contained in the reports, the results for both experi-
ments indicate a pronounced downward trend in the average
time taken to answer a question when moving from question
1 to 4 (see Fig. 5). This trend can be explained by the follow-
ing two factors: the types of questions used in the experiment
and the order in which they were presented to the participants,
and the experience acquired by the trainees while carrying out
the task (Section 4.3 provides more evidence in support of
this explanation).

The data also show that in the second experiment, com-
pared to the first, the time to answer the individual questions
was shorter (see Fig. 5). The drop in time can be explained by
considering that the trainees involved in the second experi-
ment were at the final stage of a group design project and,
therefore, were eager to resume this activity.

In the first experiment, the times of the participants, who
interpreted structured information to answer questions 1, 2,
and 3 were shorter than those of the participants who dealt
with semistructured information (see Fig. 5). In the final
question this trend was reversed, but, taking into account
large values of standard deviation for all average data, the dif-
ference is insignificant. In the second experiment, the times of
the participants, who interpreted structured information to an-
swer questions 1, 2, and 4, were shorter than those of the par-
ticipants in the other group, whereas the times for question 3
were approximately equal (see Fig. 5). Therefore, in both ex-
periments those who worked with structured information
achieved times shorter than or equal to those of their counter-
parts working with semistructured sources, that is, structuring
design rationale IBIS style and breaking it down across inter-
linked charts slightly improves the speed of task execution.

A reduction in the time of task execution can be considered
an important result only if it is accompanied by a better re-
trieval performance. For question 1, the results from both ex-
periments indicate that the trainees working with structured
information delivered better performances with respect to
both the completeness and correctness of the answers pro-
vided. For question 2, the results from both experiments
show that the trainees working with semistructured informa-
tion delivered more complete answers, whereas those using
structured information delivered more correct answers. For
questions 3, the use of structured information almost always
ensured better performance, whereas for question 4 the use
of semistructured information always allowed obtaining
more complete and correct results. Only in one case the two
performance metrics showed contrasting results for the
same question (see question 2).

The analysis and interpretation of these results is complex,
and requires considering the factors previously listed, that is,
types of questions, order of presentation of questions and

Fig. 4. An application for evaluating reading interpretation (confidential information is blurred). [A color version of this figure can be viewed online at
journals.cambridge.org/aie]
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Fig. 5. The average answer completeness and correctness over time. The dotted lines show the progression of each group through the four questions. [A color version of this figure can be viewed
online at journals.cambridge.org/aie]
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experience. Question 1 was the first to be presented to the
trainees and also the most demanding as it required the
identification of the highest number of entities (see Table 5).
Despite this, with regard to this question the group of trainees
working with structured information delivered a good perfor-
mance with respect to each of the three metrics. At the time
when the trainees answered this question they did not have
prior experience of reading and interpreting design rationale.
After answering this question, it is expected that experience
started to play a role in the performance of the trainees. Ques-
tion 1 is, therefore, the only one where previous experience
can be disregarded and the least number of independent vari-
ables have to be considered. The performances of the individ-
ual trainees in answering question 1 are now investigated in
more detail.

4.1.1. Answering question 1

The results for completeness show that 10 of the partici-
pants who examined semistructured information gave answers

with completeness below 0.5, and that 8 of the participants
who used structured information gave answer above 0.5
(see Fig. 6). It is also important to emphasize that the more
complete answers were obtained through a thorough text ex-
amination, which resulted in relatively longer times.

When examining the performances of the 11 trainees that
used DRed-structured design information and their times to
answer question 1, a linear correlation was identified (R2 ¼

0.58) suggesting performance improvement with time increase
(see black line in Fig. 6). The performances of the 13 partici-
pants that used semistructured information did not indicate a
correlation. Melville et al. (2002), in their investigation of
structured medical letters, reported the absence of correlation
between reading time and recall, however, it can be assumed
that the degree of structure that she imposed on her textual in-
formation is considerably lower than that imposed in the trans-
formation of a DDR from its standard format to DRed.

Before interpreting the results for correctness, it is important
to remember that high correctness is a condition necessary to

Fig. 6. Completeness, correctness, and time to answer question 1. [A color version of this figure can be viewed online at journals.
cambridge.org/aie]
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deliver a good performance, but not sufficient. Therefore, these
results have to be interpreted in conjunction with those for
completeness. It was surprising that the 10 participants who
used semistructured information and delivered performances
with low completeness (,0.5) achieved either low (,0.6) or
high (.0.6) correctness. Low correctness is usually associated
with difficulties in navigating hyperlinked sources, which is
not present in the case of traditional DDRs. The loss of correct-
ness indicates that participants may have had more difficulties
in identifying issues in traditional DDRs than in navigating
DRed charts. The eight participants who used structured design
information and delivered high completeness performances
(.0.5), always achieved high correctness. Overall, these re-
sults suggest that when the question requires identifying
many entities and undertaking a wide search across the avail-
able information space, exploring structured design informa-
tion brings more complete and correct answers.

4.2. Effects of experience on retrieval performance

Figure 5 indicates that experience plays a role in retrieval per-
formance. In both experiments, on average, the completeness
performance of the participants who started the experiment
using structured information was always higher than that of
participants who started with semistructured information. Al-
though the correctness and time metrics do not support this
trend, it is likely that the individuals who started the task read-
ing and interpreting structured design rationale developed
better comprehension strategies for the analysis of DDRs.
This phenomenon is in agreement with Melville’s finding
that interpreting structured information may also train the
reader to subsequent interpretation of less structured informa-
tion (Melville et al., 2002). Melville attributed the enhance-
ment in strategic reading to improved semantic processing.

4.3. Discussion, limitations, and future work

This article presented a summative comparative evaluation of
the influence of the structure of design rationale on its reading
and interpretation. Following established practice (Landauer,
1997) for comparative evaluation of new computer technol-
ogy and user interfaces, the empirical study was performed
in a situation as close as possible to real working conditions
and in full systems. The research was carried out on two data
sets collected from 11 and 13 engineering graduate trainees,
respectively. Although the results in Sections 4.1 and 4.2 pre-
sented trends indicating that the structure of design rationale
sometimes has a beneficial effect on reading and interpreta-
tion, analysis showed that the differences between the two
groups are not statistically significant. Two reasons for these
results are the challenge posed by the design of an experiment
to evaluate complex cognitive tasks in industry, and the large
individual variations. This means that the hypotheses pro-
posed in this research can be confirmed at the level of trends
rather than statistically proven dependencies, and that further
work to consolidate these preliminary results is required.

Understanding the reasons for these results is important in or-
der to establish where to direct future efforts.

Our experimental design was informed by previous re-
search into information-seeking behavior of designers. Eval-
uating reading and interpretation of a technical report by so-
liciting answers to predefined questions was found to be
appropriate, and is in line with practice in the educational
area. As can be concluded from a large number of high-qual-
ity answers, the lack of domain knowledge on the part of the
trainees did not present a problem. Unexpectedly, it was dif-
ficult to motivate some of the participants. The request from
some of them not to participate in the experiment can be inter-
preted as a sign of low motivation. It is also impossible to un-
derestimate the impact of tiredness in a situation where ex-
periments were conducted at the end of the working day. In
the future, raising the level of motivation and concentration
can help obtain results with lesser individual variations.
The data from the two experiments were found to provide
an interesting, but partial picture. Informal postexperiment
debriefing with the participants indicated that coupling the
experimental data with a questionnaire to capture the retrieval
preferences of the participants would have enriched our
comprehension.

Among the metrics employed in the experiments, the time
to retrieve the answers helped to understand the differences in
the types of question evaluated and in the performances of the
two groups. Because none of the participants required the en-
tire experimental time to perform all set tasks, it can be con-
cluded that the time pressure was not a factor. Setting a shorter
time limit for each question, that is, forcing the participants to
work under pressure, might help capture further differences in
the way information presentation influences comprehension.

The completeness of the answers returned by the partici-
pants was the most informative metric. The correctness of an-
swers was found to be the least useful, but its use is recom-
mended to double check quality of the answers. Identifying
and employing methods to monitor and time the movements
of participants through different report sections or DRed
charts could deliver an understanding of the users’ navigation
of and interaction with the structure of design rationale. De-
veloping a deeper understanding of participants’ performance
by analyzing their individual results remains a subject for fur-
ther research.

The observations made during the experiments revealed in-
fluences that were initially not considered. For example, the
fact that the participants were proficient users of the text edi-
tor, but had little experience of using DRed, had a number of
repercussions that could have been addressed by providing
more training. Some participants were observed using the
find facility integrated in the text editor, but did not use a sim-
ilar facility in DRed. The participants extensively employed
the copy and paste functions of the text editor, whereas
most of them did not know how to perform similar actions
in DRed. In addition, the researchers also observed that the
participants using DRed sometimes experienced difficulties
in the navigation from one chart to the next. These issues
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created an asymmetry in the way they searched for informa-
tion and composed their replies, possibly putting an unneces-
sarily high cognitive load on the participants who used DRed
and slowing them down.

Another source of variability lays in the three strategies that
participants, regardless of the format of the reports, employed
in order to relieve load on their short-term memory: text was
copied and pasted from a source of information directly to its
final destination in a spreadsheet, a simple text editor (Micro-
soft Notepad) was used as a temporary storage area for the
text, and article was used to write down some notes by
hand. A number of participants were observed using some
of these strategies, whereas some of the participants, prob-
ably, did not employ these strategies at all. Whether the use
of these strategies is consistent with an experiment on com-
prehension is open to a debate.

The DRed charts used in the experiment were produced by
reverse engineering a DDR into DRed. Although reverse-en-
gineering is not a unique mapping and may have distorted the
quality of the information, there hardly exist any other way to
generate two alternative representations of the same complex
engineering information. To ensure high quality of reverse
engineering, the DRed-structured reports, generated by an in-
experienced DRed user, were subsequently checked by one
experienced DRed user and one experienced designer. One
of the key issues in reverse-engineering design rationale
into DRed is to establish correctly the level of information
granularity, that is, the amount of text that each node should
contain. Guidance in this process is generally provided by the
structure of the original documents, its logical flow and
semantics.

Overall, the methodology employed in this research pre-
sented trends showing that not all retrieval questions are sup-
ported to the same extent by presenting structured informa-
tion. An open issue in this context is which questions
designers most commonly require answering, and which
ones are better supported by structuring information sources.
Quite often in practice designers tend to first accumulate a
number of questions and then consult reports. This informa-
tion-seeking behavior should be considered in the design of
future experiments.

5. CONCLUSIONS

The successful development of current aerospace projects is
heavily dependent on effective reuse of past design rationale.
In many manufacturing organizations, this information is of-
ten captured in reports, which are linearly structured, pro-
vided with very few visual cues, and produced at the end of
design tasks. Accessing design rationale via these reports
may not always be the best solution. The literature indicates
that structuring text and supplying it with appropriate visual
cues has a positive impact on its reading and interpretation.

A methodology for summative comparative evaluation of
differently structured design rationale was proposed and ap-
plied. Two experiments with a total of 23 participants were

carried out in the industrial setting of a major power systems
company with the aim of exploring the influence of text struc-
ture on its reading and interpretation. The results from the ex-
periments showed that, depending on the information needed,
structuring text either promotes or inhibits reading and inter-
pretation. In particular, the results suggest that structuring de-
sign rationale IBIS-style and supplying it with many visual
cues positively influences its reading and interpretation to an-
swer questions requiring wide information search. The les-
sons learned in the process of designing and applying the
methodology proposed here were discussed to improve the
quality of the results in future experiments.
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